Advances in Experimental Medicine and Biology 1033

Laura R. McCabe
Narayanan Parameswaran
Editors

Understanding
the Gut-Bone
Signaling Axis

Mechanisms and
Therapeutic Implications

@ Springer



Advances in Experimental Medicine and Biology

Volume 1033

Editorial Board:

IRUN R. COHEN, The Weizmann Institute of Science, Rehovot, Israel

ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research, Orangeburg, NY, USA
JOHN D. LAMBRIS, University of Pennsylvania, Philadelphia, PA, USA
RODOLFO PAOLETTI, University of Milan, Milan, Italy

More information about this series at http://www.springer.com/series/5584


http://www.springer.com/series/5584

Laura R. McCabe ¢ Narayanan Parameswaran
Editors

Understanding the Gut-Bone
Signaling Axis

Mechanisms and Therapeutic Implications

@ Springer



Editors

Laura R. McCabe

Department of Physiology and
Department of Radiology
Biomedical Imaging Research Centre

Narayanan Parameswaran
Comparative Medicine and Integrative
Biology Program

East Lansing, MI, USA

Michigan State University

East Lansing, MI, USA Department of Physiology

Michigan State University
East Lansing, MI, USA

ISSN 0065-2598 ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology

ISBN 978-3-319-66651-8 ISBN 978-3-319-66653-2  (eBook)
DOI 10.1007/978-3-319-66653-2

Library of Congress Control Number: 2017955552

© Springer International Publishing AG 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Contents

PartI Gut-Bone Signaling Pathways

Intestinal Regulation of Calcium: Vitamin D and Bone Physiology ......... 3
Sylvia Christakos, Vaishali Veldurthy, Nishant Patel, and Ran Wei

Intestinal Incretins and the Regulation of Bone Physiology ...................... 13
Walter Ramsey and Carlos M. Isales

Regulation of Bone Metabolism by Serotonin..................cccccooveviinieninnnenn. 35
Brigitte Lavoie, Jane B. Lian, and Gary M. Mawe

Gut Microbiota and Bone Health .....................c...oooiiiiiiiiiiic 47
Darin Quach and Robert A. Britton

Immunology of Gut-Bone Signaling.............c..coccocevininiiininniiiice 59
Fraser L. Collins, Jonathan D. Schepper, Naiomy Deliz Rios-Arce,

Michael D. Steury, Ho Jun Kang, Heather Mallin, Daniel Schoenherr,

Glen Camfield, Saima Chishti, Laura R. McCabe,

and Narayanan Parameswaran

Part I Gut Pathologies and Bone Health

Stomach and BONe..................oooovviiiiiiiiiiieee e 97
Alice M. Kitay and John P. Geibel

Inflammatory Bowel Disease: Effects on Bone and Mechanisms.............. 133
Francisco A. Sylvester

Epithelial Barrier Function in Gut-Bone Signaling...................c.cccco..... 151
Naiomy Deliz Rios-Arce, Fraser L. Collins, Jonathan D. Schepper,

Michael D. Steury, Sandi Raehtz, Heather Mallin, Danny T. Schoenherr,
Narayanan Parameswaran, and Laura R. McCabe



vi Contents

Impact of Enteric Health and Mucosal Permeability
on Skeletal Health and Lameness in Poultry..................cccoooiiiinnninnnnn. 185
L.R. Bielke, B.M. Hargis, and J.D. Latorre

Part III Modulation of Gut Microbiota to Support Bone Health

Prebiotics and Bome ..............ccocooiiiiiiiiiiiii e 201
Corrie M. Whisner and Connie M. Weaver

Probiotics in Gut-Bone Signaling ..............cccccccoooiiiiiiiniiiiiinieieeceeee 225
Jonathan D. Schepper, Regina Irwin, Jun Kang, Kevin Dagenais,

Tristan Lemon, Ally Shinouskis, Narayanan Parameswaran,

and Laura R. McCabe

Bone Mechanical Function and the Gut Microbiota .................................. 249
C.J. Hernandez



Contributors

L.R. Bielke The Ohio State University, Animal Sciences, Columbus, OH, USA

Robert A. Britton Baylor College of Medicine, Department of Molecular Virology
and Microbiology, Alkek Center for Metagenomics and Microbiome Research,
Houston, TX, USA

Glen Camfield Department of Physiology, Michigan State University, East Lansing,
MI, USA

Saima Chishti Department of Physiology, Michigan State University, East Lansing,
MI, USA

Sylvia Christakos Department of Microbiology, Biochemistry and Molecular
Genetics, Rutgers the State University of New Jersey, New Jersey Medical School,
Newark, NJ, USA

Fraser L. Collins Department of Physiology, Michigan State University, East
Lansing, MI, USA

Kevin Dagenais Department of Physiology, Michigan State University, East
Lansing, MI, USA

John P. Geibel Department of Surgery, Yale School of Medicine, New Haven, CT,
USA

B.M. Hargis University of Arkansas, Department of Poultry Science, Fayetteville,
AR, USA

C.J. Hernandez Sibley School of Mechanical and Aerospace Engineering, Cornell
University, Ithaca, NY, USA

Meinig School of Biomedical Engineering, Cornell University, Ithaca, NY, USA
Hospital for Special Surgery, New York, NY, USA

Regina Irwin Department of Physiology, Michigan State University, East Lansing,
MI, USA

vii



viii Contributors

Carlos M. Isales Institute for Regenerative and Reparative Medicine, Augusta
University, Augusta, GA, USA

Department of Neuroscience and Regenerative Medicine, Augusta University,
Augusta, GA, USA

Department of Orthopaedic Surgery, Augusta University, Augusta, GA, USA,
Department of Medicine, Augusta University, Augusta, GA, USA

Department of Cellular Biology and Anatomy, Augusta University, Augusta, GA,
USA

Jun Kang Department of Physiology, Michigan State University, East Lansing,
MI, USA

Ho Jun Kang Department of Physiology, Michigan State University, East Lansing,
MI, USA

Alice M. Kitay Department of Surgery, Yale School of Medicine, New Haven, CT,
USA

J. D. Latorre University of Arkansas, Department of Poultry Science, Fayetteville,
AR, USA

Brigitte Lavoie Department of Neurological Sciences, The University of Vermont,
Burlington, VT, USA
The University of Vermont, Burlington, VT, USA

Tristan Lemon Department of Physiology, Michigan State University, East
Lansing, MI, USA

Jane B. Lian Department of Biochemistry, The University of Vermont, Burlington,
VT, USA

Heather Mallin Department of Physiology, Michigan State University, East
Lansing, MI, USA

Gary M. Mawe Department of Neurological Sciences, The University of Vermont,
Burlington, VT, USA

Laura R. McCabe Department of Physiology and Department of Radiology,
Biomedical Imaging Research Centre, Michigan State University, East Lansing,
MI, USA

Narayanan Parameswaran Comparative Medicine and Integrative Biology
Program, East Lansing, MI, USA

Department of Physiology, Michigan State University, East Lansing, MI, USA
Nishant Patel Department of Microbiology, Biochemistry and Molecular Genetics,

Rutgers the State University of New Jersey, New Jersey Medical School, Newark,
NJ, USA



Contributors ix

Darin Quach Department of Microbiology and Molecular Genetics, Michigan
State University, East Lansing, MI, USA

Sandi Raehtz Department of Physiology, Michigan State University, East Lansing,
MI, USA

Walter Ramsey Institute for Regenerative and Reparative Medicine, Augusta
University, Augusta, GA, USA

Naiomy Deliz Rios-Arce Comparative Medicine and Integrative Biology Program,
East Lansing, MI, USA

Department of Physiology, Michigan State University, East Lansing, MI, USA

Jonathan D. Schepper Department of Physiology, Michigan State University,
East Lansing, MI, USA

Daniel Schoenherr Department of Physiology, Michigan State University, East
Lansing, MI, USA

Danny T. Schoenherr Department of Physiology, Michigan State University, East
Lansing, MI, USA

Ally Shinouskis Department of Physiology, Michigan State University, East
Lansing, MI, USA

Michael D. Steury Department of Physiology, Michigan State University, East
Lansing, MI, USA

Francisco A. Sylvester Division Chief of Pediatric Gastroenterology, The
University of North Carolina at Chapel Hil, Chapel Hill, NC, USA

Vaishali Veldurthy Department of Microbiology, Biochemistry and Molecular
Genetics, Rutgers the State University of New Jersey, New Jersey Medical School,
Newark, NJ, USA

Connie M. Weaver Purdue University, Nutrition Science, West Lafayette, IN, USA

Ran Wei Department of Microbiology, Biochemistry and Molecular Genetics,
Rutgers the State University of New Jersey, New Jersey Medical School, Newark,
NJ, USA

Corrie M. Whisner Arizona State University, School of Nutrition and Health
Promotion, Arizona Biomedical Collaborative, Phoenix, AZ, USA



Introduction

The skeleton and the gastrointestinal tract are intricate, highly regulated organ sys-
tems. Each system contains vasculature, nerve supply, lymphatics, immune cells,
and resident specialized cells (i.e., osteoblasts and enterocytes) as well as a complex
signaling network that involves hormones, nerves, immune cells, and paracrine fac-
tors. While much research has focused on understanding the mechanisms defining
organ function and health, the involvement of interactions between organs has
received less attention.

During the past decade, however, the role of organ-organ communication has
become more apparent. For example, the skeleton actively regulates other systems
through its secretion of osteocalcin, lipocalin, and FGF23. Osteocalcin, made by
osteoblasts and osteocytes within bone, regulates pancreatic beta cell insulin secre-
tion, insulin sensitivity, muscle and brain function, and testosterone production
[1-3]. Lipocalin 2, a glucoprotein released by osteoblasts in response to food, binds
receptors in the brain to suppress appetite [4]. FGF23, produced by osteocytes, sup-
presses kidney phosphate absorption [5]. Similarly, studies are now demonstrating
links between the gastrointestinal tract and the regulation of a multitude of distant
organ functions/systems including the brain, metabolism, liver, muscle, and cardio-
vascular and immune systems [6—8].

Similar to the regulation of other organs by gut or bone, it has become apparent
that these two organs communicate with each other through a gut-bone axis that is
far more complex and powerful than originally anticipated (Fig. 1). Bone has long
been linked with the GI system because of the requirement for calcium absorption
to promote bone mineralization; however, the GI tract communicates with bone
through a variety of additional mechanisms that utilize blood, nerves, and immune
cells. This book provides a comprehensive look at our current understanding of vari-
ous factors that are involved in gut-bone signaling axis. In this context, chapters in
Part I will address the role of intestinal regulation of calcium absorption, incretins
(GIP, GLPs), serotonin, microbiota, and immune cells as mediators of gut-to-bone
signaling. Part II will examine GI pathologies that impact bone density and health.
These will include effects of modulating gastric acid secretion, intestinal inflamma-
tion (IBD, celiac disease), conditions associated with epithelial barrier changes such

xi
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Fig. 1 Gastrointestinal-bone signaling axis. It is known that the intestine is critical for calcium
absorption, but additional factors such as the microbiome and its metabolites, immune cells, and
the cytokines and other factors such as incretins and serotonin contribute to the regulation of bone
mineral density (BMD), bone volume fraction (BVF), and bone strength. Prebiotics, probiotics,
and the microbiome itself can influence gut-bone axis signaling. Signals likely move to the bone
through the blood, nerves, and movement of immune cells from the gut to the bone

as diabetes, menopause, and models of barrier breaks, as well as the role of dysbiosis.
The last part, Part I1I, will focus on how manipulation of the intestinal environment,
through pre- and/or probiotics, can benefit bone.
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Intestinal Regulation of Calcium: Vitamin D
and Bone Physiology

Sylvia Christakos, Vaishali Veldurthy, Nishant Patel, and Ran Wei

Introduction

Calcium, an essential ion for numerous physiological processes, is a major
constituent of bone [1]. The intestine is the only source of new calcium. Absorption
of dietary calcium, a process dependent on vitamin D, is essential for calcium
homeostasis. The importance of vitamin D in this process is emphasized by the
consequences of vitamin D deficiency which includes rickets in children and osteo-
malacia in adults [2—4]. Nearly a century ago, McCollum et al. identified vitamin D
as the factor that cured rickets [5]. Solar or UVB irradiation is needed to convert
7-dehydrocholesterol in the skin to pre-vitamin D3 that ultimately is converted to
vitamin Dj; (cholecalciferol) by thermo-isomerization [3, 6]. Since the synthesis of
vitamin D in the skin depends on the intensity of ultraviolet irradiation, geographi-
cal location and season play an important role in contributing to vitamin D suffi-
ciency in man [3, 7]. Although cutaneous production of vitamin D remains an
important source, the fortification of foods (including fortification of dairy prod-
ucts) largely contributed to the marked decrease in the incidence of vitamin
D-dependent rickets in the Western world by the mid-twentieth century [5].
However, vitamin D deficiency in children and adults is still prevalent worldwide
due, in part, to lack of exposure to sunlight and low vitamin D intake [3]. In this
chapter the vitamin D endocrine system as well as the mechanisms by which
1,25-dihydroxyvitamin D; (1,25(OH),D53) acts to maintain calcium homeostasis will
be briefly reviewed followed by an emphasis on the intestinal actions of 1,25(OH),D;
and effects of bone.
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The Vitamin D Endocrine System: Bioactivation
and Mechanism of Action

Vitamin D, which is taken in the diet or which is synthesized in the skin by UV
irradiation, must be metabolized to its active form in order to regulate calcium
homeostasis. Vitamin D is transported by vitamin D binding protein (DBP, which
binds and transports vitamin D and its metabolites in the serum) to the liver
where 25-hydroxyvitamin D; (25(OH)D3), the major circulating form of vitamin
D and an important biomarker for vitamin D status, is generated [6, 8, 9]. It has
been suggested that the cytochrome P450 (CYP) enzyme CYP2RI is the key
enzyme involved in the conversion of vitamin D to 25(OH)D; [10]. Patients with
mutations in CYP2R1 are deficientin 25(OH)D; and develop vitamin D-dependent
rickets [11]. Studies in Cyp2rI null mice which show that levels of 25(0OH)D; are
diminished but not eliminated suggest the presence of additional vitamin D
25-hydroxylases is yet to be identified [12]. In the proximal renal tubule,
CYP27B1 (25(OH)Dj; la hydroxylase) converts 25(OH)D; to 1,25-dihydroxyvi-
tamin D5 (1,25(OH),D;), the hormonally active form of vitamin D which is
responsible for the biological actions of vitamin D [6, 8, 9]. Mutations in
CYP27B1 cause vitamin D-dependent rickets type 1 (VDDRI1), characterized by
hypocalcemia, hypophosphatemia, decreased mineralization, and low circulating
1,25(0OH),D; levels [13]. With regard to the regulation of vitamin D metabolism,
parathyroid hormone (PTH), whose synthesis is increased in response to hypo-
calcemia, induces CYP27B1 and is the major stimulator of 1,25(OH),D; produc-
tion [8, 9]. 1,25(0OH),D; and FGF23 (which promotes phosphate excretion) and
its co-receptor a klotho negatively regulate CYP27B1. As an autoregulatory
mechanism, 1,25(OH),D; induces CYP24A1 (25-hdyroxyvitamin D3 24-hydrox-
ylase), the enzyme that accelerates the catabolism of 1,25(0OH),D; preventing
hypercalcemia resulting from high circulating 1,25(OH),D5 (see ref. [9] for
review of the regulation of vitamin D metabolism). Thus, vitamin D, FGF23/a
klotho, and serum calcium and phosphate act together to regulate calcium
homeostasis.

The actions of 1,25(OH),Ds, similar to other steroid hormones, are mediated by
the vitamin D receptor (VDR). 1,25(OH),Ds-occupied VDR heterodimerizes with
the retinoid X receptor and together with chromatin active co-regulatory proteins
interacts with vitamin D response elements in and around target genes resulting in
the induction or suppression of gene expression [14].

Vitamin D and Intestinal Calcium Absorption

The principal function of 1,25(OH),D; in the maintenance of calcium homeostasis
is to increase calcium absorption from the intestine. This conclusion was made from
studies in VDR null mice which showed that rickets, osteomalacia, hypocalcemia,
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and hyperparathyroidism were prevented when VDR null mice were fed a rescue
diet which included high calcium (2%), indicating that the skeletal abnormalities of
VDR ablation are primarily the result of impaired intestinal calcium absorption (and
resultant hyperparathyroidism and hypophosphatemia) [15, 16]. The abnormalities
in the VDR null mice were reported to develop only after weaning [17] consistent
with previous studies showing that intestinal VDR and the calcium binding protein
calbindin-Dy, are induced at weaning, the time of onset of active intestinal calcium
absorption [18, 19]. Although there is an increase in PTH and in the number of
osteoblasts, osteoclast number is not increased in VDR null mice, suggesting that
1,25(0OH),D;/VDR is needed for PTH-induced osteoclastogenesis [15]. Similar to
VDR null mice, serum calcium and PTH were normalized in CYP27B1 null mice
and in CYP27B1/VDR double null mice fed the high calcium rescue diet, confirm-
ing the importance of both 1,25(OH),D; and VDR in intestinal calcium absorption
[20, 21]. In addition, in CYP27B1 null mice, in spite of markedly elevated PTH
levels, osteoclast numbers were also not increased above levels in normal wild-type
(WT) mice, indicating that both VDR and 1,25(OH),D; are necessary for PTH-
mediated production of osteoclasts [21].

Direct evidence for the critical role of 1,25(OH),D;-mediated intestinal calcium
absorption in bone homeostasis was noted in studies in transgenic mice with VDR
expression limited to the intestine [22]. Transgenic expression of VDR in the intes-
tine of VDR null mice restored calcium homeostasis and prevented the rachitic phe-
notype of the VDR null mice [22]. Thus, intestinal VDR is essential for controlling
bone formation. In addition, when VDR is deleted specifically from the intestine
(Vdr'"®), there is a decrease in intestinal calcium absorption, an inhibition of bone
mineralization, and an increase in bone fractures in the Vdr™mice [23]. In these
mice serum calcium is normal indicating that in the absence of VDR-mediated
intestinal calcium absorption normal serum calcium will be maintained at the
expense of skeletal integrity.

When there is an increased need for calcium (under low dietary calcium condi-
tions, during growth, pregnancy, or lactation), the synthesis of 1,25(OH),D; is
increased and 1,25(OH),D; acts at the intestine to increase active calcium absorp-
tion [6, 8]. The major defect from the loss of VDR is decreased intestinal calcium
absorption resulting in decreased bone mineralization [15, 16]. If normal serum
calcium cannot be maintained by intestinal calcium absorption, then 1,25(OH),D;
acts together with PTH to stimulate osteoclastogenesis resulting in the removal of
calcium from the bone and to increase calcium reabsorption from the distal tubules
of the kidney [6, 8].
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Mechanisms Involved in 1,25(OH),D; Regulation of Intestinal
Calcium Absorption

Intestinal calcium absorption occurs by an active, saturable, transcellular mecha-
nism or by a nonsaturable passive process which occurs through tight junctions and
structures within intercellular spaces and requires a high luminal calcium concen-
tration (>2—-6 mM) [24]. 1,25(OH),D; regulates the transcellular process by induc-
ing TRPV6 (an apical membrane calcium channel), the calcium binding protein
calbindin-Dy,, and the basolateral membrane calcium ATPase (PMCAI1Db) [8, 25,
26] (Fig. 1). Although it has been suggested that calbindin-Dg, mediates intracellu-
lar calcium diffusion, other studies suggest that a principal function of calbindin-Dygy
is to buffer calcium preventing toxic levels from accumulating in the cell [27, 28].
When calcium is low, the 1,25(OH),D;-mediated transcellular calcium transport
process is the predominant mechanism of calcium absorption [24]. Although
TRPV6 and calbindin-Dy, are induced by 1,25(OH),D;, TRPV6 or calbindin-Dy,
null mice have normal serum calcium and show no change in active intestinal cal-
cium absorption compared to WT mice [29-31]. However, studies in TRPV6/
calbindin-Dg, double null mice under conditions of low dietary calcium have shown
that intestinal calcium absorption is least efficient in the absence of both proteins
(compared to single null mice and WT mice), suggesting that TRPV6 and calbindin
can act together in certain aspects of the absorptive process [29]. Findings in the
single null mice suggest that in the absence of calbindin or TRPV®6, there is com-
pensation by other channels or proteins yet to be identified. Although other apical
membrane calcium transporters may compensate for the loss of TRPV6, intestine-
specific transgenic expression of TRPV6 has been shown to result in a marked
increase in intestinal calcium absorption and bone density in VDR null mice, indi-
cating a direct role for TRPV6 in the calcium absorptive process and that a primary
defect in the VDR null mouse is low apical membrane calcium uptake [28].

The duodenum has been a focus of research related to 1,25(OH),D; regulation of
calcium absorption. However, it is the distal intestine where most of the ingested
calcium is absorbed [24]. VDR, TRPV6, and calbindin-Dy, are expressed in all seg-
ments of the intestine and 1,25(OH),D;-regulated active calcium absorption occurs
in the ileum, cecum, and colon [22, 32-36]. Recent studies have shown that trans-
genic expression of VDR specifically in the ileum, cecum, and colon can prevent
abnormal calcium homeostasis and rickets in VDR null mice [37]. In addition, when
VDR is deleted specifically from the distal region of the intestine, altered calcium
metabolism is observed [38]. These findings indicate that the distal as well as the
proximal segments of the intestine are important in vitamin D-mediated calcium
homoeostasis and bone mineralization. Future studies related to mechanisms
involved in 1,25(OH),Ds;-mediated regulation of calcium absorption in the distal
intestine may suggest new strategies to increase the efficiency of calcium absorption
in individuals at risk for bone loss including those with reduced calcium absorption
due to small bowel resection or following menopause.
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Fig. 1 Model of vitamin D-mediated intestinal calcium absorption. The transcellular pathway
consists of influx through the apical calcium channel TRPV6, diffusion through the cytosol, and
active extrusion at the basolateral membrane by the plasma membrane calcium ATPase (PMCA1b).
Studies using TRPV6 and calbindin-Dg, (CaBPy) null mice indicate that our understanding of the
vitamin D-mediated calcium transport process remains incomplete. In the absence of TRPV6 or
calbindin-Dg, 1,25(OH),D;-mediated active transport still occurs, suggesting compensation by
another channel or protein. Intracellular calcium transfer may involve calcium bound to calbindin
as well as other calcium binding proteins. Calbindin as well as other calcium binding proteins may
also act to prevent toxic levels of calcium from accumulating in the cell. It has been suggested that
1,25(OH),D; can regulate the paracellular pathway by regulating tight junction proteins

A\

In addition to regulation by vitamin D of the active transcellular process, early
studies suggested that the passive, nonsaturable process of intestinal calcium
absorption can also be enhanced by vitamin D [39]. More recent studies have shown
that 1,25(0OH),D; can regulate intestinal proteins that are involved in tight junctions
or cell adhesion. Claudin-2 and claudin-12 are induced and cadherin-17 is inhibited
by 1,25(0OH),D; [40, 41]. These findings suggest that 1,25(0OH),D;, by regulating
these proteins, can facilitate calcium absorption through the paracellular path
(Fig. 1). The identification of multiple mechanisms and novel vitamin D targets
involved in 1,25(OH),D;-mediated calcium absorption in different segments of the
intestine is needed in order to identify new approaches to maximize calcium absorp-
tion and minimize bone loss.
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Vitamin D: Direct Effects on Bone

Although the primary role of the vitamin D endocrine system on bone is indirect
(providing calcium to bone by stimulating intestinal calcium absorption), direct
effects of 1,25(OH),D; on bone cells have also been demonstrated (see [42] for
review). As indicated above in studies in VDR and CYP27B1 null mice, VDR and
1,25(OH),D; are needed for PTH-mediated osteoclastogenesis [15, 21].
Osteoclastogenesis mediated by 1,25(0OH),D; as well as by PTH involves upregula-
tion of receptor activator of nuclear kB ligand (RANKL) in osteoblastic cells and
requires cell to cell contact between osteoblasts and osteoclast precursors [43]. In
addition 1,25(OH),D; can also stimulate the production in osteoblasts of the cal-
cium binding proteins osteocalcin and osteopontin (OPN) [8]. OPN has been
reported to inhibit bone matrix mineralization [44]. Thus, during a negative calcium
balance, 1,25(0OH),D; action can promote increased bone resorption and reduced
bone matrix mineralization in order to maintain normal serum calcium levels [23].
1,25(0OH),D; has also been shown to induce LRP5 (low density lipoprotein receptor-
related 5) which facilitates p catenin activation and exerts an anabolic effect on bone
formation [45]. These findings indicate that the effects of 1,25(OH),D; on osteo-
genic cells are complex and can result in either bone resorption or formation.

Vitamin D: The Kidney and Calcium Homeostasis

Vitamin D-mediated calcium homeostasis is regulated by an integrated system
involving not only the intestine and bone but also the kidney. Although most of the
filtered calcium is reabsorbed by a passive, paracellular path in the proximal renal
tubule that is independent of 1,25(OH),Ds, 10-15% of the filtered calcium is reab-
sorbed in the distal convoluted tubule and connecting tubule and is regulated by
PTH and 1,25(0OH),D; [46]. Similar to studies in the intestine, 1,25(OH),D; regu-
lates an active, transcellular process in the distal portion of the nephron by inducing
the apical calcium channel TRPVS (which shares 75% sequence homology with
TRPV6) and by inducing the calbindins [both calbindin-Dg, (9,000 M,) and
calbindin-D,g (28,000 M,) are present in the mouse kidney and only calbindin-D,g
is present in rat and human kidney] [8]. Calcium is extruded via PMCA[1b and the
Na*Ca** exchanger [8]. It has been shown that calbindin-D,g, binds to TRPVS5 and
modulates calcium influx [47]. PTH has been reported to activate TRPVS5 via pro-
tein kinase A phosphorylation [48]. The kidney is also the major site of production
of 1,25(0OH),D; and its regulation [9]. Thus, the kidney, by regulating transport
processes and as a major site of synthesis of 1,25(0OH),D;, plays an essential role in
the maintenance of calcium homeostasis.
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Vitamin D: The Intestine and Bone Health

In aging intestinal calcium absorption declines which results in secondary
hyperparathyroidism and increased fracture risk [49]. Decreased intestinal calcium
absorption with age has been shown to correlate with decreased expression of
TRPV6 and calbindin-Dy, the two major targets of 1,25(OH),D; in the intestine
[50, 51] (Fig. 2). Increasing evidence indicates that the reason for disturbed calcium
balance with age is that vitamin D status is often inadequate in the elderly [52]. With
age there is a decline in the ability of the kidney to synthesize 1,25(OH),D; and an
increase in CYP24A1 which would result in enhanced catabolism of 1,25(OH),D;
[53-55] (Fig. 2). Intestinal resistance to 1,25(OH),D; with age has also been
reported [56-58]. It has been suggested that this resistance is due to a decrease in
the content of intestinal VDR with age [57]. However, this has been a matter of
debate [58]. It is possible that the resistance to 1,25(OH),D; may also be due to
altered recruitment by 1,25(OH),D; of VDR and VDR coactivators to intestinal
vitamin D target genes and/or to epigenetic changes. To reduce fracture risk, a com-
bination of calcium and vitamin D supplementation has been recommended [59].
The current recommended daily doses for vitamin D-sufficient individuals are
800 IU calcium and 1,000 mg calcium [60].

In addition to effects of aging, gastric bypass surgery has also been reported to
result in calcium malabsorption and decreased bone mineral density in patients
[61-63]. Animal studies have also noted gastric bypass-associated bone resorption
which is due to several factors including vitamin D and calcium malabsorption and
acid/base dysregulation [64, 65]. Patients with inflammatory bowel disease are also
at risk for bone disease due in part to impaired intestinal calcium absorption as well
as to proinflammatory cytokines which are involved in the intestinal immune
response but can also enhance bone resorption [66]. Future studies related to mech-
anisms involved in VDR-mediated activation of intestinal calcium absorption may
suggest new mechanisms to compensate for calcium malabsorption in order to min-
imize bone loss due to aging, bariatric surgery, or inflammatory bowel disease.

Aging
Effects on the Vitamin D Endocrine System
J Intestinal calcium absorption (J, TRPV6 and |, Calbindin)
Vitamin D resistance
{Synthesis of 1,25(0H),D;
124(OH)ase expression (T Catabolism of 1,25(0H),Ds)
(PAge related bone loss)

Fig. 2 Age-related effects on the vitamin D endocrine system
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PC Prohormone convertase
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Role of Nutrition in Bone Turnover

The process of bone remodeling serves a twofold purpose in that it renews the struc-
tural integrity of bone while playing a key role in calcium homeostasis. Serum cal-
cium is maintained within a narrow range based on tightly regulating calcium

W. Ramsey
Institute for Regenerative and Reparative Medicine, Augusta University,
Augusta, GA 30912, USA

C.M. Isales, MD (1<)
Institute for Regenerative and Reparative Medicine, Augusta University,
Augusta, GA 30912, USA

Department of Neuroscience and Regenerative Medicine, Augusta University,
Augusta, GA 30912, USA

Department of Orthopaedic Surgery, Augusta University, Augusta, GA 30912, USA
Department of Medicine, Augusta University, Augusta, GA 30912, USA

Department of Cellular Biology and Anatomy, Augusta University, Augusta, GA 30912, USA
e-mail: cisales @augusta.edu

© Springer International Publishing AG 2017 13
L.R. McCabe, N. Parameswaran (eds.), Understanding the Gut-Bone Signaling

Axis, Advances in Experimental Medicine and Biology 1033,

DOI 10.1007/978-3-319-66653-2_2


mailto:cisales@augusta.edu

14 W. Ramsey and C.M. Isales

absorption or excretion in three different pools: gut, bone, and urine. Dietary
calcium intake is normally the main source of daily calcium requirements, and this
seems to be mainly a threshold dose rather than dose dependent with intake values
below about 700 mg associated with a higher incidence of fractures [1]. During fast-
ing the skeleton is an important calcium/mineral reservoir, and bone resorption
helps maintain serum calcium levels. Although homeostatic mechanisms can com-
pensate for even prolonged fasts, these processes are activated to some degree even
during an overnight fast.

Because humans evolved under conditions where intermittent or prolonged fasting
occurred frequently, the intestine is primed to maximize nutrient absorption and utili-
zation when these become available. In the postprandial setting, the skeleton switches
from catabolic to anabolic processes. Dietary calcium levels, calcitonin, and parathy-
roid hormone have been extensively investigated as modulators of this process.
However, it has become clear that as the nutrients transit through the intestine, this
organ serves an important endocrine function where a series of gut hormones are
released to promote anabolic functions including on the skeleton, a connection we
have named the entero-osseous axis [2]. Although it was initially believed that the rate
of bone turnover varied in a circadian manner, it was later reported that fasting modu-
lates bone turnover independent of circadian hormones [3, 4].

This chapter focuses on reviewing the mechanism of incretin hormone (such as
GIP and GLP-1 as well as GLP-2) effects on bone turnover. The term “entero-
osseous hormones” (EOH) will be used herein to distinguish GIP, GLP-1, and
GLP-2 from other enteroendocrine hormones (EEH).

Entero-osseous Hormone Processing, Signaling,
and Metabolism

Introduction to Entero-osseous Hormones

In the early 1900s, it was discovered that signals originating in the gut could impact
a variety of endocrine processes. One such process, the “incretin effect,” was coined
to describe the difference between the observed greater increase in pancreatic insu-
lin secretion in response to oral glucose administration as compared to intravenous
glucose administration. The gut hormones responsible for this process became
known as incretins [5].

The incretins are a group of intestinal peptide hormones with known insulinotro-
pic action. The most widely recognized incretins are gastric inhibitory polypeptide
(also known as glucose-dependent insulinotropic polypeptide or GIP) and glucagon-
like peptide-1 (GLP-1). These incretins are secreted by the endocrine cells of the
intestine in response to oral glucose, as well as a number of other biological signals
discussed later in this chapter. GIP is secreted by the “K-cells” which line the
mucosa of the duodenum and jejunum [6], while GLP-1 and its counterpart GLP-2
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are secreted by the “L-cells,” which are primarily located in the distal jejunum,
ileum, and colon [7]. Unlike GIP and GLP-1, GLP-2 lacks classical insulinotropic
action.

All three of these hormones belong to the glucagon-related superfamily [7]. They
are classified as members of this superfamily because of the amino acid sequence
homology they share with glucagon, but they do not necessarily act in a similar
manner to glucagon physiologically.

Entero-osseous Hormone Synthesis

Prior to their release by the enteroendocrine K- and L-cells, the entero-osseous hor-
mones must be processed into their active forms from their inactive prohormone
precursors. GLP-1 and GLP-2 are synthesized from the peptide hormone pre-
proglucagon. Pre-proglucagon is a 180 amino acid molecule which contains, in
addition to the sequence of glucagon, the sequences of GLP-1 and GLP-2 [8]. The
gene that encodes pancreatic pre-proglucagon contains six exons. The first four
exons encode proteins corresponding to the signal peptide, glucagon, GLP-1, and
GLP-2, and the final two are characteristically cleaved during the posttranslational
processing of prohormones [9]. The mRNA that encodes the proglucagon gene is
the same in the various tissues; however, the form of proglucagon varies, due to
alternative posttranslational modification [10]. This differential processing is tissue
dependent [11].

The enzymes involved in alternative posttranslational processing of proglucagon
are known as prohormone convertases (PCs) . Proteolytic cleavage by these enzymes
ensures that peptide hormones like GLP-1 and GLP-2 become activated at the
appropriate site [12]. In the alpha cells of the pancreas, the predominant PC2 cleaves
active glucagon from residues 33—61 of proglucagon, leaving a major fragment
from the C-terminal of the molecule unprocessed. However, in the L-cells of the
intestine, glucagon is handled by the protein convertase PC1/3. This proteolytic
cleavage yields GLP-1 and GLP-2, rather than glucagon [13]. The preponderance of
PC1/3 compared to the paucity of PC2 expression in the L-cells is responsible for
this.

Unlike its EOH counterparts, GIP is not cleaved from proglucagon. Rather, GIP
is uniquely produced from the precursor transcript proGIP. The cleavage of proGIP
to the active form of GIP takes place in the enteroendocrine K-cells. Much like
GLP-1 and -2 posttranslational processing, this cleavage requires PC1/3 but not
PC2 [14, 15].

Incretin | Precursor Released from Size

GIP ProGIP Enteroendocrine K-cells 42 amino acids
GLP-1 Proglucagon Enteroendocrine L-cells 30 amino acids
GLP-2 Proglucagon Enteroendocrine L-cells 33 amino acids
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Regulation of Entero-osseous Hormone Secretion

The most common stimulus for enteric hormone secretion is glucose, but other
nutrient/stimuli can also induce their secretion as well. Ingestion of other macronu-
trients including fat, protein, and non-glucose carbohydrates can also stimulate
EOH secretion. In vivo studies have shown fat and protein consumption both sig-
nificantly increase the serum concentrations of GIP and GLP-2 compared to fasting
[15]. In fact, fat ingestion induces GIP concentrations approximately twice as high
as those measured after glucose or protein ingestion. Oral fructose induces GLP-2
secretion in quantities comparable to glucose, but it has no significant impact on
GIP. Further, because postprandial GLP-1 and GLP-2 secretion have been shown to
occur in parallel [16] and in equimolar fashion, it is likely that GLP-1 secretion also
increases in response to fat, protein, and fructose ingestion.

Hormone Fat Protein Fructose Glucose
GIP ++ + No change +
GLP-1 + + + +
GLP-2 + + + +

Secondly, it has been shown that a variety of non-nutrient mechanisms contribute
to the regulation of EOH-secreting cells. These processes include bile acid signal-
ing, microbiotic fermentation, neural regulation, and hormonal control [17]. While
bile acids have been shown to act directly on basolateral L-cell receptors to induce
GLP-1 [18], other mechanisms involve more complex processes.

Microbiota in the colon produce short-chain fatty acids (SCFAs) by fermenting
fiber. In vivo data shows SCFAs in turn increase the secretion of GLP-1 [19]. This
observable phenomenon is supported by PCR studies that confirm the expression of
SCFA receptors on human L-cells [20].

Neural control of incretin-secreting cells occurs through a variety of pathways.
In fact, it is likely that both the sympathetic and parasympathetic systems play a
role. Excitatory signals are transmitted by muscarinic cholinergic, beta-adrenergic,
and peptidergic fibers. EOH secretion is diminished by adrenergic and somatostatin
innervation [21].

Hormonal control of human EOH secretion has long been debated as well.
Contrary to animal research studies, it has been shown that humans do not respond
to GIP infusion by increasing secretion of GLP-1 [22]. However, it is still believed
that the pancreatic hormone somatostatin may negatively control both GIP and
GLP-1 secretion by suppressing cAMP levels in human enteroendocrine cells, as
this mechanism has been confirmed in porcine and rodent models [23, 24]. In fact,
somatostatin has been demonstrated to downregulate GIP in humans [25]. As the
incretins GIP and GLP-1 have been shown to significantly increase secretion of
somatostatin in vivo [26], this relationship has received consideration as a local
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negative feedback mechanism. Although these appear to be the most significant
hormonal controls of enteroendocrine secretion, a variety of other hormonal path-
ways have been studied [17].

Entero-osseous Hormone Receptors

The biological actions of entero-osseous hormones are mediated by G protein-
coupled receptors, which bind their respective ligands with extremely high specific-
ity. GIP, GLP-1, and GLP-2 receptors all belong to the secretin-glucagon receptor
seven-transmembrane G protein-coupled family and are widely distributed in the
body (Fig. 1). Their binding events activate signal transduction cascades that involve
both changes in cAMP and intracellular calcium. GLP-1 signal transduction events
have been mainly studied in pancreatic beta cells. In these cells GLP-1 primarily
increases cAMP production to potentiate glucose-induced insulin secretion.
However, in response to increasing glucose concentrations, GLP-1 also increases
calcium influx through voltage-dependent calcium channels [27]. Some investiga-
tors have reported that GLP-1 also activates phospholipase C and mobilizes intra-
cellular calcium pools [28]. These signaling pathways may serve different
physiological functions with cAMP important in glucose-stimulated insulin secre-
tion [29], and intracellular calcium/protein kinase C pathway may mediate the
viability-enhancing, antiapoptotic properties of GLP-1 [30] (Fig. 2).

The GLP-2 receptor is widely expressed in enteric tissues including stomach,
duodenum, jejunum, ileum, and colon [31]. GLP-2 receptor expression in bone is
less widespread although it is present in immature osteoblasts. Binding of GLP-2 to
its receptors expressed in BHK fibroblast cells leads to an increase in cAMP and
activation of PKA and AP-1 pathways [32]. It would appear likely though that
GLP-2 activates additional signaling pathways by either direct or indirect mecha-
nisms. GLP-2 receptors are also expressed in bone cell lines, and GLP-2 binding
resulted in an increase in osteocalcin in MG-63 cells [33].

GIP receptors are widely expressed throughout the intestine including the gut,
pancreas, adrenal cortex, and adipose tissue, and in addition it is present in vascular
tissue, brain, and bone cells [34—-36]. Activation of the GIP receptor results in an
increase in both cAMP and an increase in intracellular calcium [34, 35]. Downstream
these second messengers activate the ERK1/2/MAPK pathway and in a cell-
dependent manner modulate cell survival or proliferation [37]. The presence of GIP
receptor splice variants has been suggested in some tissues [38], although these
might not be functional variants [39].

Biological actions that are activated upon receptor binding are covered in more
detail later in this chapter.
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GIPR®* @ GLP-1R
Fig. 1 Incretin hormone receptor expression: GIP receptors are present in the pancreas, gut, adi-
pose, heart, adrenal cortex, and numerous brain regions, including the cerebral cortex, hippocam-
pus, olfactory bulb, and pituitary. GLP-1 receptors are expressed in the pancreas, duodenum,

kidney, heart, lung, large intestine, stomach, breast, and brain. The GLP-2 receptor is widely
expressed in enteric tissues including stomach, duodenum, jejunum, ileum, and colon

Entero-osseous Hormone Metabolism

The main degradation pathway for GIP, GLP-1, and GLP-2 is aminopeptidase
dipeptidyl peptidase IV (DPP-IV). This ubiquitous enzyme exists in both a
membrane-bound and soluble form. Immediately following enteroendocrine secre-
tion, inactivation by DPP-IV enzymes embedded in the endothelium of intestinal
capillary beds begins [40]. DPP-IV proteolytically cleaves two N-terminal amino
acids, dramatically reducing, and in some cases completely eliminating, the biologi-
cal activity of these hormones [41]. In GLP-1 and GLP-2, the dipeptide His-Ala is
truncated, whereas in active GIP the dipeptide Tyr-Ala gets removed [42].

The metabolic action of DPP-IV explains the often-observed discrepancy
between serum GLP-1 and GLP-2 concentrations despite their equimolar secretion.
An in vitro study by Lambier et al. demonstrates that DPP-IV preferentially trun-
cates GLP-1 over GLP-2 at equivalent concentrations [43]. In fact, in vivo human
studies have shown that the half-life of GLP-1 is 1-2 min, while the half-life of
GLP-2 is closer to 7 min [44, 45].

Finally, clearance of enteroendocrine metabolites is believed to be chiefly han-
dled by the kidney [40]. This is supported by evidence that GLP-2 markers are ele-
vated in patients with chronic kidney failure [46].
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Fig. 2 Nutrients modulate bone turnover: Intestinal hormones serve to signal tissues in the body
that nutrients are available for utilization. Incretin hormones in particular serve as anabolic signals
to the bone leading to suppression of bone breakdown (osteoclastic activity) and increased bone
formation (osteoblastic activity). Incretin hormones such as GIP appear to have predominant
effects on osteoblasts, while GLP-1 and GLP-2 appear to mainly modulate bone breakdown
through effects on the osteoclasts

Osseous Effects of GIP, GLP-1, and GLP-2

The Entero-osseous Signaling Axis

After discovery that bone metabolism was modulated, at least in part, by hormones
that are released following nutritional intake, the role of gut-derived peptide hor-
mones in bone turnover has been extensively evaluated in both in vitro and in vivo
studies. The existence of the entero-osseous signaling axis was supported by the fact
that receptors for enteroendocrine hormones were expressed on bone cells.

GIP receptors (GIPR) were reported to be present on osteoblast cells [34], and a
subsequent study by Pacheco et al. examined the presence of GIP, GLP-1, and
GLP-2 receptors in osteoblastic precursor cells, reporting that GIPR expression
increased with increasing differentiation while GLP-1R and GLP-2R were only
observed in less-differentiated osteoblastic precursors [33]. GIP was found to
increase the viability of further-differentiated precursor cells, while GLP-1 and
GLP-2 exposure significantly enhanced viability of less-differentiated precursors.
Other studies examined osteoclasts for EEH receptors and found both GIPR expres-
sion in these cells [36].
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Immature osteoblasts Mature osteoblasts Mature osteoclasts
GIPR No Yes Yes
GLP-1R Yes Yes® No
GLP-2R Yes No No

“Pacheco et al. do not report the presence of GLP-1R on osteoblasts [33]. However, GLP-1R was
identified on osteoblastic cells in another study [47]. GLP-2 infusion decreases bone resorption [48]

Apart from studies that have focused on identifying EEH receptors on bone, a
plethora of experiments have examined the entero-osseous axis by measuring the
specific effects of EEH administration on bone turnover. In general, GIP, GLP-1,
and GLP-2 achieve net bone formation by either enhancing osteoblast activity or
attenuating osteoclast activity. The specific actions of these three peptide hormones,
however, are unique, and as such they will be addressed individually.

Effects of GIP on Bone

The osseous effects of GIP are the first — and perhaps the best — documented of the
enteroendocrine hormones. While osteoblastic and osteoclastic activity are coupled
under most normal physiological conditions, it has been noted postprandially that
GIP effectively uncouples these processes [49]. GIP operates in a twofold manner
to increase bone quality: it has both pro-anabolic and anti-catabolic actions.

To date human studies involving GIP administration are limited with most of the
in vivo studies being performed in murine models and in vitro models to a number
of osteoprogenitor or osteoblastic cell lines.

In osteoblastic cell lines, addition of GIP results in increases in cAMP and intracel-
lular calcium. GIP stimulation of these cells results in an elevation of alkaline phospha-
tase activity and increased expression of collagen type I mRNA [34], consistent with an
anabolic effect of this hormone on bone. In the osteoblastic cell line, MC3T3-E1 GIP
was also found to increase cAMP levels and promote collagen maturity and modulates
collagen fiber diameter [50]. An additional function of GIP (and other incretins) seems
to be the ability to protect cells from injury. In both osteoblasts and human bone marrow-
derived mesenchymal stem cells, GIP reduced the apoptosis normally seen with tissue
culture serum deprivation by inhibiting activation of caspase-3 and caspase-7 [51].

A number of murine models have been used to evaluate GIP actions on bone
including GIP injections, transgenic GIP peptide overexpressing mice, and GIP recep-
tor knockout mice. A daily GIP injection for 6 weeks was shown to prevent ovariec-
tomy-induced bone loss in Sprague-Dawley rats [2]. In transgenic mice in which
systemic GIP levels are between two- and threefold higher than control mice, bone
density was increased by about 5% accompanied by an increase in the marker of bone
formation, osteocalcin, and a decrease in the marker of bone breakdown, PYD. Finally,
knockout of the GIP receptor in mice resulted in decreased bone mineral density
(3.7% decrease in total BMD at 5 months of age compared to wild type), decreased
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bone strength, and a decrease in markers of bone formation, alkaline phosphatase, and
osteocalcin [52]. Bone histomorphometry in GIPR -/- mice reveals decreased bone
formation and increased osteoclast number. In addition postprandial plasma calcium
was higher in the GIPR -/- mice suggesting a potential role for GIP in calcium deposi-
tion in bone [53]. GIPR knockout models have also demonstrated that GIP contributes
to cortical thickness, load-bearing ability, and bone matrix mineralization [54]. GIPR-
deficient mice have diminished bone mechanical properties despite increased total
bone volume and trabecular bone mass [55]. To further confirm that these changes in
bone mass were GIP related and not due to upregulation by other incretin hormones,
Mieczkowska et al. [56] evaluated bone mass in double incretin receptor (GIPR and
GLP-1) knockout mice (DIRKO) and found that cortical bone was still decreased in
this mouse model consistent with a role for GIP as an intestinal hormone linking nutri-
ent intake to bone formation.

Postprandial suppression of bone breakdown in human subjects has been well
documented [57]. Suppression of bone breakdown by nutrients was initially nar-
rowed to an enteric hormone as activity was suppressible by somatostatin infusion
[58], but this nutrient-mediated antiresorptive effect was clearly not fully explained
by food-induced increases in insulin levels [59]. A study by Henriksen et al. [15]
evaluated the effects of GIP infusion on markers of bone turnover in postmeno-
pausal women. These investigators found that GIP given as a bolus had no statisti-
cally significant effect (although a 16% drop was observed) on markers of bone
turnover (either s-CTX or osteocalcin) over 48 min. In a follow-up study by the
same group, in which GIP was co-infused during a euglycemic or hyperglycemic
glucose clamp, the investigators found that GIP by itself decreased CTX (a maker
of bone breakdown) but that this inhibition was more dramatic in the presence of
hyperglycemia (49% decrease from basal) [60]. The authors discuss that differences
between the two studies might relate to the fact that in the first study GIP was
administered as a bolus rather than an infusion and also note that under physiologi-
cal conditions GIP would be rising after a meal, when blood glucose would also be
normally rising. Thus, it is possible that the second study was more physiologically
relevant. This possibility was further supported by a study from Denmark involving
1,424 perimenopausal women followed longitudinally for 10 years. This study by
Torekov et al. found that women with a functional polymorphism (Glu354Gln) of
the GIP receptor had a significantly lower femoral neck bone mineral density and
women homozygous for this variant were at increased risk for non-vertebral frac-
tures (hazard ratio 1.6; CI: 1.0-2.6, p < 0.05) [61].

More recently with the emergence of inhibitors of the enzyme that breaks down
incretin hormones (DPP-IV inhibitors) as a therapy for patients with diabetes mel-
litus, there has been increasing interest in the impact of these medications on bone
health [62].

Glorie et al. [63] evaluated the impact of the DPP-IV inhibitor, sitaglipitin, on
streptozotocin-treated male Wistar rats for up to 12 weeks. They found that sita-
gliptin improved bone parameters in the diabetic rat including improved trabecular
number, decreased trabecular spacing, improved femoral bone strength, and
decreased marker of bone resorption CTX. In a study in diabetic mice, the mice
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were treated for 8 weeks with either alendronate, pioglitazone (a drug known to
negatively affect bone), or DPP-IV inhibitor MK-0626 [64]. The investigators
reported that while alendronate improved cortical and trabecular bone microarchi-
tecture and pioglitazone negatively impacted trabecular bone in the wild-type bone,
the DPP-IV inhibitor had no impact on either trabecular or cortical bone in diabetic
mice. Similarly in a study in Zucker Diabetic Fatty rats, treated with either the
DPP-1V inhibitor vildagliptin, pioglitazone, or the combination of these two drugs
for 5 weeks, the DPP-IV inhibitor protected the bones of diabetic mice from the
negative effects of pioglitazone [65].

In a study in human diabetic patients [66] randomized to either control or therapy
with the DPP-IV inhibitor vildagliptin for 1 year, the investigators found that at the
end of the year there was no difference in the markers of bone breakdown (sCTx) or
bone formation (alkaline phosphatase). Similarly in a meta-analysis involving
22,961 diabetic patients, the use of DPP-IV inhibitors was not associated with a
reduction in fractures [67]. The same group performed a retrospective study involv-
ing 328,254 patients from the Clinical Practice Research Datalink (CPRD) database
who receive a prescription for an antidiabetic drug [68]. The authors found that
long-term use of a DPP-IV inhibitor (4-8.5 years) was not associated with any
greater risk of osteoporotic or hip fracture. Thus, the consensus to far of these ani-
mal and limited human studies appears to be that DPP-IV inhibitors used to treat
patients with diabetes do not weaken bone or increase fracture risk. Whether these
drugs might be beneficial for increasing bone mass or quality in normal or diabetic
patients remains unclear.

The anti-resorptive effects of GIP have also been well documented. Human stud-
ies have shown that GIP infusion significantly decreases markers for bone resorp-
tion in both the euglycemic and hyperglycemic states [60]. Rat studies show that
GIP is capable of attenuating bone resorption both directly and indirectly. GIP infu-
sion decreases the area of osteoclastic pits by acting directly on osteoclast cells in a
dose-dependent manner. Meanwhile, GIP also dose dependently restricts bone
resorption through modulation of parathyroid hormone-induced resorption [36].

GIP has a very short half-life, and thus any potential therapeutic use of this pep-
tide would be limited by the need for multiple repeated administrations. A rapidly
developing area is the synthesis of long-lived GIP analogues resistant to degrada-
tion. DPP-IV cleaves the amino terminal dipeptide; modifications of these amino
acids by acetylation can result in analogs like N-AcGIP that has a half-life of over
24 h [69]. When this compound was administered to Copenhagen rats as a daily
injection for 4 weeks, it resulted in improvement in the mechanical properties of
cortical bone. Similarly, [D-AL2]GIP injected daily for 21 days improved bone
material properties in diabetic mice (STZ treated) [70]. Hybrid incretin receptor
agonists are also in development. [D-Ala?]JGIP-Oxm has the ability to bind the
GLP-1, GIP, and glucagon receptors [71]. When this compound was injected daily
into the diabetic mouse model (db/db) for 21 days, there was an improvement in
bone strength in microarchitecture over that seen in saline-injected mice.
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GIP’s Osseous Effects in Aging Populations

GIP has been shown to continue to have anabolic effects on bone mass even in the
setting of aging bone. Administration of GIP has been shown to induce osteoblastic
differentiation and counter the effects of age-induced bone loss in mice. In fact, it
has been observed that a reduction of GIPR expression in bone marrow stromal cells
may partially explain the pathophysiology of age-induced bone loss [72].
Accordingly, an in vitro study of human osteoblasts and bone marrow mesenchymal
stem cells has shown GIP has an antiapoptotic effect [S1]. These exciting discover-
ies could pave the way for innovative anti-osteoporotic therapies.

Effects of GLP-1 on Bone

Mouse studies have shown that GLP-1 is also necessary for optimal bone metabo-
lism and strength [73]. Similar to GIPR-KO models, GLP-1R-knockout rodent
experiments have documented that a lack of GLP-1 action in bone significantly
reduces maximal load-bearing, cortical thickness and bone matrix quality [74].
Conversely, GLP-1R agonist treatment has been shown to have osteogenic effects
[75]. However, the rodent response appears to be mediated by increased calcitonin
secretion from the C-cells of the thyroid. Corresponding action of GLP-1 in the
human thyroid has not been observed [76]. Therefore, it is possible that GLP-1
affects human bone via another pathway, or not at all.

The efficacy of GLP-1R agonists to aid in fracture prevention has been docu-
mented in some, but not all, human studies [77]. As GLP-1R agonists are commonly
used for the treatment of type II diabetes mellitus, this is a topic of considerable
relevance. However, definitive proof linking GLP-1RA-class drugs to decreased
fracture rates is lacking at this point [78].

Effects of GLP-2 on Bone

In contrast, the pro-osseous properties of GLP-2 have been noted in a variety of
human studies, yet paradoxically, the mechanism underlying GLP-2 action on bone
remains poorly understood. Initially it was discovered that parenteral administration
of GLP-2 reduced markers for bone resorption without affecting bone deposition
[15]. This led to the hypothesis that GLP-2 either acts directly on osteoclasts (rather
than osteoblasts) or operates via secondary signaling factors. Later it was revealed
that GLP-2 significantly attenuated the normally observed overnight rise in bone
resorption, again without significantly stimulating bone formation [79]. Thus, a
more prolonged 14-day study was performed to confirm these findings, and indeed
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bone resorption markers were significantly reduced while indicators of bone
formation were unchanged [80].

A study by Henriksen et al. focused on GLP-2’s effect on bone turnover — par-
ticularly hip BMD — in postmenopausal women and found that GLP-2 increased
bone formation [81]. Another study showed that GLP-2 administration significantly
increased spinal bone mineral density in short-bowel patients with no colon. While
the mechanism mediating GLP-2 anabolic effects on bone mass remains unclear,
this study suggests that GLP-2 promotes increased intestinal calcium absorption
[82].

Extraosseous Effects of Entero-osseous Hormones

In addition to being present in bone, GIP, GLP-1, and GLP-2 receptors have been
identified on the cells of many organs throughout the body. This suggests that these
entero-osseous hormones cause direct effects in the corresponding organs and tis-
sues. However, in many cases these functions have not been precisely identified.

The Incretin Effect

As previously mentioned, GIP and GLP-1 are best known for their insulinotropic
action. In 1973, Dupre et al. first reported that GIP stimulates insulin secretion and
improves glucose tolerance [17]. This led to the concept that gut hormones are
responsible for the “incretin effect” observed in response to oral but not
IV-administered glucose. Then, in 1987 Kerymann et al. reported that GLP-1 also
has incretin action and even noted that GLP-1 induces a more potent insulin release
than does GIP [83]. Accordingly, the presence of GIP and GLP-1 receptors in the
pancreatic islets has been documented by numerous sources. However, as this aspect
of GIP and GLP-1 physiology has already been reviewed extensively in the existing
literature, this text will avoid focusing further on the insulinotropic actions of the
incretin hormones.

Extraosseous GLP-1 Receptors

The GLP-1 receptor is widespread throughout humans. Obviously it is highly
expressed in the pancreas, but a number of studies have also detected GLP-1R in the
duodenum, kidney, heart, lung, large intestine, stomach, breast, and brain [47, 84,
85]. Although the biological importance of many of these receptors is unknown,
several represent exciting opportunities for future research.
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GLP-1 receptors are highly expressed in Brunner’s glands of the duodenum.
Recent studies show these receptors may be involved in inflammatory processes,
and they are thus being investigated for their potential role in inflammatory bowel
diseases [86]. The physiological significance of the dense distribution of GLP-1R in
the human neurohypophysis is unclear [85], although GLP-1 has been shown to
stimulate the neurohypophyseal secretion of oxytocin and vasopressin in rats [87].

In the kidney, GLP-1R is consistently found in the vascular wall of the arteries
and arterioles as well as in the juxtaglomerular apparatus [88]. This suggests a
potential role for GLP-1 in the regulation of kidney blood flow and renin secretion.

Controversy surrounds the action of GLP-1 and its metabolites in the heart.
While some studies report a lack of GLP-IR in the heart, others have identified
GLP-1R in myocytes of the sinoatrial node and even postulated they may mediate
an increase in heart rate and blood pressure [85]. This may explain the observed
cardiovascular changes following the administration of some GLP-1 targeting
drugs. However, it has also been proposed that GLP-1R agonists may directly influ-
ence cardiac performance via signaling the GLP-IR of vascular smooth muscle
cells, while endogenous GLP-1 may operate through a different pathway. Regardless,
it has been noted that the cardiac effects of GLP-1 targeting drugs directly affect the
atrial, rather than the ventricular, myocardium [89]. Because GLP-1 and GLP-1R
agonists appear to produce cardioprotective effects but their mechanisms are not
well explained, this field merits further investigation.

According to a GLP-1R mapping study by Korner et al., lesser quantities of
GLP-1 receptors are found in the intestines, lung, and breast. While GLP-1 recep-
tors pervade the small muscular vessels of the lung, they are not found in lung tis-
sue. In the ileum and colon, GLP-1R expression is restricted to the myenteric nerve
plexus. It is thought that GLP-1 elicits an inhibitory effect on large intestine motility
through the neural release of nitric oxide [90]. GLP-1 receptors have also been
reported in the stomach, but their purpose is unknown [91].

Expression of GLP-1 receptors in breast tissue suggests the possibility of GLP-1
signaling in the milk ducts. The same study failed to show GLP-1 receptor expres-
sion in multiple tissues including the liver, spleen, lymph nodes, thymus, adrenal
gland, adenohypophysis, prostate, heart, skeletal muscle, and fat. Korner et al. also
reported GLP-1R overexpression in gut and lung neuroendocrine tumors.

It is also noteworthy that murine studies have revealed GLP-1R presence on
thyroid C-cells, suggesting a calcitonin-mediated role for GLP-1 in the regulation of
bone turnover. However, despite extensive investigation, no such receptors have
ever been identified in humans.

Extraosseous GLP-2 Receptors

In contrast to GLP-1R, GLP-2R expression is confined to the gastrointestinal tract.
The pattern of GLP-2R distribution supports the notion that GLP-2 action is mostly
limited to the gut. In a study mapping GLP-2 receptor expression in human organs,
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immunopositive results were predominantly linked to the endocrine cells of the
stomach, small intestine, and colon [31]. In light of the fact that GLP-producing
L-cells primarily occupy the distal ileum, jejunum, and colon, this receptor distribu-
tion suggests GLP-2’s direct effects are due to endocrine signaling via the blood-
stream. However, this does not rule out the possibility that GLP-2 signals adjacent
endocrine cells in a paracrine manner. Furthermore, the lack of GLP-2R-positive
findings outside of enteroendocrine cells suggests that indirect effects likely medi-
ate the well-documented actions of GLP-2 in promoting mucosal growth in the
intestines, enhancing nutrient absorption, and decreasing gastric acid secretion [92].
It has been shown that GLP-2 and GLP-1 work in concert to significantly inhibit
secretion of gastric acid in humans [93].

Peripheral blood mononuclear cells expressing GLP-2R have been detected in
small but significant quantities in the circulation. The implications of this finding are
unclear, yet are believed that these cells may play a role in the differentiation of osteo-
blasts [94].

Murine analyses have revealed a potential role for GLP-2-mediated signaling as
a central regulator of glucose homeostasis. When activated, GLP-2Rs in the mouse
hypothalamus initiate a signaling cascade that stimulates insulin sensitivity and glu-
cose tolerance while it simultaneously attenuates glucose production [95]. To date,
however, no significant analyses of GLP-2R expression in human CNS tissues have
been performed.

Finally, it is noteworthy that aberrant GLP-2R expression has been spotted in
some human GI carcinoid tumors, within distinct foci. The presence of GLP-2R was
not detected in the majority of cells, but anomalous clusters of GLP-2R-
immunopositive cells were identified. The same study detected no GLP-2R-mRNA
transcripts in cancers of the pancreatic islets, adrenal glands, or central nervous
system [31].

Extraosseous GIP Receptors

Unlike the glucagon-like peptide receptors, whole body distribution of gastric
inhibitory polypeptide receptors has not been reported in humans, although it has
been reported in mouse. GIPR-mRNA is present in a variety of murine tissues
including the pancreas, gut, adipose, heart, and adrenal cortex. In addition, it inhab-
its numerous brain regions, including the cerebral cortex, hippocampus, olfactory
bulb, and pituitary. It does not appear to be present in the liver or spleen tissues [35].

GIP’s functions in the pancreas and bone have been well described; a role for GIP
in the brain has also been reported in studies by Nyberg et al. who found a correlation
between increased neurogenesis and expression of the GIPR gene in the adult rat
brain. Their findings also demonstrate that GIP administration stimulates the prolif-
eration of progenitor cells [96] in the rat hippocampal dentate gyrus. Interestingly,
the dentate gyrus is also an area of active neurogenesis in adult humans [97], symbol-
izing the importance of further research regarding GIP’s effects in the brain.
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Therapeutic Potential of Entero-osseous Hormones

As the entero-osseous hormones GIP, GLP-1, and GLP-2 have a diverse array of
receptor expression throughout the body, they possess considerable potential as
therapeutic targets. To date, most attempts at EOH-related therapies have aimed at
the incretin actions of GLP-1 and GIP for the treatment of diabetes. Similarly,
DPP-1V inhibitors (targeting EOH breakdown) have been successfully employed as
treatment for hyperglycemia and to induce insulin secretion [98]. However, evi-
dence has also arisen that may support the use of EOH-based therapies in other
organs including the liver and the central nervous system. Finally, there is the afore-
mentioned potential for EOH-related therapies in the treatment of osteoporosis and
other diseases related to poor bone quality.

Diabetic Treatments and EOH-Associated Benefits

The most promising diabetic treatments with regard to bone status appear to be
GLP-1 receptor agonists. Studies have found that liraglutide is a ‘“safe weight-
lowering agent” which can contribute to superior bone formation despite low-calorie
dietary intake. Subjects not taking this GLP-1RA showed a fourfold decrease in
bone mineral concentration when compared to those who did receive liraglutide
[76].

Additionally, incretin-based therapies have demonstrated great potential to atten-
uate a number of the negative consequences of diabetes throughout the body. GLP-1
therapies reduce chronic hyperglycemia-related inflammation, thus benefitting the
kidneys and the blood vessels. DPP-4 inhibitors may also aid in decreasing vascular
tone by attenuating the metabolism of certain non-incretin substrates. Notably, these
therapies may be of benefit to diabetic patients developing nephropathy [99].

Prospective EOH Therapies

Only recently have the entero-osseous hormones been investigated for their thera-
peutic potential in the brain and the peripheral organs. As such, most of the effects
of EOH administration have been explored solely in rats and mice. Recent findings
in these models suggest potential use in diseases such as degenerative brain dis-
eases, inflammation, and liver regeneration.

GIP mimetics and GLP-1 receptor agonists have shown the ability to cross the
blood-brain barrier and elicit an array of neuroprotective responses. Among these
beneficial consequences, the reduction of beta amyloid plaques along with the
induction of long-term potentiation pathways represent interesting prospects for the
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treatment of Alzheimer’s disease [100, 101]. The neuroregenerative capacity of
hormones has also been studied in the realm of epilepsy treatment [101-103].

GLP-2 has recently been linked to accelerated liver regeneration in murine mod-
els. In addition, GLP-2R mRNA has been reported in human liver samples, reveal-
ing a possible avenue for its use in treating human liver disease. Similarly, GLP-2
may be useful in the treatment of IBD patients. Samples from these individuals have
revealed decreased expression of GLP-2R transcripts in many tissues, including
inflamed segments of the colon and ileum [104]. Finally, studies have shown GLP-2
may modulate insulin sensitivity in mice, despite never having been discovered in
humans [105].
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Regulation of Bone Metabolism by Serotonin

Brigitte Lavoie, Jane B. Lian, and Gary M. Mawe

Introduction

The bone is a highly dynamic tissue that is influenced by many intrinsic and extrinsic
signaling factors capable of modulating its growth and turnover. The balance
between new bone formation by osteoblasts and resorption of calcified bone by
osteoclasts is responsible for accurate bone modeling and remodeling. Impairment
in this equilibrium can lead to skeletal disorders involving bone loss, such as osteo-
porosis, or the contrasting high bone mass syndromes that result from genetic muta-
tions [1]. A variety of hormones, growth factors, and cytokines regulate the
coordinated activity of osteoblasts and osteoclasts. Recently, serotonin
(5-hydroxytryptamine; 5-HT) is becoming appreciated as one of the key players in
bone tissue dynamic, and the mechanisms by which it acts are still being revealed
[2]. Significantly, 5-HT can exert divergent effects on bone density, both through
actions in the brain and through actions on cells within the bone [3].
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Serotonin as a Signaling Molecule in the Brain and Periphery

While serotonin is best known for the roles it plays as a neurotransmitter in the
central nervous system (CNS), it was first discovered in the periphery during
searches for signaling molecules that could contract smooth muscle. In 1937, the
Italian physiologist Vittorio Erspamer isolated an indole molecule, highly abundant
in the gastrointestinal (GI) tract of various species, which caused muscle contrac-
tion [4]. He named this compound “enteramine” and described it as the main secre-
tory molecule of enterochromaffin (EC) cells. Nearly a decade later, Maurice
Rapport in collaboration with Arda Green and Irvine Page (1948) identified a com-
pound in bovine serum that caused blood vessel contraction, and they named it
“serotonin” [5, 6]. Structural analysis of enteramine and serotonin proved that enter-
amine and serotonin were the same molecule: 5-hydrotryptamine (5-HT) [7]. It was
Betty Twarog, who in 1953 demonstrated the presence of serotonin in the mamma-
lian brain and suggested a role for the molecule as a neurotransmitter rather than a
hormone [8]. Since the blood-brain barrier is quite impermeable to serotonin, sero-
tonin pools in the CNS vs the periphery are considered as two distinct pools that are
independently regulated.

Despite its widespread influences, serotonin is produced by relatively few cells in
the body. Within the CNS, serotonin is synthesized by clusters of neurons, designated
B1-B9Y, that are restricted to the brainstem raphe nuclei. These neurons, which use
tryptophan hydroxylase 2 (TPH2) as their rate-limiting enzyme for serotonin synthe-
sis, extend ascending and descending axonal projections that reach most regions of
the CNS and mediate a wide variety of functions. The axon terminals of these neu-
rons express the serotonin-selective reuptake transporter (SERT) in their membranes,
so once serotonin is released from the nerve terminals and mediates its actions on
nearby receptors, it is removed from the synaptic cleft. Within serotonergic nerve
terminals, serotonin is deaminated by monoamine oxidase A (MAO-A) and con-
verted to 5-hydroxyindole acetic acid (5-HIAA) by aldehyde dehydrogenase [9].

In the periphery, the major site of serotonin synthesis is the EC cells of the intes-
tinal mucosa, which are a form of enteroendocrine cells, and in fact EC cells are the
source of the vast majority of the serotonin in the body [10]. EC cells use TPH1 to
synthesize serotonin, as do all other peripheral serotonin-synthesizing cells, with
the exception of enteric serotonergic neurons, which like CNS neurons utilize
TPH2. After EC cells release serotonin in response to chemical and/or mechanical
stimuli, it acts as a paracrine signaling molecule on nearby nerve fibers, epithelial
cells, and immune cells that express serotonin receptors, and it is then taken up by
epithelial cells, all of which express SERT. The serotonin that is not transported into
epithelial cells moves into the blood stream, where it is transported into platelets,
which also express SERT. Until recently, it was presumed that intestinal EC cells
represented the sole source of peripheral serotonin because 5-HIAA levels in the
urine are undetectable within 24-48 h after removal of the entire GI tract from
experimental animals [11]. However, the finding that non-neuronal serotonin is
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synthesized by TPH1 has led to the discovery of local sources of peripheral serotonin
synthesis, including adipocytes [12], pancreatic islet p-cells [13, 14], and cells
within the bone [15].

Serotonin and Bone Remodeling in Health

Brain-Derived Serotonin

Serotonin in the CNS has a positive effect on bone growth, since young TPH2-/-
mice (12 weeks and younger) have low bone mass with decreased bone formation
[16]. The osteogenic actions of serotonin in the CNS involve the inhibition of inhib-
itory inputs in the following sequence of events (Fig. 1a): (1) serotonergic raphe
neurons provide excitatory input to neurons in the ventromedial hypothalamus; (2)
hypothalamic neurons provide inhibitory input to sympathetic preganglionic neu-
rons; and (3) the decrease in sympathetic outflow releases the bone from the resorp-
tion influence of P2 adrenoreceptor activation. Therefore, the CNS serotonergic
system favors bone accrual. In older TPH2-/- mice (21-83 weeks), moderately ele-
vated trabecular bone in the vertebrae has been reported in both sexes, and females
have decreased femur cortical bone [17].

Central serotonin regulates bone mass accrual through stimulation of 5-HT,c
receptors on hypothalamic neurons, while appetite, which is also influenced by
leptin acting on serotonergic neurons, is controlled by activation of 5-HT;, and ,3
receptors in the arcuate nucleus [16, 18]. Activation of 5-HT,c receptors leads to
decrease sympathetic tone that is activated by calmodulin kinase (CaMK)-dependent
signaling cascade. Decreased sympathetic tone releases bone cells from the impact
of B3, adrenoreceptor activation, which can promote bone growth through two oppo-
site actions: by promoting the proliferation of osteoblasts and by inhibiting the pro-
liferation and differentiation of osteoclasts.

The CNS serotonin bone pathway is negatively regulated by leptin arising from
adipocytes. Both Ob/ob and db/db mouse models, which lack leptin or the leptin
receptor, respectively, have increased bone mass, and this bone phenotype can be
corrected by specific inactivation of central serotonin signaling [2, 16, 19].
Furthermore, deletion of the leptin receptor on brainstem neurons, which would
release these neurons from the inhibitory influence of leptin, mimics the elevated
bone mass phenotype seen in the Ob/ob and db/db mouse models. Leptin inhibits
serotonergic raphe neurons both by reducing their serotonin synthesis and their
level of excitability, which, in turn, results in decreased serotonergic input to the
hypothalamic nuclei. It has been reported that leptin regulation of appetite does not
involved CNS serotonin neurons, and relevant to this discussion, leptin receptors
were only found on non-serotonin neurons in the raphe nuclei [20].
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Fig. 1 Summary of the action of serotonin, from different sources, on bone cells. (a) Brain-
derived serotonin synthesized by tryptophan hydroxylase 2 (TPH2) in raphe nuclei decrease the
inhibitory action of the sympathetic neurons by acting on 5-HT,. receptors on ventromedial hypo-
thalamic neurons leading to increased bone formation. (b) GI-derived serotonin, synthesized in
enterochromaffin (EC) cells by tryptophan hydroxylase 1 (TPH1), enters the blood stream where
it accumulates in serotonin-specific reuptake transport (SERT)-expressing platelets. Circulating
serotonin inhibits osteoblasts proliferation by its binding on 5-HT receptors expressed by pre-
osteoblasts. (¢) Bone-derived serotonin. Bone cells express TPH1, SERT, and 5-HTRs. While sero-
tonin can potentially either promote or inhibit osteoblast proliferation, depending on the receptor
that is activated, it has mainly a proliferative action on osteoclasts. Highlights in red are associated
with inhibitory pathways, while green highlights represent activation pathways
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Therefore, serotonin signaling in the brain can have a positive impact on bone
accrual, and this action may be suppressed by the effects of leptin on serotonergic
neurons in the raphe nuclei.

Gut-Derived Serotonin

Interest in the role played by gut-derived serotonin in the regulation of bone metab-
olism developed when a link was identified between a member of the low-density
lipoprotein receptor (Lrp) family, Lrp5, and the level of TPH1 expression in the gut
[21]. Lineage studies have linked mutations of the Lrp5 gene with changes in bone
formation. Loss-of-function Lrp5 mutations are associated with osteoporosis-
pseudoglioma syndrome (OPPG), while gain-of-function changes lead to high bone
mass (HBM) syndrome [22, 23]. Lrp5 acts as a co-receptor in the canonical Wnt
signaling pathway modulating signal transduction in osteoblasts. Using conditional
Lrp5 knockout mice, Yadav and Karsenty described bone abnormalities that were
different than those seen by inactivation of Wnt signaling in osteoblasts or in osteo-
cytes [21], suggesting that the Lrp5 that influences bone density might be at another
site. As in OPPG and HBM patients, Lrp5 null mice present no bone abnormalities
at birth, and postnatal changes observed in these mice are not reproduced by block-
ing the Wnt signaling after birth [3, 22-24]. Transcriptome analysis of Lrp5-/- mice
revealed that one of the most dramatic changes was an increase in TPH1 expression,
which, as described above, is used by intestinal EC cells to synthesize serotonin
[21]. These mice also have increased levels of circulating serotonin and decreased
bone density. Mice expressing a gain-of-function mutation of the Lrp5 gene have
decreased TPHI1 gene expression and lower levels of serotonin in blood. In both
Lrp5-/- and TPH1-/- mice, phenotypes were restricted to osteoblast formation, with
changes only in the expression of cyclin D1, D2, and El, all of which are related to
cell proliferation as opposed to osteoblast or osteoclast differentiation [21].

The action of serotonin on osteoblast proliferation has been linked to the expres-
sion of 5-HT receptors by pre-osteoblasts [21]. Binding of serotonin to the 5-HT
receptor affects the cAMP response element-binding protein (CREB) regulation of
osteoblast proliferation through transcription factor FOXO1. The balanced interac-
tion of FOXO1 with transcription factor CREB and activating transcription factor 4
(ATF4) promotes normal proliferation of osteoblast. Elevated circulating serotonin
levels are associated with a decrease in the association of FOXO1 with CREB, and
this leads to inhibition of bone formation [25].

The concept that gut-derived serotonin can decrease the osteoblast to osteoclast
ratio and suppress bone growth has led to the theory that some forms of osteoporosis
might be alleviated by downregulating enteric serotonin levels using inhibitors of
TPHI1. Mouse and rat models of osteoporosis have been studied using LP533401, a
TPH1 and TPH2 inhibitor that is not well absorbed and does not readily cross the
blood-brain barrier; therefore, its actions are thought to be limited primarily to EC
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cells [26]. Daily treatment with this antagonist leads to decreased circulating serotonin
levels and a significant elevation in bone formation in ovariectomized mice [27].

It is important to note that a study by another group failed to detect evidence for
a role for Gl-specific Lrp5 action in bone metabolism. Cui and colleagues were
unable to detect bone defects when they inactivate Lrp5 gene specifically in the GI
tract [28]. They instead proposed that bone-specific Lrp5 is responsible for changes
of function in the osteocyte population through the canonical Wnt pathway [28]. In
addition, they were unable to reproduce the anabolic effect of TPHI inhibitors on
bone mass.

This discrepancy has led to an unresolved debate in the field about the impor-
tance of gut-derived serotonin as it relates to bone density [29-33], but as proposed,
serotonin released from EC cells and entering the blood stream has a negative
impact on bone formation by inhibiting osteoblast formation (Fig. 1b). Some differ-
ences in the studies most likely arose due to differences in mouse models (strain,
age, and sex of the mice), as well as methods and assays that were employed by the
different research teams. In the view of the recent data, both mechanisms (1-direct
regulation of Lrp5 on osteoblast through a canonical Wnt pathway and 2-indirect
paracrine regulation via increase circulatory serotonin and action on pre-osteoblast
5-HT,p) appear to be plausible, and potentially complementary, physiological pro-
cesses. That said, the results of Yadav’s studies raise an additional important issue
regarding circulated serotonin: for increased circulatory serotonin to affect bone
formation, it would need to be released near its targets, most likely in a regulated
manner (pre-osteoblasts or other 5-HTR-bearing cells). Because of its effect on
smooth muscle tone, serotonin is efficiently stored in platelets, leaving negligible
levels of free serotonin in the serum. At this point little is known about how such
targeted release occurs, so more studies of the dynamics of platelet storage and
release are needed.

Bone-Derived 5-HT

In addition to the osteogenic actions of serotonin originating in the brain and the
gut, another source of serotonin was recently added to the equation: serotonin syn-
thesized within the bone itself (Fig. 1c). Serotonin is synthesized by osteoclast pre-
cursors in the presence of NF-KB ligand (RANKL), and downregulation of TPH1
expression by pre-osteoclasts leads to decreased bone resorption and, therefore,
increased density. Using mice in which TPH1 is constitutively inactivated, Chabbi-
Achengli and colleagues noted that osteoclasts locally produced serotonin that pro-
motes bone formation by increasing the activity of osteoblasts while decreasing the
production of osteoclasts [15]. Adult TPH1-/- mice have normal bone density, but
elevated bone density was reported at earlier ages, indicating that compensatory
mechanisms may correct for altered serotonin signaling.
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Bone Expression of SERT and 5-HT Receptors

In addition to expressing TPH1, osteoblasts, osteoclasts, and osteocytes all express
functional serotonin transporters [34—37]. As described above, SERT is an impor-
tant player in serotonin signaling, as it is required for the termination of serotonin
signaling. The presence of SERT on bone cells can serve to quickly remove sero-
tonin from the interstitial space. This is supported by knowledge of the actions of
serotonin-selective reuptake inhibitors (SSRIs) in the brain, which not only increase
serotonin availability and activation of receptors at sites of release but can also lead
to longer-term changes such as receptor desensitization and altered levels of recep-
tor expression [38, 39].

A number of 5-HT receptors are also expressed on primary bone cells, including
5-HT,,, 5-HT,,, and 5-HT,p receptors [34, 37, 40—42]. The inhibitory action of
Gl-derived serotonin on 5-HT 3 receptor, expressed on pre-osteoblast, has been pre-
viously described by Yadav and collaborators [21] (Fig. 1b). It is also known that
mice lacking 5-HT,5 receptor exhibit osteopenia due to impaired bone formation.
The absence of the 5-HT,5 receptor causes impaired osteoblast proliferation, recruit-
ment, and matrix mineralization involving nuclear PPAR receptors and prostacyclin
[43, 44]. Inhibition of 5-HT,, receptors in mice reduces bone mass by decreasing
osteoblasts differentiation [45]. While 5-HT,;, receptors are found on osteoblasts
and osteoclasts, the physiological role of this receptor in vivo is still unclear.

The 5-HTy receptor is also highly expressed in the bone [46]. Expression of the
5-HTy receptor is increased during bone remodeling and osteoblast differentiation.
In primary cultures of osteoblasts, activation of 5-HTj inhibits alkaline phosphatase
activity and bone mineralization, while in vivo activation of 5-HTy inhibited bone
regeneration and delayed bone development. Thus, serotonin receptor activity con-
tributes to major anabolic functions of the osteoblast for bone formation.

Nonconventional Action of Serotonin in Periphery

In addition to acting conventionally through the activation of receptors expressed on
cytoplasmic membranes, serotonin has been shown in a number of systems to medi-
ate its actions via a mechanism called serotonylation. Serotonylation is a receptor-
independent process in which serotonin activates intracellular processes. Cui and
Kaartinen have reported that serotonylation occurs in the bone [47]. They demon-
strated that serotonin can be incorporated into plasma fibronectin by transglutaminase-
mediated serotonylation and altered its function. Serotonin interferes with the role
pFN in extracellular matrix assembly in osteoblasts and might lead to weaker bones.



42 B. Lavoie et al.
Serotonin and Bone Remodeling in Disease

One of the first indications that serotonin plays an important role in bone metabolism
came from multiple reports of increased incidence of bone fractures and osteoporo-
sis in patients taking SSRIS to treat depression [48, 49]. These compounds increase
serotonin availability by inhibiting SERT, and in the case of serotonin secreted from
the gut, their use can lead to increased amounts of serotonin entering the circulation.
Many studies have also linked depression to osteoporosis, with more severe depres-
sion correlating with higher decreased in bone mineral density. Besides the use of
SSRIs, there are a number of confounding factors that can lead to the bone loss
observed in depressive patients. Behavioral factors (increased cigarette or alcohol
use), biological factors (increased cortisol level and inflammation), and increased
incidence of Crohn’s disease and diabetes, which are observed in this population,
can influence serotonin signaling [50].

The need for a better understanding of the effect of serotonin on bone growth
is underscored by the increased use of SSRIs to treat depression, including treat-
ment of adolescents with growing bones and of pregnant women. SSRIs used
during pregnancy can cross the maternal-fetal blood barrier leading to potential
modulation of fetal serotonin. While some studies have reported increased risks of
cleft palates, recent studies have shown normal bone growth during pregnancy
although newborns had smaller head circumference and height [51]. Decreased
growth has also been observed when youths are prescribed SSRIs to treat depres-
sion [52].

The observation that both wild-type mice treated with multiple doses of SSRIs
and mice lacking the SERT gene have reduced bone growth supported a direct link
between serotonin signaling and bone dynamic [53]. Similar results were obtained
using perinatal treatment with tranylcypromine (TCP), a monoamine oxidase
(MAO) inhibitor in rats, leading to persistent changes in serotonin availability [54].
Perinatal exposure to TCP leads to decreased TPH1 expression in the peripheral
compartment and increased bone volume and trabecular number.

These studies as well as the study of a mouse model of depression [55, 56] sug-
gest that peripheral and central serotonin compartments have different mechanisms
to react to 5-HT imbalances and suggest a predominant role for gut-derived sero-
tonin in the regulation of bone maintenance under these conditions. While SSRIs
increase 5-HT levels and alleviate both depression and unbalanced sympathetic
tone, it has deleterious effects on bone metabolism. Of note is the fact that the nega-
tive effects of increased serotonin in the periphery appear to outweigh the bone
accrual effects that would be expected to result from the enhanced serotonin signal-
ing in the brain.
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Table 1 Summary of serotonin signaling-related proteins expressed in bone.

Model Net effect on bone metabolism References

TPH1-/- Increased osteoblast formation Yadav et al. [21]

TPH1-/- No effect on bone metabolism Cui et al. [28]

TPH1-/- Decreased bone resorption Chabbi-Achengli et al.

[15]

TPH2-/- Decreased bone formation Brommage et al. [17]

SERT-/- Decreased bone formation Warden et al. [35]

5-HT1A Expressed on osteoblasts and osteoclasts; action Bliziotes et al. [34]*
not yet identified Bliziotes et al. [42]*

5-HT1B-/- Increased osteoblast proliferation Yadav et al. [21]

5-HT2A Decreased osteoblast differentiation Hirai et al. [41]*

inhibition Tanaka et al. [45]

5-HT2B-/- Reduced bone formation Collet et al. [44]

5-HT2B-/- Impaired osteoblast proliferation, recruitment, Chabbi-Achengli et al.
and matrix mineralization [43]

5-HT2c¢-/- Decreased bone formation and increased bone Oury et al. [18]
resorption

5-HT6 activation | Decreased osteoblast proliferation Yun et al. [46]

Indicates observations made in cell culture

Concluding Remarks

Serotonin has emerged as another key player in a list of signaling molecules to con-
sider when contemplating the regulation of bone formation and remodeling
(Table 1). Within the bone, the biosynthetic enzyme for serotonin (TPH1), receptors
for mediating serotonin’s actions, and the transporter for terminating its signals are
all expressed by the cells that are integral to bone formation and resorption.
Furthermore, serotonin arising from sources outside of the bone can impact bone
density. Neural pathways in the brain that influence bone density are initiated by
serotonergic projections from the brainstem to the hypothalamus, which ultimately
promote bone accrual by releasing bone from the inhibitory influence of sympa-
thetic inputs. The predominant source of serotonin in the body is the gut, and there
are strong data indicating that gut-derived serotonin can have a negative impact on
bone growth by inhibiting osteoblast formation.

The importance of serotonin in bone metabolism is underscored by the fact that,
in animal studies, bone density can be dramatically influenced by deletion of the
gene for SERT or by its pharmacological inhibition. This is supported by clinical
reports of bone fragility in patients treated chronically with SSRIs. The complexity
of studying the actions of serotonin on its multiple possible targets is further com-
plicated by the presence of genetic variations of key factors including SERT and
5HT s, which can affect the outcome in drug studies. Furthermore, inconsistencies
with regard to animal models, strains, sex, ages, diets, sampling techniques, and
approaches to bone density analysis have likely contributed to apparently conflicting



44 B. Lavoie et al.

results in the literature. With this in mind, it is important to gain a more thorough
understanding of the interactions between serotonin and the bone as drugs modulat-
ing elements of the serotonin signaling pathway (including receptor agonists and
antagonists and SSRIs) are increasingly prescribed to treat depression and other
disorders in youth and adults. Furthermore, a more complete understanding of the
roles of serotonin in bone metabolism could lead to novel therapeutic strategies for
alleviating bone pathologies.
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Gut Microbiota and Bone Health

Darin Quach and Robert A. Britton

Introduction

Bone is a dynamic organ that undergoes constant remodeling during all stages of
life. This remodeling process requires the coordinated actions from two cell types,
osteoclasts and osteoblasts. Osteoclasts carry out the action of bone resorption,
while osteoblasts take part in the formation of new bone. In early human life, bone
formation outweighs bone resorption and contributes to increased bone deposition
until a plateau is reached in early adulthood [1]. Then, a shift in favor of bone
resorption takes place with bone loss gradually increasing over time. Moreover, this
imbalance may become even more pronounced under certain conditions with one
example being inflammation.

Osteoclasts originate from monocytic precursors in the bone marrow, and several
studies have demonstrated its interaction and regulation by immune cells including B
and T cells [2-5]. Different pathologies can accelerate bone loss by impacting the
activities of osteoblasts and osteoclasts. For example, bone loss mediated by estrogen
deficiency is due in part to increased inflammation (i.e., TNF-a, IL-1, IL-6) and the
activation of immune cells promoting the differentiation and activity of osteoclasts
[6-11]. Under many different pathological bone conditions, the primary driver of
bone loss is caused by increased osteoclastic bone resorption that is often times medi-
ated by immune signaling [12, 13]. Interestingly, the drivers of inflammation in the
bone marrow remain poorly understood, and it has been proposed that bacteria derived
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signals from the gut driving T cell activation in bone. As a result, the topic of immune
regulation and the term “osteoimmunology” have been coined for the focus of interac-
tions taking place between the immune system and bone health [4, 14].

The gastrointestinal (GI) tract is the organ with the largest surface area in the
human body. The digestive tract, which starts at the mouth and extends through the
intestines to the rectum, has an immense surface area at approximately 30-40 m? [15].
The gut is responsible for a number of functions including digestion, absorption of
essential nutrients, education and adaptation of the immune system, and prevention of
pathogen invasion. Furthermore, the gut harbors its own nervous system that allows
for events occurring in the intestinal tract to be disseminated to distal parts of the body.
Finally, communication between the intestinal microbiota and host is modulated via
the epithelial barrier of the gut. Many of these functions are greatly impacted by the
microbial communities that inhabit different sections of the intestinal tract. Indeed,
several key functions are dramatically altered in germ-free mice, highlighting the
importance of the intestinal microbiota working in concert with the host.

Recent evidence strongly indicates that humans have coevolved with bacteria,
and this relationship provides benefits to both the bacteria and the host in most
cases. However, due to alterations in our diet, antibiotic usage, and general improve-
ments in our hygiene that have dramatically altered the communities that inhabit
humans, it is becoming increasingly clear that dysbiotic microbial communities
contribute to the development of disease. For example, this has been studied in the
context of several diseases ranging from diabetes, obesity, and atherosclerosis to
asthma [16-18]. Furthermore, the importance of the gut microbiota in bone health
has become an area of focus following the discovery that the GI microbiota has the
potential to regulate bone mass in mice.

Bone metabolism is maintained through a combination of several regulated host
mechanisms including mineral absorption, hormonal control, and immunomodula-
tion [14, 19, 20]. While the role of the GI tract in mineral absorption is a well-
studied physiological phenomenon through the characterization of vitamin D in
calcium and phosphate absorption and its impact on bone, more recently, studies
have been investigating the direct impact of bacteria on bone health. In this chapter,
possible mechanisms driving the interconnected relationship of the gut-bone axis
and bone health in the context of the microbiota will be discussed along with pos-
sible future avenues of research that links the brain, gut, and bone.

The Role of Prebiotics and Probiotics in Bone Health

Some of the early indications for the regulation of bone health by bacteria revolved
around studies with prebiotics, which are defined as “non-digestible food ingredi-
ents that beneficially affect the host by selectively stimulating the growth and/or
activity of one or a limited number of bacterial species already established in the
colon, and thus in effect improve host health” [21]. Although prebiotics may func-
tion by stimulating gut microbes that are beneficial for bone, evidence suggests they
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may also stimulate calcium absorption. Several studies have demonstrated an
increase in calcium absorption following the administration of nondigestible oligo-
saccharides [22—24]. In an experiment with ovariectomized Sprague Dawley rats,
the consumption of inulin and fructooligosaccharides led to an increase in calcium
absorption and bone density [24]. In addition, feeding estrogen-sufficient Sprague
Dawley rats with galactooligosaccharides was also shown to effectively increase
calcium and magnesium absorption along with bone density [22]. Interestingly,
there was also an observed increase in the abundance of bifidobacteria. Furthermore,
in a human-controlled feeding study with adolescent females where some individu-
als were randomly assigned to a diet consisting of soluble corn fiber, calcium
absorption was once again increased in comparison to the control group [23].
Significant differences in the microbial community diversity were also observed as
increases in Parabacteroides and Clostridium correlated with increasing soluble
corn fiber consumption and calcium absorption [23]. Since it is difficult to attribute
these changes in calcium absorption to the changes in community structure, more
directed studies are required in order to better understand the contribution of
microbes to mineral absorption. Readers interested in additional information into
the functions of prebiotics in bone health are directed to this excellent review [25].

Probiotics have also been investigated for the ability to ameliorate bone loss in a
number of bone disease models. Probiotics are defined as “live microorganisms that
when administered in adequate amounts can confer health benefits to the host” [26].
Many of these studies have revolved around the use of lactic acid bacteria. Examples
include strains from the genera Lactococcus and Lactobacillus, which are among
the most commonly used probiotics for human consumption. Initial studies with
probiotics identified that bacteria could ameliorate bone loss symptoms in different
animal models of disease.

One of the earliest studies demonstrating an impact of probiotics on bone health
was demonstrated in mice. Using a senescence-accelerated mouse model, oral
administration of Lactococcus lactis was capable of suppressing bone loss that is
associated with aging [27]. Interestingly, splenocytes from mice that received L.
lactis produced more IL-12 and IFN-y compared to the control condition suggesting
that the immune response was modulated in a pro-inflammatory manner. Since
inflammation is primarily associated with bone resorption, this result suggests that
the suppression of bone loss following L. lactis treatment may be driven by another
mechanism not solely dependent on immune regulation or one where the environ-
ment in the spleen is independent of the bone marrow compartment.

In another set of studies investigating the impact of Lactobacillus helveticus on
bone health, rats in the early stages of life as well as ovariectomized rats benefitted
from supplementation of the probiotic factors [28, 29]. Groups that received L. hel-
veticus fermented milk had increased bone mineral density and bone mineral con-
tent in comparison to their respective control conditions. While the levels of calcium
do not appear to be impacted in these rats, a human trial investigating the impact of
the same strain of L. helveticus in postmenopausal women demonstrated that L.
helveticus fermented milk supplementation increased serum calcium levels and
reduced serum parathyroid hormone (PTH) levels [28-30]. The long-term effect of
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this on bone health in this cohort of postmenopausal women was not measured, but
the changes in calcium and PTH suggest a benefit to bone health. Nevertheless,
additional longitudinal studies will aid in understanding the impact of L. helveticus
to bone density in women especially since the mechanisms of action appear to be
different in rats in comparison to humans.

More recently, the probiotic bacterium Lactobacillus reuteri 6475 was demon-
strated to improve bone health in several different murine mouse models [31-33].
First, it was shown that administration of L. reuteri was capable of decreasing
intestinal inflammation while increasing bone density in healthy male C57BL/6
mice [31]. Interestingly, this phenomenon only held true in male mice as bone
density in healthy female mice was not affected by probiotic treatment. In another
study, L. reuteri treatment was shown to improve bone health in an ovariectomized
mouse model [32]. Under estrogen deficiency, mice given L. reuteri had increased
bone density following 4 weeks of treatment. The population of CD4* T cells,
which was previously shown to promote osteoclastogenesis during estrogen-defi-
cient conditions, decreased in the bone marrow following L. reuteri treatment.
Additionally, osteoclast differentiation was identified as a key pathway that was
targeted in vivo and in vitro since it was observed that osteoclastogenesis was sup-
pressed by L. reuteri [32]. Lastly, using a model of mild inflammation induced by
dorsal surgical excision, it was demonstrated that L. reuteri increased bone density
in female mice that were estrogen sufficient but subjected to inflammation due to
surgery [33]. However, as opposed to the L. reuteri effect observed in healthy male
mice, intestinal inflammation was not impacted [31]. Instead, the expression levels
of genes (e.g., RANKL, OPG, and IL-10) involved in osteoclastogenesis were
modulated by L. reuteri [33]. Previously, this specific strain of L. reuteri has been
demonstrated to exhibit immunomodulatory activity in vitro through the suppres-
sion of TNF-a production [34, 35]. Coupled with the fact that the heightened state
of inflammation that is induced by estrogen deficiency promotes osteoclastic bone
resorption, these studies suggest that the beneficial impact of L. reuteri on bone
health relies on immunomodulation of key pathways involved in osteoclastogene-
sis and estrogen signaling.

Microbiome and Bone Health

Recently, more emphasis has been placed on the role of the microbiota in skeletal
health [25, 36]. The rationale for this is due to the known impact of the microbiota
on multiple facets of the immune system, the importance of the immune system in
bone remodeling, and the GI tract that serves as a messenger between these two
entities [37-39]. In addition to impacting the local immune response in the gut, the
microbiota has also been shown to regulate the immune response and hematopoiesis
at distant sites including the bone marrow [40]. Despite these connections linking
the gut microbiota, the immune system, and bone health, very few studies assessing
the interactions between these entities have been conducted to date (Table 1).
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To better understand the role that the microbiota plays in bone health, GF mouse
models were used in early studies. GF animals are raised in sterile conditions and
do not harbor a microbiome on any body surface. In one study, it was demonstrated
that female GF mice at 8 weeks of age in the C57BL/6 genetic background pos-
sessed 50% higher bone density compared to CONV-R animals. Subsequent con-
ventionalization of GF mice normalized bone to the level similar to CONV-R mice
[41]. Flow cytometry and histomorphometric measurements demonstrated that the
presence of a gut microbiota increased the amount of osteoclast precursor cells
(CD4*/GR1") in the bone marrow compartment and osteoclasts on bone surfaces
[41]. Additionally, an expansion in CD4* cells in the bone marrow and inflamma-
tory markers (e.g., TNF-a, IL-6) from bone mRNA also resulted following the con-
ventionalization of mice [41]. Taken together, these results suggest that the gut
microbiota modulates the immune system and drives osteoclastic bone resorption.

Further support for the role of intestinal bacteria in regulating bone mass revolves
around a set of studies investigating the impact of antibiotics on bone health in mice.
Consistent with the results obtained by Sjogren et al. [41], antibiotic treatment in the
early stages (3 weeks) of life increased bone mineral density in female C57BL/6
mice. However, by 7 weeks, no changes were observed between the control and
antibiotic-treated groups [42]. Conversely, a longer-lasting effect was observed
when the administration of low-dose penicillin either at birth or at weaning led to an
increase in bone mineral density of female C57BL/6 mice at 20 weeks of age but not
in male mice [43]. Thus, both sex and age appear to be contributing factors.

While a few studies support the notion that the intestinal microbiota is detrimen-
tal to bone health, more recent studies suggest the interaction between the micro-
biota is more complex and the general notion that microbes promote reduced bone
density is probably context dependent. Postmenopausal osteoporosis is a common
bone disease that results from estrogen deficiency when ovarian function decreases
in the later stages of life. In a model of estrogen deficiency, GF female C57BL/6
mice were spared from bone loss following continuous leuprolide treatment used to
blunt estrogen production [46]. Accordingly, CONV-R mice were shown to lose
bone following leuprolide treatment. Since the bone density of GF mice did not dif-
fer from CONV-R mice, the intestinal microbiota was shown to contribute to bone
loss only during estrogen deficiency. Thus this work showed no difference in bone
density between GF mice and mice colonized with an intestinal microbiota.
Consistent with the results observed by Britton et al. [32], the administration of the
probiotic Lactobacillus rhamnosus GG or probiotic cocktail VSL#3 was able to
suppress bone loss during leuprolide-induced estrogen deficiency. Moreover, treat-
ment with the antibiotic minocycline was able to prevent bone loss during estrogen
deficiency [44]. Therefore, these studies suggest that the impact from the microbiota
on bone health is both context dependent and microbe specific.

Currently, the studies investigating the impact of the gut microbiota on bone health
are mixed, and much remains to be learned. Several factors that could be contributing
to the discrepancies in results include the genetic background, sex, or age of the ani-
mals. The disease process (e.g., estrogen deficiency) being investigated also seems to
play a crucial role in determining the impact of gut bacteria on bone health.
Additionally, the composition of the microbial community likely plays an important
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role. Since there were no published community analysis results in most of the studies
described so far, it is impossible to compare the studies with regard to the composition
of the microbial communities present. However, it has been well documented that
mice purchased from different animal vendors and housed at different mouse facilities
foster microbial community colonization that is location specific [47]. Taken together,
the likelihood that dissimilar microbiotas were present in the studies described, cou-
pled with varying phenotypes in bone health, suggests that specific microbial mem-
bers impact bone metabolism in different ways.

Lastly, another study investigating the impact of the intestinal microbiota on
bone health was conducted in a different mouse genetic background. In this study,
8-week-old male GF mice in the BALB/c background were compared to CONV-R
mice, and it was reported that CONV-R mice had increased cortical and trabecular
bone in the femur [45]. Monocolonization with a strain of Lactobacillus plantarum
was shown to promote bone growth as well. In addition to the studies performed by
Li et al. [46], this serves as another example where the presence of the microbiota
was not detrimental to bone health. Mechanistically, the hypothalamic-pituitary axis
appeared to be impacted by microbial colonization as serum growth hormone was
significantly increased in CONV-R or monocolonized animals when compared to
GF conditions. In this case, it appears that neuroendocrine functioning is being
affected by the presence of intestinal microbiota to improve bone health.

Exploring a Potential Brain-Gut-Bone Axis

Since the development of bone loss is highly impacted by cross talk between
immune cells and monocytes that can differentiate into osteoclasts, early focus has
been placed on the dysregulation of osteoclastogenesis by the immune system [14,
48, 49]. Other studies have also investigated the role of gut bacteria on calcium
reabsorption since that is one of the main functions of the GI tract, which drives
bone metabolism [23, 25, 50, 51]. However, our attempts to understand the determi-
nants of bone health are still ongoing. An area of research that has recently been
gaining momentum involves the regulation of bone metabolism by the brain [52].
The enteric nervous system is responsible for communication that exists between
the brain and gastrointestinal tract [53, 54]. Bidirectional signaling allows the brain
to sense what the GI tract comes into contact with from the outside world and regu-
late a number of pathways including gastrointestinal motility, appetite, and central
metabolism [55, 56]. The hypothalamus is a very important portion of the brain
involved with the secretion of endocrine hormones that are involved with many
physiological processes including growth, stress responses, sexual development,
and blood pressure control [57-59]. The hypothalamus is surrounded by a capillary
system that is semipermeable to the blood-brain barrier, allowing for the brain to
sense systemic signals. Through the production and secretion of hormones into the
systemic circulation at this site, communication between the brain and the rest of
the body is made possible. For example, the hypothalamus can respond to changes
in the levels of gut-derived hormones such as neuropeptide Y (NPY) or leptin in the
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bloodstream to regulate energy homeostasis and bone mass [60-62]. Serotonin, an
important neurotransmitter produced primarily in the small intestine, has also been
shown to regulate bone mass [20, 63, 64]. Taken together, these studies support a
relationship between bone metabolism and the neural signaling.

In the last decade, studies have been conducted to investigate the impact of the
gut microbiota on various neuropeptides. Examples include how obesity and meta-
bolic disease are linked through the regulation of NPY and leptin by the gut micro-
biota [65-67]. By comparing GF and CONV-R mice, it was demonstrated that the
presence of the gut microbiota had reduced expression levels of NPY as well as
sensitivity to leptin [65]. In high-fat-fed Sprague Dawley rats, changes in the micro-
biota correlated with elevated levels of NPY and were protective against obesity
[66]. While cause and effect cannot be extrapolated from these correlations, this
paves the way for future studies that are directed at identifying microbes or micro-
bial communities that have the ability to modulate neural signaling.

In addition to the intestinal microbiome, individual probiotics have been linked
to the regulation of neurotransmitters and peptides [68, 69]. For example, it has
been demonstrated that L. reuteri 6475 promoted wound healing and hair growth in
a murine mouse model [69]. These observations were linked to an increase in oxy-
tocin and testosterone, which are both hormones regulated by the hypothalamic-
pituitary axis in the brain [69-71]. Interestingly, L. reuteri was ineffective in
vagotomized mice, which demonstrated the necessity of a neural connection
between the brain and gut [69]. Vagal innervation was also demonstrated to be cru-
cial for the anxiolytic effects provided by Lactobacillus rhamnosus treatment in a
murine model [68]. Lastly, the ability of L. reuteri 6475 to stimulate oxytocin has
also been linked to the ability to relieve autism spectrum disorder behaviors in mice
[72]. Despite the fact that bone health was not the primary focus of these studies, the
established links that have been made between microbes, gut hormones, the brain,
and bone support the possibility of a novel gut-brain-bone regulatory axis. Indeed,
oxytocin effects on bone health are now well documented in animal models, and
high levels of oxytocin in women correlate with high bone mineral density [73, 74].
What has been described alludes to the complexities involved in bone metabolism
and serves as the impetus to continue exploring novel regulatory pathways such as
one between the enteric nervous system, gut microbiota, and bone in what can be
referred to as a brain-gut-bone axis.

Conclusions

With the discovery of the importance of the microbiota in regulating health and
disease, more emphasis has been placed on how bone health is regulated by gut
bacteria. While the pioneering study in this field demonstrated a deleterious effect
on bone health by the gut microbiota, recent studies have supported the notion that
this is context and microbiota dependent. The presence of gut bacteria does not
always result in bone loss as evidenced by the use of probiotics and the protective
effect on bone health. While there are similarities in disease processes underlying
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bone disease in that osteoclastic bone resorption is promoted, the pathological basis
for disease may differ. Thus, what will become increasingly important is a better
understanding of disease processes that contribute toward creating an imbalance in
bone remodeling and the identification of microbes regulating those changes. The
advancement of sequencing technology (e.g., metagenomics, metatranscriptomics,
metabolomics) in the past decade will aid in better characterizing the disease pro-
cess and identification of the microbial community members that correlate with
those changes. Ultimately, this will allow for the identification of next-generation
probiotics and defined microbial community therapeutics that can be utilized in a
controlled and disease-specific context.
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The Digestive Tract

The gastrointestinal tract forms a continuous tube from the mouth to the anus with
the intestine consisting of two major segments: the small and large intestines. Each
intestinal segment consists of specialized regions that mediate nutrient digestion
and absorption (small intestine), control water and electrolyte absorption (small and
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Fig. 1 Regions of the intestine. The intestine is composed of two main segments: the small
intestine and the large intestine. The small intestine is further divided into the duodenum, jejunum,
and ileum, while the large intestine consists of the cecum, colon, and anus. These regions are spe-
cialized with regard to the digestion and absorption of nutrients required to maintain homeostasis

movement of digested products/chyme through the tract, as well as interact with and
influence the intestinal microbiome (Fig. 1). Partly due to this constant interaction
with intestinal flora, the digestive tract has one of the largest immune compartments
in the body [1]. By providing the body with the ability to sense the environment
(dietary composition, pathogens, etc.) and to absorb water and nutrients needed to
maintain homeostasis, the gut is a crucial organ for survival.

Descending from the stomach, the human small intestine is approximately 5 m in
length and has three sections (based on histology and function): the duodenum,
jejunum, and ileum. The small intestine is characterized by plicae circulares (folds
in the duodenum), villi which are fingerlike projections that extend out into the
lumen throughout the small intestine, and microvilli at the apical surface of epithe-
lial cells; together these structures vastly increase the surface area for nutrient
absorption; while once thought to be greater than the area of a tennis court, more
recent studies indicate the surface area is more on the order of half a badminton
court (32 m) [2]. The large intestine consists of the cecum; ascending, transverse,
and descending colon; and rectum and ends in the anus. While shorter than the small
intestine, approximately 1.5 m, the large intestine is wider in diameter (4.8 cm vs
2.5 cm diameter in the small intestine). In contrast to the small intestine, the large
intestine does not contain villi [1].
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Though different in gross morphology due to their divergent functions, all
sections of the intestinal tract are comprised of four layers visualized cross-section-
ally: the mucosa, submucosa, muscularis externa, and the serosa. The mucosa is
vital for the regulation of many immunological processes aiding in the regulation
and appropriate tolerance of the microbiota. It is made up of three sub-layers: (1) the
epithelial layer which contains strong cell/cell connections (tight junctions) and
forms a strong barrier that has low permeability; (2) the underlying lamina propria
where connective tissues, blood vessels, and immune cells are located; and (3) the
muscularis mucosae, a thin muscular layer under the lamina propria (Fig. 2). The
mucosa plays a key role in the intestinal immunological defenses ensuring that
luminal pathogens do not cross the intestinal barrier [1]. In this chapter we will
focus on gut and bone immunology separately and then discuss how the immune
system can serve as a link between the two organs.

Lamina Propria - supports

Longitudinal Muscle

Myenteric Plexus

Circular Muscle
Submucosal Plexus

Submucosa

Serosa
Mesentery

Fig.2 Layers of the intestinal tract. A cross section of the intestine displaying the different layers.
The serosa, the outermost layer, covers the intestine. The muscular layer (muscularis externa)
consists of two types of muscle, the inner circular muscle and the outer longitudinal muscle; coor-
dinated contraction of these muscles, known as peristalsis, moves chyme/feces through the intesti-
nal tract. The submucosa consists of dense and irregular connective tissue containing blood vessels,
lymphatics, and nerves that branch into the mucosa. The mucosa is the innermost layer of the
intestine and consists of the epithelium (in contact with the lumen), the lamina propria, and the
muscularis mucosae
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The Intestinal Immune System

The adult human intestine is residence to 10"-10' microorganisms [3, 4]. Gut
microbiota, dietary proteins, and pathogens are recognized by the immune system as
nonself and therefore can elicit an immune response. The gut must both protect the
host from invading pathogens while maintaining immune tolerance against benefi-
cial dietary protein and harmless commensal microbes [5-8]. Given that immune
surveillance is critical, it is not surprising that the intestinal tract contains the largest
number of immune cells of any organ in the body, known as the gut-associated lym-
phoid tissue (GALT). In addition, the intestine has specialized epithelial cells (Paneth
and goblet cells) that secrete antibacterial factors and has intraepithelial lymphocytes
to sample luminal antigens (Fig. 3). The intestine also contains organized lymphoid
structures comprised of Peyer’s patches, solitary isolated lymphoid tissues, lamia
propria, and draining lymph nodes. In the following section, we will discuss each of
these barriers and surveillance components and how they influence gut defense.

Mucus ._ % / —_— Lumen

Outer Mucus = /
[-——]

Lamina Propria Paneth Cell Lamina Propria

i
Paneth-like Cell

Muscularis Mucosae Muscularis Mucosae

Fig 3 Simplified schematic representation of the intestinal layers and epithelial barrier of the
small (left) and large (right) intestine. The small intestine consists of projections into the lumen
known as villi. These vastly increase the absorptive surface area. In contrast, the colon is relatively
smooth and contains crypts. The epithelial barrier is made up of numerous cell types. Enterocytes,
found in the small intestine, are the absorptive cell and have microvilli on their apical surface fur-
ther increasing the surface area involved in digestion. Interspersed between the enterocytes are
goblet cells and intraepithelial lymphocytes (IELs). Goblet cells produce mucus that forms a pro-
tective layer over the epithelial barrier. In the small intestine, this mucus layer is loosely adherent,
while in the large intestine, the mucus layer is split into two sections: a loose outer layer and an
adherent inner layer. I[ELs have numerous functions including but not limited to forming a frontline
of defense against pathogens in the lumen, suppressing excessive inflammation, and ensuring the
integrity of the epithelium. Within the intestinal crypt, Paneth cells produce antimicrobial peptides,
defensins, and lysozymes. These Paneth cells are interspersed between stem cells which renew the
intestinal epithelium (Adapted from Mowat et al. [1])
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Paneth Cells

Paneth cells are specialized, long-lived cells that migrate to the base of crypts after
differentiating from stem cells. They produce antimicrobial peptides including
regenerating islet-derived protein IIIy (REGIIIy), defensins, and lysozymes, which
are secreted into crypt/lumen area to reduce bacterial survival near the epithelial
barrier. Paneth cells are only found in the small intestine with the highest concentra-
tion observed in the ileum. They play a key role in small intestinal homeostasis.
Dysregulation in their function results in an increased risk of developing adverse
conditions such as Crohn’s disease [9].

Goblet Cells

Goblet cells are responsible for the production and secretion of mucus. The fre-
quency of goblet cells increases along the gastrointestinal tract, comprising ~10%
of epithelial cells in the upper small intestine and ~25% of epithelial cells in the
distal colon. The mucus layer produced by goblet cells covers the mucosa/epithelial
cells and forms a barrier to luminal toxins and bacteria. In the small intestine, the
secreted mucus exists as a single layer and is loosely adherent. In contrast, the
mucus layer in the colon is divided into two sections: a loose outer layer that con-
tains bacteria and a dense bacteria-free inner layer that is firmly attached to the
epithelium [10-12]. In addition to being a physical barrier, mucus contains glycol
proteins, IgA, antimicrobial peptides, and other substances that are toxic to many
bacteria [1, 13].

Intraepithelial Lymphocytes

The majority of intraepithelial lymphocytes (IELs) are antigen-experienced T lym-
phocytes belonging to both the T cell receptor-yd (TCRyS8) and TCRaf lineages and
form a frontline of immune defense against invading pathogens [14]. IELs are het-
erogeneous with alternate distribution patterns in the small and large intestine based
upon the physiological conditions. TCRYd T cells make up approximately 60% of
IELs in the small intestine. The majority of IELs can express effector cytokines
including interleukin (IL)-2, IL-4, IL-17, and interferon gamma (IFNy) [14, 15].
Under normal physiological conditions, IELs display regulatory functions and sup-
press excessive inflammation that can damage the delicate single-cell layer epithe-
lial barrier. Thus their primary role is to ensure the integrity of the intestinal
epithelium and maintain local immune quiescence [16, 17]. However, in some path-
ological conditions, excessive or uncontrolled IEL cytotoxicity can promote
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inflammation which may initiate or exacerbate inflammatory bowel diseases or
celiac disease [14, 18].

Peyer’s Patches

Peyer’s patches are the best characterized lymphoid structures in the GALT (Fig. 4).
Peyer’s patches are macroscopic structures that are visible on the antimesenteric
side of the small intestine. The size and number of Peyer’s patches increase from the
jejunum to the ileum with the highest concentration found in the distal ileum;
Peyer’s patches are rarely observed in the duodenum [19]. Peyer’s patches are char-
acterized by an overlying follicle-associated epithelium. The follicle-associated epi-
thelium contains microfold cells (M cells) that are specialized for the uptake and
transport of antigens from the lumen into Peyer’s patches, where they are taken up
by dendritic cells and presented to the lymphocytes for adaptive immune response
[20]. Peyer’s patches are composed of germinal centers with B cell lymphoid

', ¢

Villus

(-

fif_;ﬁ‘llili@”é

-

A ﬂt
"& Goblet Cell
PeyersPat/

g llif
i

Germinal Center

| | Mesenteric
Lymph Node
_—

Fig 4 Simplified schematic diagram of the Peyer’s patch. Peyer’s patches are lymphoid structures
visible on the antimesenteric side of the small intestine and are composed of B cell germinal cen-
ters surrounded by T cells. Peyer’s patches are characterized by the presence of the follicle-
associated epithelium which contains M cells. M cells transport the antigens present in the lumen
into the Peyer’s patch where they are up taken by DCs. DCs present these antigens to the lympho-
cytes which initiate the adaptive immune response (Adapted from Mowat et al. [23])
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follicles that are flanked by smaller T cell areas [21]. While the large intestine does
not have Peyer’s patches per se, equivalent macroscopic M cell-containing struc-
tures can be found; around the ileocecal valve, these structures are known as cecal
patches, while throughout the colon and rectum, these structures are known as
colonic patches [22].

Solitary Isolated Lymphoid Tissues

Solitary isolated lymphoid tissues (SILTs) can only be detected microscopically and
range in size from small cryopatches to larger mature isolated lymphoid follicles
[24]. In contrast to Peyer’s patches, the isolated lymphoid follicles consist of B cells
with no clear T cell zone but do contain germinal centers [25]. SILTs increase in
number down the human small intestine, with tenfold more in the distal ileum com-
pared to the proximal jejunum. In the colon numbers of SILTs triple from the
ascending colon to the rectosigmoid colon [24]. The role of SILTs is relatively
unknown when compared to the larger lymphoid tissues; however, studies have sug-
gested that they may have a similar role to Peyer’s patches in the induction of an
immune response [26, 27].

Lamina Propria

The lamina propria is comprised of loosely packed connective tissue forming the
supportive structure for the villi and also contains the blood supply, lymph drainage,
and nervous system for the mucosa [1]. In addition, the lamina propria contains
many cells of the innate and adaptive immune system: dendritic cells (DCs), macro-
phages, eosinophils, mast cells, B cells, and T cells (Fig. 5). CD4* and CD8* T cells
are found in a ratio of approximately 2:1 with the majority displaying an effector
memory phenotype [28]. The CD4* population of T cells in the lamina propria is
very diverse with T helper (Th) 1, T\2, T,17, forkhead box P3-positive (Foxp3)
regulatory T cells (T,), and Foxp3-negative (Til) subsets present. T,17 cells
decrease in number from the duodenum to the colon, whereas T,., numbers are high-
est in the colon. Numbers of T,1 and T2 cells have been reported to be consistent
along the length of the intestine [29].

The lamina propria also contains large numbers of B cells and plasma cells, with
the highest density at the proximal and distal ends of the intestinal tract [30]. IgA
plasma cells are the most abundant throughout the intestine; with the frequency
increasing from approximately 75% of plasma cells in the duodenum to 90% in the
colon. The majority of the remaining plasma cells secrete IgM [1].

The most abundant leukocyte in the healthy lamina propria is the macrophage
which is present in the small and large intestine. Intestinal macrophages are involved
in maintaining intestinal homeostasis, phagocytosing, and degrading microorgan-
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Fig 5 Immune cells of the lamina propria. The lamina propria is comprised of loosely packed
connective tissue that forms a supportive structure for the villi and contains the mucosa blood sup-
ply, lymph drainage, and nervous system. The lamina propria cell population is variable containing
cells of the innate immune system (DCs, macrophages, eosinophils, and mast cells) and adaptive
immune system (T lymphocytes (CD4* T, 1, T;,2, T;,17, Ty, and Tg1; CD8*) and B lymphocytes (B
cells and IgA- and IgM-producing plasma cells)) (Adapted from Mowat et al. [1])

isms and dead cells while releasing factors that stimulate renewal of the epithelium.
Lamina propria macrophages produce large quantities of IL-10, an anti-inflammatory
cytokine that promotes the survival and function of Foxp3* T, cells [31, 32].

Intestinal DCs are characterized by the expression of the markers CD11c* and
MHC IT* and the absence of CD64 and F4/80. Four main subsets of DCs have been
described in the mouse lamina propria and are classified on the basis of their expres-
sion of CD103 and CD11b [33]. These subsets have been suggested to have distinct
roles in intestinal immune homeostasis. DCs continuously migrate from the gut to
the draining lymph nodes, a process required for tolerance induction to “self” or
food antigens [34]. Following antigen stimulation DCs can activate T cells to induce
the appropriate inflammatory response, promote T cell differentiation into effector
or regulatory subsets, and induce B cell isotype switching as well as mucosal hom-
ing properties to T and B cells [34].
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Mast cells are present throughout the healthy intestine and account for 2—-3% of
lamina propria cells under normal conditions [35]. They produce factors that
mediate epithelial barrier integrity, peristalsis, vascular tone, and permeability [1].
Furthermore, mast cells express toll-like receptors suggesting that these cells can
also detect microorganisms and/or the associated structures [35]. Eosinophils are
believed to have a role in tissue repair in both physiological and pathological condi-
tions in both the small and large intestines. In addition, studies have suggested that
eosinophils may have a role in maintaining IgA* plasma cell numbers, DCs, and
Foxp3* T, cells in the lamina propria [36].

Draining Lymph Nodes

The intestinal lymph nodes are the largest in the body. In rodents, different segments
of the intestine drain to specific nodes; the duodenum primarily drains to a small
node located in the pancreatic tissue; the jejunum drains to the middle mesenteric
lymph node (MLN); the distal ileum, cecum, and ascending colon drain to the distal
MLN; the traverse colon drains to two small nodes buried in the pancreas; and the
descending colon and rectum drain to the caudal lymph node. Similar region-
specific differences in lymph drainage are also observed in humans [1]. The intesti-
nal lymphatic system plays a key role in acquired immunity and tolerance;
recirculating lymphocytes pass from the blood to tissue and then to the lymph nodes
before returning to the circulation [37]. Studies have revealed that the MLNs are key
sites for the induction of tolerance to food and commensal bacteria antigens.
Antigen-laden DCs migrate from the intestinal epithelial barrier to the MLNs where
they can “educate” MLN-resident T cells. In addition, the MLNSs act as a “fire wall”
stopping commensal bacteria-laden DCs from entering the thoracic duct lymph sys-
tem and reaching the systemic circulation. Bacteria that may be released by DCs
upon cell death are eliminated by MLN macrophages [38].

Inflammatory Intestinal Pathologies

Dysregulation of the intestinal immune system is involved in a number of serious
pathological conditions including celiac disease, Crohn’s disease, and ulcerative
colitis. While celiac disease is localized to the duodenum, Crohn’s disease is most
common in the distal small intestine and ulcerative colitis in the colon [39, 40]. The
specific cytokines dysregulated in the two major forms of inflammatory bowel dis-
ease, Crohn’s disease and ulcerative colitis, are also different. Crohn’s disease is
driven by a T,1/T,17 response in which IL-12, IL-23, IL-17, and IFNy play key
roles, while ulcerative colitis is driven by a T2-like response in which IL-5 and
IL-13 play a key role [41, 42]. Interestingly, these intestinal pathologies are also
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associated with bone pathology with a significant decrease in trabecular bone
leading to the development of osteoporosis [43, 44].

Osteoimmunology: The Bone Immune System

Bone remodeling is a coordinated process that maintains the rate of osteoblast (OB)
bone formation and osteoclast (OC) bone resorption, ensuring the maintenance of
skeletal integrity. Under normal physiological conditions, the osteoblast and osteo-
clast engage in cross talk, with each cell able to regulate the differentiation and
action of the other. The process of canonical osteoclast differentiation is regulated
by the action of three critical cytokines released by the osteoblast: macrophage
colony-stimulating factor (MCSF), receptor activator of nuclear factor kappa-B
ligand (RANKL), and the soluble RANKL receptor osteoprotegerin (OPG) [45].
Conversely, the osteoclast can modulate osteoblast differentiation through the secre-
tion of coupling factors including BMP-6 and Wnt10b [46, 47] and membrane-
bound components including ephrin/Eph family members [47] (Fig. 6). In addition
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Fig. 6 Osteoblast and osteoclast cross talk. Osteoblasts regulate osteoclast differentiation and
activity through the expression of three critical cytokines: macrophage colony-stimulating factor
(MCSF), receptor activator of nuclear factor kappa-B ligand (RANKL), and osteoprotegerin
(OPG), a soluble decoy receptor for RANKL. Conversely, osteoclasts can modulate osteoblast dif-
ferentiation through expression of the osteogenic factors Wnt10b and bone morphogenetic protein
(BMP)-6
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to the cross talk between bone cells, the immune system has been demonstrated to
play a significant role in regulating bone remodeling. This section will discuss the
role of the immune system in the regulation of bone cell activity.

Immune Cells and Bone

T Lymphocyte Regulation of Bone

As discussed before, T cells are classed into two main categories based on the sub-
units of the T cell receptor (TCR) they express: ofp or yd. The majority of T cells
express the aff subunits and can be further divided based on the expression of the
CD4 and CD8 markers [48]. The CD4* T cells can additionally be subdivided based
on their cytokine profiles: T,1, Ty,2, Ty, and T;,17. While T lymphocytes are critical
mediators of the adaptive immune response, they are also capable of modulating
bone remodeling.

Under physiological conditions T cells are not major contributors to the levels of
RANKL because T cell-deficient nude mice do not exhibit diminished RANKL
mRNA in their BM [49]. However, resting T cells are demonstrated to have a bone-
protective role, stimulating B-lymphocyte-mediated OPG production through
CD40-CD40L interaction [49]. Consistent with this, T cell-deficient nude mice
have baseline OC numbers and reduced bone density compared to controls [49, 50].
In addition, CD4/CD8 T cell-depleted mice exhibit significantly elevated in vitro
osteoclastogenesis [51]. In contrast, activation of T cells by infection and inflamma-
tion leads to an increase in T cell-derived osteoclastogenic factors such as RANKL
and tumor necrosis factor alpha (TNFa), subsequently resulting in increased bone
resorption as seen in conditions such as osteoporosis, inflammatory arthritides, and
periodontitis [52]. It should be noted, nonetheless, that distinct T cell subsets have
differing functions when it comes to regulating bone turnover (Fig. 7).

CD4* T Cell Subsets and Their Effects on Bone

Following antigen stimulation naive CD4 T cells proliferate and undergo differen-
tiation into distinct effector subsets that are classified according to their cytokine
profiles. T helper 1 (T, 1)cells are characterized by the expression of TNFa, inter-
feron gamma (IFNy), and interleukin (IL)-2; T;2 cells produce IL-4, IL-5, IL-6,
IL-9, IL-10, and IL-13; Th17 cells produce IL-17A, IL-17F, IL-21, and IL-22; and
Trees €xpress CD25 and Foxp3 and produce IL-10 and TGFp [53, 54]. Of these sub-
sets Ty1, T),2, and T, cells suppress osteoclast formation, while T, 17 cells stimulate
osteoclastogenesis. Inhibition by Th1 and Th2 is in part dependent on the number of
T cells as well as on the expression of IFNy and IL-4 [55].
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Fig.7 Lymphocyte modulation of bone remodeling. Bone marrow lymphocytes can modulate the
differentiation and function of osteoclasts and osteoblasts through the expression of pro- and anti-
inflammatory cytokines as well as RANKL and OPG

Trees can modulate osteoclast formation via direct cell-to-cell contact as well as
through cytokine production [56]. Mechanism of direct cell contact is through cyto-
toxic T-lymphocyte antigen 4 (CTLA-4) expressed on Tregs [56]. Furthermore,
addition of CTLA-4 to osteoclast precursor cells dose dependently suppresses
osteoclast formation, a process reversed by anti-CTLA-4 antibodies [56]. These
data suggest that CTLA-4 may directly suppress osteoclastogenesis by binding to
CD80/CD86 on mononuclear OC precursors [57]. In addition to the direct suppres-
sive effect of T, on osteoclast differentiation, expression of TGFp, IL-4, and IL-10
was observed to contribute to the inhibitory effect on osteoclastogenesis [56]. The
role of these cytokines in the mechanism by which T, inhibit osteoclast formation
is supported in studies by Luo et al. [58] and Kim et al. [59] who demonstrated that
CD4 T, suppressed osteoclast formation from peripheral blood mononuclear cells
(PBMCs) via the expression of the cytokines TGFf, IL-4, and IL-10.

Compared to the above T helper subsets, T, 17 cells primarily support osteoclast
differentiation through the production of IL-17A and are believed to play a crucial
role in inflammation and the development of autoimmune diseases such as rheuma-
toid arthritis. Furthermore, T, 17 cells express RANKL and TNFa which can directly
act on osteoclast precursors to induce osteoclastogenesis [55, 60, 61].
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CDS8* T Lymphocyte Regulation of Bone

Activated CD8* T cells express high levels of RANKL and OPG. When cultured
with osteoclast precursors, CD8* T cells, however, inhibit soluble RANKL-induced
osteoclast formation. Interestingly, blocking OPG with an antibody does not reverse
the inhibitory effect of the CD8* T cells suggesting the involvement of other factors
[62]. The bone-protective role of CD8* T cells has also been reported by John et al.
[63] who revealed that depletion of CD8* T cells from murine bone marrow increases
osteoclast differentiation.

CDS8* T cells also play a key role in the anabolic effect of parathyroid hormone
(PTH). Treatment of mice with intermittent PTH (iPTH) significantly increases the
production of Wnt10b by bone marrow CDS8* T cells subsequently activating canon-
ical Wnt signaling in osteoblasts [64]. CD8" T cell-dependent anabolic effect of
PTH was demonstrated in T cell-null mice which displayed diminished Wnt signal-
ing in pre-osteoblasts and blunted osteoblastic commitment, proliferation, differen-
tiation, and life span [64]. In addition, conditional silencing of PTH receptor 1 in T
cells blunted the ability of iPTH to induce T cell Wnt10b production, activate osteo-
blastic Wnt signaling, and increase bone turnover [65].

CDS8* T Regulatory Cells in Bone Health

In contrast to CD4* T,.,, CD8" T, have not been extensively studied partly due to
their low abundance in lymphoid tissues [57], though like their CD4 counterparts
they express both CD25 and the transcription factor Foxp3 [66]. In vitro, the
osteoclast-induced Foxp3* CD8" T, cells potently and directly suppressed osteo-
clast differentiation and resorptive activity, but did not affect mature osteoclast sur-
vival. This suppressive effect of Foxp3* CD8* T, was relieved following antibody
blockade against IL-6, IL-10, and IFNy [67]. Using adoptive transfer experiments,
Foxp3* CD8* T,,s were shown to limit the bone loss induced by RANKL adminis-
tration as well as protect against ovariectomy-induced bone loss [68].

B Lymphocytes and Their Regulation of Bone Cells

B cells have a close and multifaceted relationship with bone cells [69]. B cells are
differentiated from hematopoietic stem cells (HSCs) in niches found on the endos-
teal bone surface [57, 69]. These niches are supported by osteoblasts which sustain
the HSCs and B cell differentiation [69]. The role of B cells in normal bone remod-
eling is not fully clear; however, cells of the B cell lineage have been demonstrated
to be responsible for 64% of total BM OPG production, with 45% derived from
mature B cells [49]. In support of a role for B cells in physiological bone
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remodeling, B cell knockout (KO) mice have an osteoporotic phenotype, due to
elevated osteoclast bone resorption and decreased BM OPG expression, a pheno-
type rescued by B cell reconstitution [49]. In addition to a role in physiological bone
remodeling, activated B cells have been implicated in many inflammatory diseases
associated with osteoporosis, such as estrogen deficiency, multiple myeloma, and
periodontal disease [62, 70].

In conditions of estrogen depletion, B lymphogenesis is increased. Consistent
with this, estrogen treatment downregulates B lymphogenesis [71, 72]. Furthermore,
B cells isolated from the bone marrow of postmenopausal women have also been
shown to express RANKL [73] suggesting a role for B cells in menopausal bone
loss. This is further supported in a study by Onal et al. [74] using B cell-specific
RANKL KO mice. These KO mice were partially protected from ovariectomy-
induced bone loss. This protection occurred in the trabecular bone, but not the corti-
cal bone, and was associated with a failure to increase osteoclast numbers.
Conversely however, in an in vitro model of osteoclastogenesis, B cells isolated
from the peripheral blood inhibited OC formation via the secretion of TGFf, a cyto-
kine that induces OC apoptosis [75], suggesting that the role of B cells in estrogen
deficiency-induced bone loss may not be clear-cut.

In multiple myeloma B cells and B cell-derived plasma cells have been reported
to support osteoclastogenesis directly through expression of RANKL and indirectly
through expression of IL-7 [76, 77]. In addition, malignant B cell-derived plasma
cells have been shown to secrete cytokines such as sclerostin and DKK1 which
inhibit osteoblastogenesis [77, 78], affecting the balance of remodeling on two
fronts. In human chronic periodontitis, B lineage cells (B lymphocytes and plasma
cells) have been revealed to dominate the inflammatory infiltrate suggesting that
these cells play a key role in the associated bone loss [79]. This is supported by
murine studies in the ligature-induced periodontitis model and the P. gingivalis oral
infection model, where reduced bone loss was observed in B cell-deficient mice
(UMT) compared to wild-type controls [80, 81]. Furthermore, antibody neutraliza-
tion of a proliferation-inducing ligand (APRIL) or B-lymphocyte stimulator (BLyS),
two cytokines important for the maturation and survival of B cells, diminished the
number of B cells in the gingival tissue and inhibited bone loss in wild-type but not
in B cell-deficient mice [80].

Regulation of Bone by Neutrophils

Neutrophils are implicated with bone loss associated with murine models of inflam-
matory arthritis [82—-84] and human periodontitis [85]. Human and murine neutro-
phils strongly upregulate their expression of RANKL following LPS treatment,
stimulating osteoclastic bone resorption through direct cell-cell contact with osteo-
clasts [86] (Fig. 8).
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Role of Dendritic Cells in Bone Health

Dendritic cells (DCs) are broadly composed of two main subsets: conventional
dendritic cell (cDC) and plasmacytoid dendritic cell (pDC). The main function of
¢DCs is to process and present antigens to antigen-specific naive T cells, whereas
the function of pDCs is the secretion of IFNo/IFNf in response to viral infection
[87]. While DCs do not appear to play a role in physiological bone remodeling in
chronic inflammatory conditions, such as RA, immature cDCs have the potential to
serve as osteoclast precursors [88, 89]. These DC-derived osteoclasts are function-
ally active and able to resorb bone [90, 91] (Fig. 8).

Immune Cytokines and Bone

INFa

TNFa can affect bone remodeling in multiple ways, acting on the osteoclast and the
osteoblast [92]. TNFa increases osteoclast formation by upregulating osteoblast
expression of RANKL and MCSF [93, 94]. Furthermore, TNFa can act on
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Fig. 8 Role of myeloid cells in osteoclast differentiation. Under inflammatory conditions neutro-
phils upregulate expression of RANKL which can stimulate osteoclast differentiation. Furthermore,
following stimulation with RANKL and MCSF, immature dendritic cells can transdifferentiate
into functional osteoclasts
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osteoclast precursors in permissive levels of RANKL inducing their differentiation
by enhancing its effects [95-97]. Blockade of TNF activity in bone pathological
conditions such as inflammatory arthritis and estrogen deficiency has been shown to
protect against the associated bone loss [98, 99]. In addition to stimulating osteo-
clast formation and bone resorption, TNFa also inhibits osteoblast proliferation, dif-
ferentiation, and matrix deposition [100, 101]. Moreover, TNFa is proapoptotic for
osteoblasts, potentially through Fas-FasL signaling [102, 103], though the signifi-
cance of this pathway in osteoblast apoptosis has been disputed in recent studies
[104]. Interestingly however, low levels of TNF have been revealed to induce osteo-
genic differentiation via upregulation of the transcription factors Runx2 and Osx
[92, 105] demonstrating a complex role for TNFa in the regulation of bone
remodeling.

Other TNF Superfamily Members

TNF-like protein 1A (TL1A) has been demonstrated to enhance RANKL-induced
osteoclastogenesis in murine and human models [106, 107]; furthermore, TL1A has
been linked to the adverse bone pathogenesis observed in inflammatory arthritis
[106—-108]. Studies have also suggested that TL1A, signaling through death recep-
tor 3 (DR3), may affect osteoblast differentiation and mineralization [109].

LIGHT (homologous to lymphotoxins exhibiting inducible expression and com-
peting with herpes simplex virus glycoprotein D for herpesvirus entry mediator
[HVEM], a receptor expressed by T lymphocytes) is elevated in conditions such as
RA and multiple myeloma [110, 111]. In vitro, LIGHT has been reported to induce
osteoclastogenesis in RANKL-dependent and RANKL-independent manners and
indirectly inhibit osteoblastogenesis [110, 111].

TNF-related apoptosis-inducing ligand (TRAIL) is another member of the
TNEFESF that has biphasic effects on bone [112]. TRAIL has been shown to induce
apoptosis of osteoclasts but not osteoblasts [113, 114]. In addition, in vivo injection
of TRAIL for 8 days in 4-week.-old mice induces an increase in bone mass [115].

Interleukin-1

IL-1 plays an important role in pathological bone loss as seen in conditions such as
RA and estrogen deficiency. In murine models of menopause (ovariectomy), mice
deficient in IL-1 signaling are protected against bone loss, while treatment with IL-1
receptor antagonists reduces osteoclast formation and activity [116, 117]. In the
collagen-induced arthritis model, anti-IL-1$ and anti-IL-1R treatment reduced
arthritis severity and protected against focal bone erosions [118]. IL-1 acts on the
bone cells in a number of ways [119]; IL-1 enhances RANKL expression from
osteoblasts/stromal cells [93], indirectly stimulates osteoclast differentiation by
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stimulating prostaglandin E, synthesis in osteoblasts [120], induces osteoclast
precursor fusion into the multinucleated osteoclast [121], enhances osteoclast
resorptive activity [121], and directly affects the survival of osteoclasts [122, 123].

Interleukin-6

The role of IL-6 in osteoclast bone resorption is currently debated with studies
revealing that it can either stimulate bone resorption, inhibit osteoclast differentia-
tion, or has no effect depending on the model used [124-126]. However, in meno-
pausal women, levels of IL-6 are elevated, while in the murine OVX model, IL-6
has been linked to increased osteoclast development [127]. The role of IL-6 in estro-
gen deficiency-induced bone loss is further supported in the IL-6 knockout mouse
which is protected against development of osteoporosis [128]. The role for IL-6 in
bone loss has also been reported in diseases such as Paget’s disease and rheumatoid
arthritis [129, 130].

Interleukin-7

IL-7 is an osteoclastogenic cytokine, produced in the bone marrow primarily by
stromal cells and osteoblasts, which is able to stimulate B and T cells [131]. IL-7
promotes osteoclastogenesis by upregulating T and B cell-derived RANKL and
TNFa [50, 132]. In the OVX model, increased production of IL-7 has been postu-
lated to be a key factor in the uncoupling of bone formation from bone resorption
[131].

Interleukin-10

IL-10, an anti-inflammatory cytokine, is mainly expressed by activated T and B
cells. IL-10 has potent inhibitory effects on osteoclastogenesis both direct and indi-
rect. IL-10 directly suppresses osteoclast formation by reducing nuclear factor of
activated T cells, cytoplasmic 1 (NFATc1) expression, and its translocation to the
nucleus [133] and by suppressing c-Fos and c-Jun [134]. Indirectly IL-10 has been
shown to modulate osteoclast formation by increasing gene expression of OPG and
decreasing RANKL gene expression in dental follicle cells [135].
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Interleukin-17A

IL-17A acts on osteoclasts via both direct and indirect mechanisms. In an in vitro
system, IL-17A has been shown to directly act on human osteoclast precursors,
upregulating expression of RANK and rendering the cells more sensitive to the
actions of RANKL [136]. In addition, IL-17A elevates stromal cell expression of
RANKL and synovial macrophage expression of the osteoclastogenic factors TNFa
and IL-1p, indirectly effecting osteoclastogenesis [137]. Conversely, IL-17A has
been demonstrated to exhibit strong osteogenic effects when exposed directly to
mesenchymal stem cells (MSCs) acting synergistically with bone morphogenetic
protein 2 (BMP-2) [138].

Interferon-y

The effect of IFNy on osteoclastogenesis is controversial. In vitro, IFNy has been
reported to inhibit osteoclastogenesis [139, 140] and downregulate expression of
cathepsin K [141]. Conversely, IFNy has also been reported to indirectly stimulate
osteoclast resorptive activity by enhancing RANKL and TNFa production by T
cells [140]. In vivo, treatment of T cell-deficient nude mice with recombinant IFNy
had no effect on bone density; however, adoptive transfer of wild-type T cells into
these mice resulted in a significant decrease in vertebral bone mineral density [140].

TGFp

TGFp has a complex role in bone remodeling and is thought to have a key contribu-
tion in the coupling of the osteoblasts and osteoclasts. TGFp is expressed in a latent
form by numerous cell types, including osteoblasts, stromal cells, and bone marrow
cells that must be activated to exert its effect [57]. TGFp has been reported to stimu-
late osteoclastogenesis [142-144] and induce osteoclast apoptosis [145, 146].
Likewise in osteoblasts, TGFf has been reported to suppress differentiation [147],
inhibit mineralization [148], induce osteoblast precursor migration and prolifera-
tion [149], and block apoptosis [150].
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Immune Involvement and Gut-Bone Signaling
in Pathophysiology

Celiac Disease: Immune System and Bone Responses

Celiac disease is an enteric autoimmune disorder that is triggered by ingestion of
gluten, a protein present in wheat, rye, and barley [44]. Some of the typical gastro-
intestinal (GI) symptoms of the disease include diarrhea, abdominal pain, distention,
weight loss, and failure to thrive in children. Other symptoms may also be present
with or without GI symptoms, including anemia, low bone mineral density, elevated
liver enzymes, unexpected weight loss, prolonged fatigue, and infertility [44].

Celiac disease can severely affect bone health in patients, causing metabolic
bone diseases such as low bone mass, osteoporosis, secondary hyperparathyroid-
ism, and osteomalacia [44]. Multiple mechanisms can be attributed to the develop-
ment of these bone disorders. Mucosal atrophy in the intestinal lumen due to celiac
disease impairs calcium absorption. This causes a significant increase in parathy-
roid hormone levels that stimulates bone degradation by osteoclasts in an effort to
avoid hypocalcemia. Calcium loss from the bones can lead to osteopenia and osteo-
porosis, increasing the fracture risk. Celiac disease can also cause hypogonadism,
which can subsequently have an adverse effect on the bone [44].

Inflammation from celiac disease is characterized by villus atrophy, crypt cell
hyperplasia, and infiltration of T lymphocytes in epithelial and lamina propria com-
partments [151]. The recruited active T cells produce high levels of pro-inflammatory
cytokines that can eventually damage intestinal tissue [151]. Studies have revealed
that celiac disease is associated with exacerbated production of Thl cytokines (e.g.,
IFNy and IL-21). In addition, expression of IL-17A, IL-1p, IL-6, IL-8, and IL-15
has been shown to be upregulated in patients with active celiac disease. TNFo and
IL-6 are elevated, however, in refractory celiac disease (not responsive to a gluten-
free diet) [151]. This elevation in serum pro-inflammatory cytokines observed in
celiac disease could directly influence bone remodeling by stimulating osteoclasto-
genesis or indirectly by increasing the RANKL/OPG ratio [44, 152, 153]. The area
most affected by bone remodeling in celiac disease is the trabecular bone, which is
the most metabolically active bone section [44]. Increased bone resorption in
patients with celiac disease leads to thinner and fewer trabeculae, thus resulting in
increased fracture risk [44].

Inflammatory Bowel Disease: Intestinal Inmune Responses

Inflammatory bowel disease (IBD) is characterized by chronic recurrent inflamma-
tion of all or part of the gastrointestinal (GI) tract. The most common types of IBD
are Crohn’s disease (CD) and ulcerative colitis (UC). Crohn’s disease can affect the
GI tract anywhere from the mouth to the anus, with the most common area affected
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being the ileum. Ulcerative colitis, however, is specific to the colon [154, 155]. In
2014 IBD was reported to affect 1.6 million Americans, and as many as 70,000 new
cases are reported per year (CCFA). The immune system plays a critical role in the
pathogenesis of IBD, with the adaptive immune system thought to be one of the
main contributors to IBD pathogenesis [156]. Pro-inflammatory cytokine-producing
T-helper cells are thought to be overactive, whereas anti-inflammatory T, are inef-
fective at resolving the inflammation [156].

At the onset of IBD, weakening of the epithelial barrier promotes increased per-
meability resulting in increased contact between the intestinal microbiota and the
mucosal immune system. This excessive contact causes massive influx of neutro-
phils as well as loss of tolerance by activating dendritic cells [157]. In addition to
neutrophils, IBD pathology is also associated with an influx of lymphocytes into the
mucosa [156]. These cells produce vast quantities of pro-inflammatory cytokines
[41, 42, 158]. Increased activation especially of the IL-1 pathway is more active
during the onset of inflammation rather than during the sustained phase, especially
in the colon [42]. Members of the IL-12 family of heterodimeric cytokines includ-
ing IL-12, IL-23, IL-27, and IL-35 have been shown to be upregulated in antigen-
presenting cells [42, 158], while TNFa has been shown to be enhanced in
mononuclear cells. The effects of TNF are suggested to be twofold: promoting
inflammation by binding to its receptors as well as causing cell death through acti-
vation of receptor-interacting protein kinase 1 and caspase 3 proteins [42, 158].

Among the many immune cell types involved in the pathogenesis of IBD, T lym-
phocytes are thought to be critical [42]. Depending on the type of IBD, involvement
of the specific cytokine also differs. In Crohn’s disease, Th1-mediated increases in
IFNy and IL-2 are thought to be important. In contrast, in ulcerative colitis Th2-
mediated IL-5 and IL-13 have been shown to be critical in the pathogenesis.
However, in UC nonclassical natural killer T cells have also been identified to have
an atypical cytokine response [42]. This response has been linked to fibrosis as well
as altered tight junction function and apoptosis of intestinal epithelial cells (IECs),
driving intestinal epithelial cell ulceration. This response from the NKT cells has
been found to be mainly mediated through IL-13 [42].

Regulatory T cells (Ty) (CD4*CD25*FoxP3*) have been shown to have a pro-
tective role in colitis, through expression of the anti-inflammatory cytokines IL-10
and transforming growth factor beta (TGFp) [42]. In CD and UC patients, T, num-
bers are increased in the inflamed lamina propria compared to uninflamed mucosa
and healthy controls. Why these cells fail to control the inflammation is currently
unknown; however, it has been suggested that effector T cells are resistant to the
effects of inhibitory cytokines such as TGF-f in the context of inflammation [40].
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Inflammatory Bowel Disease: Bone Immune Responses

IBD is associated with significant and divergent responses in lymphoid and myeloid
hematopoiesis in the bone marrow. In a study by Trottier et al. [159], the dextran
sodium sulfate (DSS)-induced model of colitis resulted in a 60% and 80% increase
in monocytic and granulocytic lineages, respectively, consistent with the massive
influx of monocytes and neutrophils into the gut. In contrast, the early lineages of B
and T cells declined in the marrow and thymus. Furthermore, a significant 40%
decrease was also observed in cells of erythrocytic lineage. Because bone marrow is
present within the bone structure, it is conceivable that intestinal inflammation such
as what is seen in IBD can have profound influences not only on bone marrow com-
position but also on bone cells themselves, and this is aided by changes in and influ-
ence of inflammatory cytokines. Previous studies in animal models of IBD
demonstrate that inflammatory cytokines such as TNFa, IL-1a, IL-1p, IL-6, IL-11,
and IL-17A are linked to decreased bone volume, bone formation rates, and osteoid
surface [154, 160-164]. In some studies, osteoclast surface is increased which fur-
ther exacerbates bone loss [160]. Patients with IBD have elevated levels of pro-
inflammatory osteoclastogenic cytokines including TNFa, IL-1, IL-6, IL-11, IL-17,
TGFa, epidermal growth factor, and prostaglandin E2 [154, 161]. These osteoclast
activators presumably act on the osteoclasts and their precursors promoting osteo-
clast formation and osteoclast bone resorption. In addition, some of these cytokines
can inhibit osteoblast differentiation and mineralization. The dual effects of inflam-
mation lead to a substantial decrease in bone density subsequently resulting in
osteoporosis. For a detailed review of how IBD affects bone health, please see else-
where in this book (chapter 7 — Francisco Sylvester).

Enteritis

Pathogenic enteric infections may lead to drastic nutrient loss due to sustained diar-
rhea. These nutrient losses have been associated with a decrease in linear growth
observed in children, where such infections are common [165]. However, intestinal
pathogens can also potentially affect bone growth through pathways other than
reduced nutrient absorption. The immune response initiated by an intestinal patho-
gen may affect the process of long bone growth in children [165].

To study the response of the intestinal immune system to enteric pathogens, Noel
et al. treated primary human macrophage-enteroid coculture with enterotoxigenic
and enteropathogenic Escherichia coli strains (ETEC and EPEC) [166]. ETEC is
the most common pathogen that causes traveler’s diarrhea, while EPEC is associ-
ated with cases of fatal diarrhea in children [167, 168]. EPEC infection resulted in
increased macrophage adherence to and projection across a filter into the enteroid
monolayer, simulating an immune response where macrophages extend between
enterocytes to interact with the pathogen. Macrophages present in ETEC infection
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also interacted with the bacteria through the filter and even reduced viable ETEC
number, suggesting successful phagocytic action. In the absence of macrophages,
overnight infection resulted in a loss of barrier function. However, their presence
appeared to lessen this effect, further elucidating their protective role in such bacte-
rial infections. While changes in intestinal cytokine expression levels of IFNy, IL-8,
and IL-6 have previously been implicated in affecting bone health [169], expression
of these cytokines did not change in ETEC infection [166]. This is further supported
by the finding that ETEC infection is not associated with impaired linear growth
[170]. In contrast, enteroaggregative E. coli (EAEC) has been demonstrated to
impair growth in infected children [171]. Infected children showed a significant
decrease in height when compared to the population. Interestingly, the decline in
growth occurred regardless of diarrhea, discounting any effect of major nutrient
loss. To examine a possible inflammatory mechanism, IL-8 levels were measured
from stool samples and from EAEC-treated Caco 2 cells. IL-8 was elevated in chil-
dren with persistent diarrhea and was shown to be increased upon exposure to two
EAEC strains in in vitro studies [171]. Considering previous studies on the role of
IL-8 and bone [169], it is possible that an increase in this pro-inflammatory cytokine
induced by EAEC infection results in reduced bone growth.

Furthermore, sera TNFo and IL-10 are elevated during enteritis from several
bacterial species [172]. In rotavirus and norovirus infections, IL-6 and IL-8 have
been shown to increase according to the severity of disease [173]. Although these
studies do not reveal a bone phenotype in relation to the infection, these cytokines
have been related to bone formation in other studies. For example, the combination
of TNFa and IL-6 has been shown to induce bone resorption via differentiation of
osteoclast-like cells [174]. The role of TNFa in promoting osteoclast formation is
well established [95]. In a model of childhood inflammatory bowel disease, a
decrease in the proliferative zone of the tibia was observed and correlated with an
increase in serum IL-6 concentration [175]. It is possible that the reduction in bone
growth seen in affected children is due to the activity of these cytokines. While
pathogenic intestinal infection invokes immune responses such as increased macro-
phage projection and release of inflammatory cytokines, the associated decline in
bone growth observed in some pathogenic infections in children is not clearly
understood. Studies that measure bone parameters in addition to measuring inflam-
matory markers and other immune system responses are needed to accurately detail
any effect of infection, if any, on bone health.

Dysbiosis and Gut-Bone Immune Link

Dysbiosis is characterized as “a compositional and functional alteration in the
microbiota that is driven by a set of environmental and host-related factors that per-
turb the microbial ecosystem to an extent that exceeds its resistance and resilience
capabilities” [176]. This imbalance of “good” versus “bad” microbiota can be
caused by various environmental factors: genetics of the host, diet, obesity, disease,
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or medical intervention [177]. The use of antibiotics, for example, disrupts the
composition of the gut microorganisms by reducing diversity and deleting or
expanding bacterial communities [178]. Specifically, streptomycin, one of the most
commonly used antibiotics, reduced Firmicutes and depleted Lactobacillus spp.,
group D Streptococcus spp., and Enterococcus spp. butexpanded Enterobacteriaceae
[179]; this demonstrates that the use of antibiotics can lead to dysbiosis. In addition
to drug intervention, studies have shown that dysbiosis is observed in patients with
a wide variety of diseases including inflammatory bowel disease (Crohn’s disease
and ulcerative colitis) [180], asthma [181], and type II diabetes [182]. Diet also
plays a role in altering the composition of the gut microbes. According to Zhang
et al. [183], mice fed with a high-fat diet had a reduction in Bifidobacteria spp.,
while a high-fat and high-sugar diet increased the amount of Clostridium innocuum,
Catenibacterium mitsuokai, and Enterococcus spp. in the gut [184]. In addition,
obesity can also change the composition of gut microbiota. Obese humans tend to
have a decreased abundance of Bacteroidetes compared to healthy humans [185].
Weight loss in obese humans can restore the Bacteroidetes population [186] indicat-
ing that obesity has a negative impact on the composition of the human gut micro-
biota, which is reversible. Taken together, these findings indicate that a variety of
environmental factors can cause dysbiosis which can have serious consequences
through altering the intestinal immune system and promoting inflammation [187].
Furthermore, these changes can have far-reaching effects as seen in bone health and
the development of osteoporosis [188].

Dysbiosis also has negative influences on development and homeostasis of host
tissue, including the bone [189]. Specifically, dysbiosis can lead to the promotion of
osteoclast differentiation and resorptive activity through the activation of pro-
inflammatory T helper 17 (Tyl7) cells, resulting in reduced bone mass [190].
Moreover, Yan et al. [191] found that colonization of conventional specific pathogen-
free gut microbiota in germ-free mice increased bone formation and resorption,
suggesting that the gut microbiota can have a critical effect on bone remodeling.
This link between dysbiosis and bone health can have important implications in
infant and adult humans.

Pediatric Disease and Gut-Bone Immune Link

The importance of the gastrointestinal tract and the associated microbiome in the
maturation and development of the immune system has been demonstrated in stud-
ies utilizing germ-free (GF) mice. In the absence of the microbiome, germ-free
mice have (a) significantly fewer Peyer’s patches that are hypoplastic and contain
few germinal centers, (b) smaller mesenteric lymph nodes, and (c) reduced lamina
propria CD4* T cells [192—-194]. Moreover, GF mice have less than one tenth of the
number of IgA-producing B cells compared to a conventional animal [193].
Interestingly, exposure of the GF animals to a conventional microbiome results in
the development of a “normal” immune system, further supporting the key role of
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the intestinal bacteria in immune maturation [192, 193]. The gut bacteria have been
demonstrated to influence the development of T 17 cells, T, cells, and memory T
cells [195, 196]. Studies have shown that segmented filamentous bacteria are
required for T,17 development [197] and that members of the Clostridium spp.
induce colonic T, differentiation [198].

Emerging evidence supports that early life exposure to microbes may have an
effect on later-life susceptibility to disease [199]. Dysbiosis of the microbiome in
young children can lead to the development of pediatric Crohn’s disease (CD) and
ulcerative colitis (UC) [200, 201]. Patients who develop these conditions as children
or young adults are at an increased risk of bone fracture. Impairment of linear
growth and failure to gain weight are common in children with CD and UC. As a
consequence of this, these patients have a reduced peak bone mass with signifi-
cantly lower bone mineral density and bone mineral content, significantly increas-
ing the risk of developing osteoporosis in later life [202].

Aging and the Intestinal/Bone Immune Systems

In the elderly both the bone and gut immune systems undergo age-related altera-
tions. This age-related change in the immune system is known as immunosenes-
cence, which contributes to the increased susceptibility of the elderly to infectious
disease, cancer, and autoimmunity [203]. Immunosenescence affects various cell
types located in the bone marrow and thymus, lymphocytes located in secondary
lymphoid organs and the peripheral blood, as well as aspects of the innate immune
system [203-205]. In bone this change can lead to bone loss resulting in deterio-
rated structure and function and eventually osteoporosis [206]. While in the intes-
tine, this can result in a low-grade inflammatory status, potentially developing into
a more severe pathological condition such as IBD. This can subsequently have
adverse effects on bone health [207].

During aging, the hematopoietic compartment of the bone marrow decreases in
size and is replaced by fatty deposits [208]. Unexpectedly the number of hemato-
poietic stem cells (HSCs) in the bone marrow increases with age; however, these
cells exhibit several functional defects including diminished regenerative potential
[209]. Aging HSCs also exhibit skewed differentiation bias with decreased output of
lymphoid and erythrocyte lineage cells. In contrast, output of myeloid cells has been
reported to decrease, remain the same, or increase [204, 209, 210]. However, aging
has been shown to impair the ability of bone marrow macrophages to secrete cyto-
kines such as TNFa, IL-1p, and IL-6 [210]. The number of T cell and B cell pro-
genitors present in the bone marrow and thymus is also significantly reduced with
age. The progenitors are also of an inferior quality when compared to their young
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counterparts as they exhibit reduced proliferative ability and increased apoptosis
[211-213]. Aging has also been shown to suppress expression of IL-7 by bone mar-
row stromal cells, a cytokine that is essential for the survival of developing
lymphocytes [205, 214]. What direct effects these changes in bone marrow immune
function have on bone health is not well understood.

In addition to changes in the bone immune system, the gastrointestinal lymphoid
tissue (GALT) also undergoes significant age-induced modifications which are
likely a major factor in the increase in the incidence and severity of infections in the
elderly [215]. Studies have observed that aging is linked to decreased Peyer’s patch
size; this is potentially due to impaired movement of immune cells in and out of the
Peyer’s patches [216]. Studies by Ogino et al. [217] and Schmucker et al. [218]
report reduced immune cell migration with age. Further evidence for age-induced
changes in the gastrointestinal immune systems is seen in the reduced number of
intraepithelial regulatory-type T cell subsets and reduced expression of TGFf and
IL-10 [219]. Whether these effects of aging on the gut immune system directly
affect bone marrow immune function and if this impacts bone health negatively is
not well known.

The Effect of Antibiotics on Gut-Bone Immune Signaling

The use of antibiotics in the past 80 years has saved millions of human lives from
bacterial infection. However, oral antibiotic treatment kills both pathogenic and
commensal microbes. Commensal microbes have been shown to perform an array
of important functions in the human body including regulation of bone health [220,
221]. Thus it is conceivable that oral antibiotics can impair gut immune function
that can negatively influence bone health. While there is evidence for this, the mech-
anisms of how antibiotic treatment alters the interaction between the microbiome
and the immune system are not well understood. There have been relatively few
studies that have investigated the effect of antibiotic depletion of the gut microbi-
ome on bone health. In a study by Cho et al. [222], weaned female C57BL/6 mice
were treated with antibiotics (penicillin, vancomycin, chlortetracycline) for 3 weeks
and displayed an increase in total body bone mineral density (BMD) compared to
the untreated mice. Interestingly, after 7 weeks of treatment, BMD was comparable
between the treated and untreated groups [222]. Cox et al. [223] treated C57BL/6
male and female mice with low-dose penicillin for 20 weeks (either before birth or
from weaning) and found a small but significant increase in bone mineral content
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(BMC) and BMD in female mice. In contrast, males, given antibiotics before birth,
exhibited a significant decrease in BMC [223]. These effects were thought to be
linked to the microbiome affecting the differentiation of stem cells into osteoblasts,
adipocytes, or myocytes. Taken together, these studies emphasize the complexity of
bone responses to antibiotic treatment and highlight the importance of variables
such as length of treatment, mouse strain/sex and age, and potentially mouse
microbiome.

Conclusion

The intestine is residence to the largest number of immune cells in the body. These
immune cells are intricately associated with the intestinal microbiota, and subse-
quent changes in the microbiota can have both local and systemic beneficial or
adverse effects. Recent studies implicate a gut-bone axis where changes to the intes-
tine can affect distal bone health. Indeed, dysbiosis of the intestinal microbiota,
either through disease, aging, or antibiotics, can alter the intestinal immune system
leading to increased inflammation and subsequently resulting in bone loss and the
development of osteoporosis.
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Stomach and Bone

Alice M. Kitay and John P. Geibel

Introduction

Calcium is a pivotal ion in the human body and responsible for the maintenance of
physiological processes such as intracellular messaging, membrane integrity, neu-
ronal transmission, and muscle contraction. The free calcium levels in the human
body are precisely sustained to an average calcium concentration of ~1.1 mM in the
extracellular milieu and more than a 10.000-fold lower concentration in the intracel-
lular milieu. Small disturbances in this balance as the result of an imbalance of
calcium homeostasis can have fatal effects on health leading to cardiac arrhythmias,
cognitive dysfunction, and neuronal deficits. The three main players of calcium
homeostasis are the bone, kidney, and intestine, which are under control of the
endocrine regulators: parathyroid hormone (PTH), calcitriol, and calcitonin [1]. The
balance is kept between absorption in the intestine, excretion via the kidney, and
mobilization from bone, the dynamic calcium reservoir.

This chapter will review how a reduction of gastric acid secretion could adversely
affect calcium absorption and consequently increase the risk for bone fractures. In
addition to the maintenance of calcium homeostasis and associated regulative pro-
cesses, we have highlighted the neuroendocrine control of gastric acid secretion,
which is essential for calcium ionization. Furthermore, we discuss diseases leading
to a systemic calcium-sensing deficiency and therapeutic measures on gastric acid-
related diseases with implications on bone health.
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Overview of Calcium Homeostasis

The skeleton is in a constant remodeling state between calcium release and calcium
uptake. When bones are in need of calcium, the first source comes from the destruc-
tion of existing bone by osteoclasts and then uptake of this ionized calcium by
osteoblasts to remodel the existing bone. Bone calcium release occurs by a proton-
induced mechanism in osteoclasts [2], with the release of calcium into the systemic
circulation, thereby elevating calcium concentration which then activates the
calcium-sensing receptor (CaSR). The CaSR is responsible for sensing extracellular
calcium concentration [3]. The CaSR can be found on various tissues, e.g., parathy-
roid glands, stomach, intestine, and kidney, and also in the skin [1].

In the stomach, the activation of basolateral CaSR results in an increase of gastric
acid production due to an activation of the H*,K*-ATPase [4]. Low pH in the gastric
lumen is not only responsible for sterilization and digestion of foodstuft but ioniza-
tion of ingested calcium. This seems essential because only calcium in its ionized
form can be absorbed by the human body [1]. Calcium absorption takes place in the
small intestine, where calcium ions activate the CaSR located on both basolateral
and apical membranes [5]. Activation of the apical receptor leads to an increased
NaCl, H,0, and calcium absorption. Simultaneously, elevated blood calcium levels
lead to activation of the intestinal CaSR on basolateral side, creating a negative
feedback loop and causing an inhibition of the absorption [5]. Absorbed calcium
ions reach the bone through blood circulation and precipitate in the presence of
phosphate forming mineralized bone. The hormones 1,25(0OH), vitamin D (cal-
citriol) and PTH have great impact on bone generation and have the ability to influ-
ence the cycle of calcium homeostasis. Serum calcium concentration is preserved
and regulated by the calcitriol and PTH and to a lesser extent by calcitonin. These
hormones have the capability of influencing the intestine, kidney, and bone. PTH is
released by thyroid glands as a result of CaSR activation. Disturbances in regulators
of calcium homeostasis can have severe consequences. Genetic mutations of the
CaSR cause imbalances in calcium levels with disturbed calciuria, parathyroid dys-
functions can lead to excessive secretion of PTH with increased calcium blood lev-
els and phosphaturia, and long-term use of proton pump inhibitors (PPIs) with
elevated gastric pH may lead to a decreased calcium ionization. Consequences and
symptoms of these diseases and conditions will be explained in a later section of
this chapter (Fig. 1).

The Calcium-Sensing Receptor

Calcium is primarily sensed by the calcium-sensing receptor, abbreviated as
CaSR. It is the most important mediator in calcium homeostasis and caretaker of
serum calcium levels. CaSR is regulating PTH secretion from the parathyroid gland,
subsequently the synthesis of vitamin D and calcium handling in all vitamin
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Fig. 1 Role of the CaSR in calcium metabolism: Schematic overview of how organs regulate and
maintain a constant extracellular calcium concentration. Double arrow between bone and body
indicates a permanent state of the bone between mineralization and demineralization dependency
of interaction with parathyroid hormone PTH levels. The intestine is primarily responsible for
absorption of calcium, the kidney for excretion. All of the organs are equipped with the CaSR

D-sensitive organs, such as the intestine [6], bone [7] and kidney [8]. Thus, the
receptor is not only expressed on the parathyroid epithelium but can be found in all
vitamin D target tissues. The characteristic localization of the receptor supposes that
calcium handling can occur on a local organ level independently of PTH and vita-
min D conditions. Compendious and on-site feedback loops assist in a rapid respond
to changes in extracellular calcium conditions.

Brown et al. were the first to clone CaSR from bovine parathyroid using a
Xenopus oocyte expression cloning system in 1993. The protein is a member of the
seven-transmembrane domain G protein-coupled receptor family and is arranged as
a homodimer on cell surface. The assembly of the receptor seems to occur in the
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ER, starting with a dimerization in the form of the formation of disulfide bonds
between cysteine and leucine residues in the extracellular part of the receptor [9].
After this process, N-linked glycosylation takes place in the Golgi apparatus, which
is playing a very important role for cell surface expression [10]. The trafficking
between these organelles is aided and regulated by the protein Rabl. A mutation in
this GTP-binding protein leads to a decline of expression of the CaSR on cell sur-
face [11]. The internalization of CaSR is suggested to be regulated by the E3 ligase
dorfin, but further investigations are necessary [12].

Unfortunately, to date a complete crystal structure of the CaSR does not exist,
but scientists are following the hypothesis that the large extracellular domain of the
receptor has two functional lobes that are oscillating in response to calcium and
environmental cues; this has led researchers to equate this to the form of a venus
flytrap. Thus, the key residue is located in a cavity surrounded by two lobular
domains LB 1 and LB2. Stimulators of the receptor are not only calcium, but tri- and
polyvalent ions such as Mg*", Pb**, and Gd** and larger molecules like spermine and
neomycin. Furthermore, calcimimetics can modify the receptor and extend its sen-
sitivity to ligands [1]. This is used for clinical treatment of, e.g., secondary hyper-
parathyroidism with the small molecule calcimimetic cinacalcet/Sensipar [13].
Amino acids can affect the CaSR, leading to the suggestion that the CaSR functions
as not only a calcium sensor but also a nutrient sensor. The CaSR can also be modi-
fied by extracellular pH leading to activation or inhibition of the receptor. An acidic
milieu leads to a decrease of the affinity of calcium to CaSR, whereas an alkaline
milieu increases the affinity. The intracellular domain of the receptor consists of five
PKC phosphorylation sides, which are activated during receptor activation. Once
activated, an intracellular cascade starting with G-proteins (Gag;, Goy, Gotyoy3)
results in accordance with the signal of G-protein in suppression of cAMP and acti-
vation of MAPK or increased intracellular calcium concentration via PLC and IP;.

In the parathyroid the CaSR is responsible for three different types of regulation
processes: the release of PTH from secretory granules, de novo synthesis of PTH,
and parathyroid cell growth. High serum calcium levels lead to an activation of
CaSR following inhibition of PTH release and decrease of serum calcium concen-
tration. This response is mediated by the creation of arachidonic acid through Gay,
and PLA, pathways. An interesting study by Bourdeau et al. using cultured porcine
parathyroid cells verified the increase of arachidonic acids during CaSR stimulation
and inhibition of PTH release. Furthermore, this study illustrated the inhibition of
PTH release under application of exogenous arachidonic acid [14]. The mechanism
of CaSR regulating the de novo synthesis of PTH is linked to the mediation of PTH
gene transcription by 1,25(OH), vitamin D. Since 1,25(OH), vitamin D is having an
inhibitory effect on PTH gene transcription because binding of 1,25(OH), vitamin
D to VDR leads to a decrease in mRNA levels of PTH and CaSR is augmenting the
expression of VDR, CaSR potentiates this negative feedback loop [15]. Scientists
have shown that activating mutations of CaSR entail decrease of parathyroid size,
and conversely loss-of-function mutations result typically in hypertrophic glands
[16]. The reason for the dependency of parathyroid cell modulation by CaSR is not
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known yet, but studies suggest Ga, being responsible for the regulation of cell
growth in the parathyroid [17].

The CaSR in the kidney is responsible for water and ion exchange. In the proxi-
mal tubule, CaSR is located apically at the base of the brush border. In this part of
the nephron, phosphate transport takes place, which is mainly regulated by PTH. A
high serum PTH level can lead to an inhibition of phosphate reabsorption from the
lumen. This effect can be partially reversed by the activation of CaSR. However,
high phosphate levels and PTH can restrict CaSR expression in the proximal tubule
[18]. Monovalent and polyvalent ion absorption occurs in the thick ascending loop
of Henle and is modified by the CaSR, which can be found on the basolateral mem-
brane. The apical renal outer medullary potassium channel ROMK (Kirl.1) is inhib-
ited by the activation of CaSR. Having a direct effect on the potassium amount in
the lumen, CaSR is indirectly affecting the Na*-K*-2C1~ (NKCC2), which is in need
of potassium ion efflux, following inhibition of chloride and sodium absorption
through the NKCC2 [8]. The effects of CaSR on the NKCC2 can have impact on
calcium absorption due to decrease of lumen-positive potential and an effect on the
countercurrent multiplication, leading to problems in concentrate the urine prop-
erly. This affects calcium absorption, which is thought to occur in the medullary part
of the thick ascending limb passively through the paracellular route [19].

The distal convoluted tubule and the connecting tubule are in charge of the pre-
cise adjustment of calcium reabsorption, achieved by absorbing calcium via the
transcellular pathway against its own electrochemical gradient [20]. The transporter
TRPVS, which is necessary for transcellular calcium absorption next to the trans-
porters calbindin-D28k, NCX1, and PMCAb, can be regulated by 1,25(OH), vita-
min D and PTH and is colocalized by CaSR. Activation of CaSR leads to an increase
of calcium absorption through TRPVS, thereby promptly and locally adapting
absorption to calcium urine concentrations [21].

In the collecting duct, CaSR is regulating proton and water exchange. Apical
V-ATPases in the intercalated cells of the collecting duct acidify the urine and can
be stimulated by luminal calcium and neomycin activating the CaSR. This can be
considered as autoprotection against calcium kidney stones or nephrolithiasis in
general, since the formation of these stones is pH dependent [22]. Besides,
stimulation of the CaSR in the principal cells of the collecting duct this also causes
diuresis by the inhibition of AQP2-mediated water absorption [23].

The CaSR can be found in nearly all organs of the gastrointestinal tract. In the
stomach, the receptor can be found on the basolateral membrane of parietal cells
and on both the basolateral and apical surface on G-cells. Elevated serum calcium
levels lead to an increase of gastrin levels due to calcium influx related gastrin
release following activation of CaSR [24]. Since the CaSR is also activated by
L-type amino acids, the receptor can be considered as a nutrient sensor, which sup-
ports the modulation of gastric acid secretion and gastric luminal pH. Mice studies
by Feng et al. illustrated the correlation between high luminal calcium and L-type
amino acid concentrations and increase in gastrin release. The effect of gastrin
release under conditions of high calcium and L-type amino acid concentration in the
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gastric lumen did not appear in CaSR (—/—) animals [25]. In the parietal cell, the
activation of CaSR results in a H+,K+-ATPase-mediated proton secretion, thereby
increasing the amount of gastric acid secretion into the gastric lumen. This effect
can be achieved by the CaSR agonists such as calcium; trivalent ions, e.g., Gd**; and
allosteric modifiers, L-type amino acids [26]. The intracellular signal cascade for
H+,K+-ATPase is induced by intracellular calcium elevation, PLC, MAPK, and
PKC [27]. Concluding, activation of CaSR on G-cells and parietal cells can either
indirectly or directly increase gastric acid secretion.

Investigations of the CaSR in the intestine were mainly made on colonic crypts,
where the receptor can be found on both apical and basolateral membranes. CaSR
is also localized on the neuronal plexuses, Meissner and Auerbach [6]. The CaSR in
the colon is considered to be an important mediator of fluid secretion. Intracellular
calcium concentration increases under the exposure of crypts to CaSR agonists.
Forskolin-stimulated fluid secretion, along with cholera toxin and STa toxin, can be
inhibited by the activation of CaSR, thus having a reversal effect on secretory diar-
rhea [28].

In the bone, CaSR is expressed on osteoclasts and osteoblasts, as well as on their
precursors [5].

However, the functional role of the receptor in bone is less clear. It is well known
that extracellular calcium is having impact on proliferation, migration, and differen-
tiation processes in osteoblasts and the differentiation process in osteoclasts [29].
With the introduction of CaSR (—/—) mice, the importance of the CaSR in in vivo
studies is under debate [1]. Resulting in rickets but also in hyperparathyroidism,
knockout of CaSR did not permit a differentiation between CaSR and high PTH
concentration effects on bone turnover [30]. Besides, it seems that not only CaSR is
responsible for calcium sensing in osteoblasts, since changes in extracellular cal-
cium concentrations can still lead to a response in CaSR (—/—) osteoblasts [31].
This study led to the introduction of another GPRC, namely, the GPRC6A, which is
sensitive to the calcimimetic R568. Mutation and knockout in GPRC6A results in
osteopenia and mineralization defects, as well as decreased sensitivity toward extra-
cellular calcium. This suggests GPRC6A being a potential alternative calcium-
sensing pathway [32].

Nevertheless, the osteoblast-specific CaSR (—/—) model suggests that the CaSR
is an important modulator of bone turnover. Deformities in the skeleton of knockout
animals clearly propose that the CaSR is playing an important role in osteoblast
function.

Also, the upregulation of CaSR in osteoblasts with the help of a constitutively
active receptor mutant results in bone loss due to a decreased bone volume and
density especially in trabecular bone, coming along with an increased number of
osteoclast and unchanged osteoblast parameters. Scientists suggest RANKL of
osteoblasts to be responsible for the osteoclastogenic signal, recruiting osteoclasts
and inducing their own maturation via CaSR activation resulting in an increased
bone turnover and osteoclast number [33].
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PTH

The initial studies on the parathyroid glands back in the 1900s illustrated the appear-
ance of tetany after performing a surgical parathyroidectomy. However, the tetany
could be prevented by the application of Ca?* that led scientists to conclude a cor-
relation between parathyroid glands and serum calcium concentration.

One of the responsible hormones for calcium homeostasis next to 1,25(OH),
vitamin D and calcitonin is the 84-amino acid peptide hormone PTH synthesized in
the parathyroid gland. With a very short plasma half-life less than 5 min, extracel-
lular calcium concentration can be strictly regulated and kept between 1.1 and
1.3 mM. The PTH gene encodes for the prepro-PTH (115 amino acids), which can
be transformed to mature 85-amino acid PTH within two scissions. Mature PTH is
then stored in secretory vesicles, which can fuse with the membrane and release
their content into the blood as an answer to low plasma Ca?* concentration.
Extracellular Ca?* concentrations are permanently monitored by CaSR, located on
the epithelial membrane of the parathyroid glands, leading to an intracellular signal-
ing cascades following PTH secretion when Ca®* is detected to be low. Besides,
PTH is regulated by 1,25(OH), vitamin D on a transcriptional level in the form of a
negative feedback loop.

The receptor of PTH is represented by the parathyroid hormone receptor type 1
(PTHI1R) which belongs to the family of class B GPCRs. PTH2R was found on a
variety of tissues in the CNS and is not affecting Ca?* homeostasis. Interestingly, the
receptor was found in the nucleus as well, where its existence remains unclear.

The NH, domain of PTH activates PTH1R. It can bind to the o-f-po binding fold
of PTHIR and lead to the activation of the receptor. Hence, the full length of the
hormone is not necessary for the activation of PTHIR. For instance, PTH (1-34) is
the clinically used form as a PTH analogon and has a similar effect as the usual form
PTH (1-85). In contrast, PTH (2-34) only has a partial agonizing effect on PTHIR
and PTH (3-34) exhibits a complete loss of biological activity.

In an inactivated state, the receptor appears in a homodimer form at the cell sur-
face and disintegrates after the binding of PTH. The extracellular domain of the
receptor contains disulfide bond pattern including six cysteine residues, which are
responsible for the stabilization of the a-p-Pfo binding pocket. When PTH binds to
the receptor, two different types of G-proteins are activated: Gag,;; mediates intra-
cellular Ca?* store release via PLC and IP3 next to Ga, activating AC with an intra-
cellular increase of cAMP. The receptor is regulated by trafficking, internalization,
and direct protein interactions on the surface. Receptor-associated proteins like
NHREF and p-arrestin can influence intracellular signaling. Desensitization of recep-
tor and ligand is realized by GRK2 binding/phosphorylation and B-arrestin binding.
These proteins are able to uncouple the receptor from G-protein and trigger inter-
nalization. A knockout mouse model of P-arrestin illustrated high intracellular
amount of cAMP in osteoblasts upon PTH stimulation. PTHIR is supported by the
protein NHERF1, which stabilizes the receptor at the cell membrane and prevents
endocytosis or desensitization, thus preventing interaction between f-arrestin and
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PTHIR. Interestingly, B-arrestin is not only responsible for desensitization but is
also playing an important role in the activation of downstream signaling via MAPKSs.
NHEREF is a potent modulator of the cell’s response to PTH, and in the presence of
NHERF2, a Ca* response via increased PLC and decreased cAMP can be found.

Another regulating mechanism of PTHIR occurs through scission of its extracel-
lular domain by metalloproteases, leading to a receptor degradation.

The cellular effect of PTH applies to bone and kidney. In general, PTH influ-
ences the kidney in the form of phosphaturia, increase of Ca?* absorption, and
increase of 1,25(OH), vitamin D synthesis.

Phosphaturia is the result of decrease of expression of the NaP; transporter type
IIa (NaPi-Ila), located on the apical membrane of the proximal tubule. This occurs
through activation of the basolateral PTHIR by PTH. Previous studies demonstrate
that NaPi-Ila is the major phosphate transporter in the kidney, responsible for
approximately 80% of the total amount of phosphate transport. Besides, the cotrans-
porters NaPi-Ilc and Pit-2 are mediated by PTH; however, the molecular pathway
still remains unclear.

PTH is able to stimulate the synthesis of 1,25(OH), vitamin D in the kidney, in
turn increasing renal and intestinal calcium absorption as a response to low plasma
Ca?* concentration, which initially led to PTH secretion. PTH affects the transcrip-
tion of CYP27B1, the mitochondrial enzyme responsible for l1a-hydroxylation of
25(0OH) vitamin D to 1,25(OH), vitamin D. Of note, PTH is able to upregulate renal
Ca* absorption directly in the distal convoluted and connecting tubule, expressing
all calcium transport proteins, such as TRPVS, calbindinD-28k, and NCX1. This
effect is 1,25(OH), vitamin D independent.

In the bone, PTH can have two different contrary effects, which are dependent on
exposure conditions. A pulsatile or rather intermittent PTH exposure has an ana-
bolic effect on the bone, thereby increasing bone mass, whereas continuous secre-
tion of PTH has a catabolic effect, thus increasing plasma Ca?* levels. The retrieval
of bone mass under constant PTH levels led to the introduction of clinical use of
PTH administration for osteoporosis. Enhanced bone formation is caused by an
increase of osteoblast differentiation and inhibition of apoptosis. These anti-
apoptotic effects were investigated and concluded to be attributable to run-related
transcription factor 2 (RUNX2) — mediated transcription of various survival genes
and increased molecular DNA repair. A potential cofactor is represented by fibro-
blast growth factor 2 (FGF2).

Continuous PTH secretion is characterized by high bone turnover as a result of
an increase of osteoclasts and their activation. Of note, the catabolism of bone
occurs through osteoblasts, since osteoclasts don’t express PTHIR. A so-called
cross-talk between osteoblasts and osteoclasts takes place aided by the receptor
activator of nuclear factor kB (RANK), osteoprotegerin (OPG), and RANK ligand
(RANKL). RANKL plus OPG on osteoblasts causes the contrary effect on osteo-
clasts. RANKL binds to RANK and promotes osteoclastogenesis, which means
increase of osteoclasts, improvement of bone resorption followed by an enhanced



Stomach and Bone 105

Regulation of Calcium Homeostasis

Calcium ions id wi 4 i
Thyroid with Parathyroid, 1. CaSR of the parathyroid detects

alow serum calcium concentration

... PTH

4. Inhibition of PTH release due

to high serum calcium concentration 2. PTH is released into blood circulation

AR

w

. PTH target organs:

-In bone osteoclasts resorb bone tissue

-The kidney stops calcium excretion into urine
and converts 25(OH)-vitamin D into the
active form 1,25(OH),-vitamin D (calcitriol)

-The small intestine increases calcium absorption
under the influence of calcitriol

Intestine

Fig. 2 The importance of PTH: Low serum calcium concentration is detected by the CaSR in
parathyroid glands, which will subsequently lead to the release of the hormone PTH into systemic
bloodstream. The hormone then affects the bone, kidney, and intestine. In bone, PTH causes cal-
cium release. The kidney stops excreting calcium and the intestine increases absorption of calcium.
The now normalized serum calcium level leads to CaSR deactivation and resultant termination in
PTH release

serum Ca?* concentration, whereas OPG tries to inhibit ligand-receptor interaction
by functioning as an antagonist.

Accordingly, studies on the intestine demonstrated the interdependency of PTH
and intestinal, 1,25(OH), vitamin D-irrespective Ca*" absorption, showing an
increase of Ca?" uptake in enterocytes and intestinal loops after PTH application
(Fig. 2).

Vitamin D

1,25(0OH), vitamin D (calcitriol) is considered to be the pivotal influencer of cal-
cium homeostasis. Two different sources of 1,25(OH), vitamin D exist in our body.
There is dietary vitamin D from mostly dairy products, and the skin synthesized
vitamin D, whose reaction is catalyzed by UV-B light. With regard to the patho-
physiology of rickets with symptoms like childhood skeletal deformities due to
inadequate calcium mineralization and abstinence of sunlight, the importance of the
hormone and the dependency of disease prevention on sunlight become clear [34].
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The intestinal vitamin D absorption takes place in the proximal and mid-small
intestine [35, 36]. The fat-soluble vitamin molecules accumulate to micelle-like
structures, which can be absorbed by the enterocyte with the help of bile salts,
monoglycerides, and free fatty acids. Patients with cholestasis or pancreatic insuf-
ficiency experience a vitamin D shortage, hence having a higher risk of suffering
from bone diseases, such as osteomalacia or osteoporosis [37, 38]. After the absorp-
tion of vitamin D in the enterocyte, it is subsequently organized in chylomicrons or
transported by the vitamin D-binding protein (DBP) and excreted into the lymph
system [39, 40]. Reaching the liver, vitamin D experiences its first hydroxylation on
the 25th position and becomes 25(OH) vitamin D [41].

In the skin, 7-dehydrocholesterol is converted to previtamin D by UV-B light and
subsequently isomerized to vitamin D. The conversion and isomerization is slow,
and a 1,25(OH), vitamin D serum concentration peak is reached 2 days after sun
exposure [42].

Like dietary vitamin D, the product of the endogenous, cutaneous vitamin D
synthesis is transported to the liver via DBP and hydroxylated to 25(OH) vitamin
D. The responsible enzyme for this reaction is the mitochondrial 25-hydroxylase
(CYP27A1), which belongs to the family of cytochrome P-450. Accordingly,
25(OH) vitamin D is transported by DBP to the proximal tubule of the kidney,
where the hormone is metabolized to 1,25(OH), vitamin D by the enzyme
la-hydroxylase. This vitamin is up to tenfold more active than vitamin D [43].

la-Hydroxylase belongs to the family of cytochrome P-450 (CYP27B1). The
main regulator of CYP27B1 activity, thus of 1,25(OH), vitamin D synthesis, is
PTH. Next to PTH, CYP27B1 is regulated by 1,25(OH), vitamin D itself, creating
a negative feedback to CYP27B1 expression [44]. CYP27B1 can adapt to extracel-
lular calcium concentration in the form of a decrease of 1,25(OH), vitamin D pro-
duction if serum calcium is high and an increase of 1,25(OH), vitamin D production
if serum calcium is low, either through downregulation of CYP27B1 expression or
regulation through CaSR [45]. Vitamin D and all of its metabolized products bind to
DBP, the major protein of vitamin D transport next to albumin and lipoproteins [46,
47]. The mechanism of cellular uptake of vitamin D is relatively unknown. Since it
is a very lipophilic molecule, passive diffusion is plausible. Another suggestion is
that the 25(OH) vitamin D-DBP complex is collected by the endothelial cell in the
proximal tubule via endocytosis.

1,25(0OH), vitamin D has effects on cells of the intestine, bone, and kidney. Two
different ways of cellular response to 1,25(OH), vitamin D exist: a slow genomic
and a fast non-genomic effect on cells [1].

The genomic response is mediated by the binding of 1,25(OH), vitamin D to the
nuclear receptor VDR (vitamin D receptor), which has transcriptional abilities.
Following the binding, the VDR couples with the retinoid C receptor (RCR) and
formats a VDR-RCR complex. This complex can influence the VDRE in the 5 pro-
motor region and therefore regulate gene activity.

In the intestine, 1,25(OH), vitamin D can influence the transcellular pathway of
calcium absorption by increasing the expression of TRPV6, calbindin-D9k, and
PMCA. Additionally, 1,25(OH), vitamin D may upregulate the paracellular
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mechanism of calcium absorption. Thus, 1,25(0OH), vitamin D increases serum cal-
cium by increasing the absorption of calcium. Patients suffering from 1,25(OH),
vitamin D deficiency can only absorb 20% of the calcium that a healthy human is
absorbing. These conditions illustrate the importance of 1,25(OH), vitamin D for
calcium absorption in the intestine.

VDR was found to be located on osteoblasts, osteoclasts, and chondrocytes;
thus, scientists are speculating 1,25(OH), vitamin D to have impact on bone genera-
tion and mineralization. 1,25(OH), vitamin D is affecting the differentiation of
osteoblasts from mesenchymal stem cells, as well as different proteins synthesized
by osteoblasts like RANKL, phosphatase, osteocalcin, osteopontin, etc. Certainly,
most of 1,25(0OH), vitamin D effects are operated by osteoblasts. The dependency
of mineralization on 1,25(OH), vitamin D is under debate. Studies have illustrated
that bone mineralization can be increased under vitamin D and vitamin K applica-
tion. In contrast, VDR knockout mouse models displayed the opposite: Usually,
these mice suffer from rickets and osteomalacia, since they are not able to absorb
calcium in the intestine without the receptor. If animals are exposed to normal cal-
cium concentration, interestingly, the bone can recover to a normal bone. Thereby,
the influence of 1,25(OH), vitamin D as a mediator of differentiation and mineral-
ization of bone seems to be ambiguous. A contrary result was found by another
group, demonstrating a decrease of osteoblasts and bone volume under normocalce-
mic conditions in cyp27b/VDR (—/—) animals. They concluded that 1,25(OH), vita-
min D is of high importance for bone metabolism.

In the kidney, calcium homeostasis occurs through regulating the secretion of
calcium, which was absorbed in the primary urine previously. The reabsorption
takes place in the proximal tubule. A very precise regulated calcium absorption
takes place in the distal tubule and collecting duct. There, the proteins TRPVS and
TRPV6, calbindin-D28k, NCX1, and PMCA1b can be found, which ensure the
uptake, transport, and extrusion of calcium. 1,25(OH), vitamin D can enhance these
proteins and achieve a raise in calcium absorption in the kidney.

For the faster, non-genomic effects of 1,25(OH), vitamin D, the VDR is required,
which is located subcellularly, in plasma membrane invaginations and caveolae.
The microdomains of VDR were found to be localized on the intestine, kidney, and
lung. The characteristic effects of 1,25(OH), vitamin D are modifying ion channel
gating in osteoblasts, contraction of myocytes in the heart, secretion of insulin in the
pancreas, and photoprotection in keratinocytes. Besides, 1,25(OH), vitamin D can
bind secondary bile acid, lithocholic acid. Studies suggest that VDR functions as a
secondary bile acid sensor and can activate CYP3A, which induces lithocholic acid
breakdown, therefore having an autoprotective function. Secondary bile acid litho-
cholic acid is a carcinogenic agent and has a toxic effect on the intestinal mucosa.
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Calcitonin

Calcitonin is a peptide hormone which can affect serum calcium levels. It is pro-
duced in the parafollicular cells, also called C-cells, of the thyroid gland and is
released during increased serum calcium levels. A hypocalcemic effect is achieved
by reducing osteoclast activity; more precisely, calcitonin can change the morphol-
ogy, motility, and differentiation of osteoclasts, thus leading to less calcium mobili-
zation from bone [48]. Calcitonin is also affecting the kidney. The role of calcitonin
in the kidney is not entirely clear yet, but studies illustrated oppositional effects. On
the one hand, calcitonin causes calciuria in humans, thereby decreasing serum cal-
cium levels [49]. On the other hand, calcitonin can lead to calcium and magnesium
reabsorption in the Henle loop in rats and rabbits [50, 51].

Apparently, calcitonin is only playing a minor role in calcium homeostasis com-
pared to the hormones PTH and 1,25(OH), vitamin D. This hypothesis is corrobo-
rated by studies on patients suffering from medullary carcinoma of the thyroid
(MTC), which leads to calcitonin hypersecretion demonstrating no bone loss or
increase in bone mineralization [52]. Furthermore, studies on rats with calcitonin
depletion achieved by thyroidectomy showed no change in serum calcium levels
[53].

Calcium Uptake

The uptake and absorption of dietary calcium occurs in the intestine. Another cru-
cial player in regulation and calcium homeostasis is the kidney, which can excrete
calcium in the urine.

The intestine is able to absorb 25-35% [54] of the total amount of the ingested
dietary calcium, which is mainly extracted from dairy-based food [55]. Two differ-
ent pathways are responsible for the calcium uptake into the systemic circulation:
the paracellular and the transcellular pathways.

Paracellular Pathway

The paracellular pathway is dependent on a downhill concentration gradient
between the luminal and extracellular space. It is a passive mechanism, which does
not require ATP. The paracellular calcium uptake takes place throughout the whole
small intestine in a constant manner. The absorption curve is non-saturable and
constant, since it cannot be induced or activated. It has been proposed that the para-
cellular pathway is insensitive for 1,25(OH), vitamin D and low calcium diet [56].
However, there is evidence that tight junctions can be mediated by 1,25(OH),
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vitamin D, subsequently influencing the permeability of calcium between epithelial
cells through relative leakiness of tight junctions [57, 58].

Transcellular Pathway

In contrast to the paracellular mechanism, calcium absorption via the transcellular
pathway can occur toward an uphill gradient with the help of distinct calcium trans-
port proteins. These proteins are expressed on both apical and basolateral sides of
the enterocytes. It is considered as an active transport of calcium, which requires
molecular energy in the form of ATP. Location of absorption is in most instances the
duodenum, following the jejunum and with a decreasing capability of absorption in
the more distal segments of the small intestine [59]. Since there is no dependency of
any gradient, a possibility of calcium absorption at low calcium concentration in the
chyme does exist. The absorption curve follows a saturable and exponential manner,
due to the potential of 1,25(OH), vitamin D to upregulate calcium absorption under
conditions of restriction and diet. First evidence for 1,25(OH), vitamin D-dependent
calcium uptake against a high gradient in the small intestine were shown by the
usage of calcium radioisotopes. The primary apical calcium uptake channel is the
transient receptor potential vanilloid channel type 6 (TRPV6), which consists of six
transmembrane and four ankyrin repeat domains, having the highest expression in
the duodenum [60, 61]. The structure of the channel resembles voltage-gated cation
channels, with the difference that the TRPV6 is not provided with the voltage sensor
domain in the fourth a-helix and stays permanently in an open state during resting
membrane potential [62]. The ankyrin domains were considered to be responsible
for the formation of the tetramer; however, newer studies refute this hypothesis. The
channel is highly selective for calcium and inward rectifying only. Interestingly, the
TRPVG6 is sensitive for intracellular calcium as well. High intracellular calcium con-
centrations were able to inhibit the receptor and therefore act as a negative feedback
loop [63]. Latest studies from Al-Ansary et al. demonstrate the ATP dependency of
TRPV6. With the direct binding of ATP, the channel undergoes a conformation
change and unlocks from the inhibiting inactivated state to an open state. Next to
ATP calcium, magnesium and protons can link to the channel and lead to the oppo-
nent effect, namely, inhibition and inactivation of the channel [64].

Since calcium is having a pivotal role in intracellular messaging and signaling,
the regulation of intracellular calcium in enterocytes is of high importance. A num-
ber of TRPV6-associated proteins like SI00A10-anexin complex, protein kinases
like SGK1 and WNK3, as well as the sodium hydrogen exchanger regulating factor
(NHERF4 aka PDZK?2) interact in the tightly regulated and precise concentration
control of intracellular calcium [65-67]. As mentioned before, intracellular calcium
itself can inhibit TRPV6, creating an autoinhibitory feedback loop on the channel
with a subsequent stop of transcellular calcium absorption. In addition, calmodulin
(CaM), which is considered as the molecular calcium sensor, can bind in a calcium-
dependent manner to the channel and therefore regulate the activity state of the
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channel. A correlation between TRPV6 and CaM was demonstrated by FRET stud-
ies, showing tight association when intracellular calcium is elevated and termina-
tion of the association under intracellular calcium depletion [68].

The 1,25(OH), vitamin D-inducible binding protein calbindin-D9k, which was
firstly found in chick intestines by Wassermann et al. in 1966, functions intracellu-
larly as a calcium shuttling protein and allows the diffusion of calcium between the
two poles the cell [69]. Albeit calbindin-DO9k facilitates as a shuttle protein, it should
be rather considered as a calcium gradient amplifier, since intracellular calcium
concentrations are located in the nanomolar range and diffusion is heavily depen-
dent on concentration gradients [70]. A linear correlation between calbindin-D9k
and calcium absorption was described [70], as well as a possible inducement of
calbindin-D9k by 1,25(OH), vitamin D [71]; hence, it is not definite in which way
1,25(0OH), vitamin D can influence calbindin-D9k on a molecular level and highly
controversial. With the help of various knockout mice, further investigations about
1,25(0OH), vitamin D dependency were conducted. Calbindin-D9k (—/—) mice
showed neither an apparent phenotype alteration nor serum calcium shifts, but
rather a similar response to 1,25(OH), vitamin D relating to calcium absorption as
wild-type animals. Scientists ascribed this phenomenon to an inducement of the
expression of TRPV6 as a compensation and upregulation of calcium absorption to
ensure sufficient calcium levels [72]. Next, a calbindin-D9k plus TRPV6 knockout
mouse was created and also demonstrated no imbalances in calcium homeostasis
[73]. These findings still remain unclear and missing explanations need further
investigations.

As calcium reaches the basolateral membrane of the enterocyte, it is exported
into the systemic circulation. With the release of calcium into the extracellular envi-
ronment, the last step of transcellular calcium absorption is completed. The outer
calcium concentration is higher than intracellular; hence, calcium needs to be trans-
ported against an uphill gradient which requires energy in the form of ATP. Calcium
extrusion occurs via two different proteins: plasma membrane calcium ATPase
(PMCA) and sodium calcium exchanger (NCX) [1].

PMCA belongs to the family of P-type primary ion transport and is localized on
various tissue membranes. The protein is responsible for intracellular calcium
homeostasis and extrudes one calcium ion into the extracellular space at the expense
of one ATP [74]. The calcium affinity as well as the turnover of PMCA can be
increased by CaM to a tenfold. Besides, calbindin-D9k can directly stimulate cal-
cium extrusion by the PMCA, and 1,25(OH), vitamin D can increase protein expres-
sion [75]. Since embryonic death occurs if PMCA is knocked out, the pivotal role
of PMCA during development and organogenesis becomes clear.

The NCX needs three sodium ions to exchange one calcium ion into the extracel-
lular space. The pump exploits the sodium gradient to extrude calcium out of the
cell. Three different isoforms of the NCX are known, whereas the NCX1 is known
to be localized in the intestine [76, 77]. In contrast to the PMCA, the NCX is not
regulated and influenced by 1,25(OH), vitamin D.

Moreover, two other possible calcium extruders were found on the basolateral
membrane of the enterocytes in the intestine, both belonging to the
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potassium-dependent sodium calcium exchanger family (NCKX), namely, NCKX3
and NCKX4 [78]. Further clarification of the role of the NCKX is needed.

Gastric Acid Secretion

The mechanisms of production, secretion, and regulation of concentrated hydro-
chloric acid secretion from the parietal cells through the gastric glands and eventu-
ally to the end release into the stomach require a variety of highly specialized cells,
both in the glands that secrete the acid and other important enzymes, to the surface
cells in the stomach that are responsible for the production of a bicarbonate-rich
mucus [1]. The generation and maintenance of low pH conditions through HCI pro-
duction and release is necessary for sterilization and digestion of foodstuffs and is
ensured by the parietal cell, also known as oxyntic cell [79]. Protection of the gastric
mucosa and avoidance from tissue damage or autodigestion in the form of a mucus
layer are guaranteed by mucus neck cells, which are creating a buffer gel lining
across the gastric luminal epithelium. The gastric mucosa is equipped with a com-
plex selection of endocrine cell types, which are integrated in the process of tight
regulation of gastric acid secretion. Disturbances and imbalances in either regula-
tion of gastric acid secretion or mucosal protection mechanism can lead to morpho-
logical changes of the gastric mucosa in the form of gastric ulcers [80].

H*,K*-ATPase

About 70-90 parietal cells can be typically found in a single gastric gland [81].
Since the parietal cell is dependent on energy in the form of ATP, it has a high abun-
dance of mitochondria, reaching up to 40% of total cell volume, making it one of the
richest mitochondrial cells [1].

Due to its structure and high homology to the Na*,K*-ATPases and the sarcoplas-
matic reticulum Ca*-ATPase (SERCA), the gastric H",K*-ATPase belongs to the
family of P,-type ATPases [81]. The structure of the H*,K*-ATPase is a heterodimer
with an a-subunit and a p-subunit, which are arranged as (af}), tetramers on the
surface of the parietal cell [82]. The p-subunit is heavily glycosylated and respon-
sible for the stabilization of the a-subunit [83, 84], whereas the a-subunit has ten
transmembrane domains and contains the catalytic center, which is in charge of the
ion exchange. In addition, the p-subunit is capable of preventing a reversal of ion
transport by a “ratchet”-like mechanism, which gives the H*,K*-ATPase the possi-
bility to pump against a high proton gradient [85]. In this way, an intraluminal pH
of 1-2 can be achieved. The H*,K*-ATPase is able to resolve an acid gradient up to
six pH units, guaranteeing adequate acidification.

Two hypotheses about resting and stimulating states of the proton pumps (H*,K*-
ATPase) in parietal cells exist. The first theory suggests that apical canaliculi extend
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into the parietal cell and H*,K*-ATPase is accumulated in microvilli tubulovesicles
under resting conditions. Once hormonally or neuronally stimulated, tubulovesicles
mobilize and start to fuse with the apical membrane resulting in an expansion of the
canaliculi. The H*,K*-ATPase embeds in the membrane and releases H* into the
gastric lumen. In the second hypothesis, basolateral ion exchangers like Na/H, Cl~/
HCO?~, Na/K, and apical CI~ channel are abounded in the cell membrane and per-
petuate an electrogenic flow for CI~ transport across the cell. In resting state, the
H*,K*-ATPase appears in cytoplasmatic tubulovesicles. At this point, the pump does
not transport H* because the vesicular permeability to K* is low. Under stimulation
through a secretagogue, the H*,K*-ATPases containing tubulovesicles are mobilized
and pumps are incorporated into the apical membrane to power gastric acid secre-
tion so that a potassium conductance through the K*-recycle mechanism is created.
Electrogenic H* secretion can occur through the electroneutral H*,K*-ATPase.
Apical CI~ channels ensure Cl~ extrusion and electroneutrality [86]. The H*,K*-
ATPase contains one binding site for hydrogen ion and four binding sites for potas-
sium. When an occupation of all binding [sites] of the pump occur, a conformational
change leads to a moves of cytosolic hydrogen ions into the gastric lumen at the
expense of ATP. The stoichiometry is pH dependent and differs between two pro-
tons and two potassium ions for one ATP molecule at alkaline pH (>3.0) to one ion
proton and one potassium for one ATP at acidic pH (<3.0) [87, 88].

The protons are capable of acidifying the gastric lumen to a pH of 1-2. To main-
tain the efflux of protons via the H*,K*-ATPase, a series of potassium channels are
necessary to provide a constant efflux of K that can then be recycled by the ATPase
[1]. Furthermore, in addition to protons, the parietal cells have a series of Cl secre-
tion pathways that lead to a concurrent efflux of Cl providing the negative charge
necessary to maintain the electrochemical process and the creation of HCI.

A recycling mechanism ensures the clearing of the pump after stimulation. The
H*,K*-ATPase comes off the cell membrane by the formation of clathrin-coated pits
and vesicle budding [1]. Huntingtin interacting protein 1-related (Hiplr) supports
vesicle formation and membrane trafficking [89]. Investigations with Hiplr-
deficient animals demonstrated a loss in tubulovesicles and decrease in acid secre-
tion, as well as a decrease in the number of parietal cells [90].

Chloride Channels

The counterion conductance to protons is provided by chloride ions, which ensure
the generation of HCI and electroneutrality. With the help of the patch-clamp tech-
nique, scientists were able to demonstrate the importance of chloride efflux and the
presence of chloride conductance at the cell membrane of the parietal cell in
Necturus, human parietal cell line HGT-1, and rabbit parietal cells [91]. Channels
for apical chloride secretion in the parietal cell include the cystic fibrosis conduc-
tance regulator (CFTR), chloride channel protein 2 (CIC-2), and solute carrier 26A9
(SLC26A9) [92].
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The CFTR channel is located on a variety of epithelia tissues, e.g., airways,
intestine, and pancreas. A very popular correlated disease with this chloride channel
is the mutation causing cystic fibrosis (CF) [92]. A plausible reason why CFTR
plays an important role in gastric acid production is that secretion is significantly
reduced in animals carrying the typical mutation for CF (AF508) and under the
application of a specific CFTR inhibitor [92].

An alternative to the CFTR channel is the CIC-2, whose expression was found in
rabbit gastric mucosa [93]. However, the involvement of the CIC-2 in gastric acid
secretion remains unclear.

The SLC26A09 is a chloride-bicarbonate antiporter, which was found in the tubu-
lovesicles of the parietal cell [94]. Mutation of the SLC26A09 leads to a dilatation of
the parietal cell with a disappearance of tubulovesicles, which is having an immense
impact on the acid production, but may be due in part to the altered morphology of
the parietal cells [95].

Potassium Recycling

The H*,K*-ATPase is fueled by a K* recycling mechanism, which prevents luminal
K* depletion [1]. K* is leaking into the lumen of the gland through a variety of
potassium channels outside the parietal cell into the gland’s lumen holding up the
necessary supply for the H*,K*-ATPase. Responsible candidates for the K* extru-
sion are KCNQT1 (Kv7.1), KCNJ10 (K;4.1), KCNJ15 (K;4.2), KCNJ2 (K;2.1), and
KCC4 [96]. Of note, the relevance of some of these channels and impact on K*
extrusion remain under debate [1].

KCNQI was first identified in the heart, where its mutation is responsible for
cardiac arrhythmias [1]. Later, studies with knockout mice KCNQ1 (—/—) demon-
strated severe hypochlorhydria next to dilated gastric glands, vacuolated parietal
cells, and gastric hyperplasia [97].

Members of the family of the inward-rectifier potassium channels (K;,) were all
confirmed to be on a mRNA level and immunohistochemically localized in the gas-
tric mucosa [96]. More detailed investigations are necessary to fully understand the
K pathways and the role they play in the stomach.

Next to the potassium channels, Fujii et al. recently described the KCC4, a K-2Cl
cotransporter [98]. They suggest that the KCC4 is functionally coupled to the H*,K*-
ATPase due to the decrease in chloride and proton transport under pharmacological
inhibition of the KCC4 [98]. The exact molecular pathway remains, like in all other
potassium efflux hypotheses, unclear and is in need of more critical investigations.
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Neuroendocrine Regulation

With regard to gut diseases caused by hypersecretion of gastric acid such as
Zollinger-Ellison syndrome (ZES, gastrinoma), the importance and necessity of a
very strict control of gastric acid production becomes clear. Hormonal (gastrin,
somatostatin), paracrine (histamine, somatostatin), and neuronal (vagal) on-demand
mechanisms are keeping the balance between low pH and tissue protection [81].

Vagus Nerve (Cholinergic Stimulation)

Before the pharmacological therapy of hypersecretion existed, surgical vagotomy
was the effective treatment of hypersecretion disorders [99]. The parietal cell
receives neuronal stimulation by cholinergic postganglionic enteric fibers of the
enteric nervous system, which are embedded in the gastric mucosa [1]. These fibers
follow orders from the efferent fraction of the vagus nerve and are triggered during
the uptake of foodstuffs during the cephalic phase. The released acetylcholine
(ACh) binds to muscarinic M; receptors of the parietal cell, leading to an intracel-
lular increase of Ca?*, mobilized from intracellular stores, in response to PLC-
mediated IP; generation [100]. Kinases, which are involved in this transduction, are
the protein kinase C (PKC) and calcium-/calmodulin-dependent protein kinase II
(CaMKII). CaMKII has a clear stimulatory effect on acid secretion, whereas PKC
has stimulatory and inhibitory effect on acid secretion [1]. Besides, the cholinergic
stimulation activates the MAPKSs, which are playing a dual role in acid secretion.
On the one hand, MAPKSs can lead to an acute inhibition of gastric secretion; on the
other hand, they can cause chronic augmentation [1]. Next to this direct effect of
ACh on the parietal cells, the vagus nerve is able to stimulate gastric acid secretion
via an indirect pathway. ACh can bind muscarinic M; receptors on the basolateral
surface of G-cells, which are in the vicinity of parietal cells [1]. This binding causes
the release of the peptide hormone gastrin [81]. Gastrin binds to CCK, receptors,
which are located on both parietal cells and ECL cells [81]. In this way the previ-
ously described intracellular transduction pathway occurs in parietal cells [1]. With
gastrin binding to the surface on ECL cells, histamine is released and binds to H,
receptors on the basolateral membrane of the parietal cell [81].

G-Cells (Gastrin)

The peptide hormone gastrin is released by G-cells found in the antral section of the
stomach but also by endocrine cells located in the small and large intestine, pan-
creas, testis, and pituitary gland. It functions as the most important mediator of
gastric acid secretion, mucosal cell growth, and calcium homeostasis in the stomach



Stomach and Bone 115

[1]. During the gastric phase of food digestion, which is characterized by foodstuff
reaching the stomach, G-cells are highly activated and secrete gastrin. G-cells can
respond to a direct neuronal stimulation in the form of ACh and gastrin-releasing
peptide (GRP) coming from postganglionic neurons of the ENS [101]. Other direct
and food-related triggers of gastrin release are calcium, amino acids, and amines
[102]. New studies suggest the CaSR to be a potent activator of the G-cells [25].
Scientists are having several explanations for this condition: The same dietary com-
ponents (amino acids, amines, calcium) activating gastrin release from G-cells can
also activate the CaSR. The CaSR is on both apical and basolateral surface of the
G-cell and can be considered as a nutrient sensor of the gastric lumen and the blood-
stream. In addition, the activation of CaSR leads to acid secretion. Furthermore,
CaSR (—/—) animals cannot respond with gastrin secretion to intraluminal dietary
components [25]. Gastrin release evolves from a rise of intracellular calcium with a
subsequent vesicle fusion and gastrin release [81].

A negative feedback mechanism is necessary to avoid acid hypersecretion. Low
intraluminal pH stops gastrin release, whereas an alkaline pH promotes gastrin
release, a well-known occurrence during proton pump inhibitor (PPI) therapy.
Gastric acid directly stimulates somatostatin release from ambient antral D-cells,
the main inhibitor of gastric acid secretion [103]. Apart from that, gastrin release
can be directly inhibited by neuronal regulation of the ENS and its neurotransmitter
galanin [104].

After the release of gastrin, it binds to the cholecystokinin receptor type 2
(CCK2) located on the membrane of parietal cells and ECL cells [105]. CCK2 is a
seven-transmembrane domain G-protein-coupled receptor, causing an increase of
intracellular calcium concentration during activation. On ECL cells, gastrin stimu-
lates the release of histamine, which again stimulates the parietal cell through a
paracrine fashion via the H, receptor. This link between G-cells, ECL cells, and
parietal cells is called the gastrin-histamine axis. Besides, gastrin can directly bind
the CCK, receptor on the parietal cell and stimulate the H*,K*-ATPase instanta-
neously. Of note is that gastrin acts as a proliferate signal for the gastric mucosa and
that elevated blood gastrin levels are correlated to substantial mucosal proliferation
[106].

ECL Cells (Histamine)

Popielski et al. were the first scientists to describe histamine’s paracrine effect on
the parietal cell and its independency on the vagal nerve [1]. The amino acid histi-
dine serves as a precursor for histamine, directly converted by the enzyme L-histidine
decarboxylase (HDC) [107]. Gastrin and neuronal signals activate secretory gran-
ules of the ECL cell to fuse with the membrane and release the containing hista-
mine. Gastrin activates the CCK, receptors, which leads on the one hand to an
increase of HDC expression due to an increase of gene transcription via the PKC-
and ERK-dependent pathway [108]. On the other hand, the activation of CCK,
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causes an increase of the transcription of the vesicle monoamine transporter type 2
(VMAT?2), which is necessary for the accumulation of histamine in the secretory
vesicles [109]. This happens through the same PKC- and ERK-dependent pathway
as described before. Furthermore, gastrin leads to vesicle fusion with the mem-
brane. Therefore, intracellular calcium concentration increases due to intra- and
extracellular calcium mobilization: IP;-mediated intracellular calcium store release
and calcium influx from the extracellular space through L-type calcium channels
[110]. The vesicle fusion is based on the confirmed expression of the core SNARE
complex in the ECL cells with the proteins syntaxin, synaptobrevin, and
SNAP-25.

Another stimulus for ECL cells is a neuropeptide found in the ENS of the gastric
mucosa, called pituitary adenylate cyclase-activating polypeptide (PACAP). PACAP
can bind to the PAC-1 receptor of ECL cells, which triggers the release of histamine
into the surrounding milieu by increasing intracellular calcium concentration via
L-type and ligand-gated calcium channels [1]. Furthermore, PACAP increases HDC
expression and has a trophic effect on the ECL cell [111].

Inhibition of histamine release of ECL cells occurs through somatostatin pro-
duced by D-cells. Somatostatin reaches the somatostatin receptor (SST, and SSTs)
of the ECL cell in a paracrine fashion and blocks L-type calcium channels following
an inhibition of vesicle fusion and exocytosis [112]. Somatostatin can also inhibit
the proliferation of ECL cells and can be seen as the global antagonist to gastrin [1].
Neuronal inhibition of ECL cells occurs through the neuropeptide galanin showing
similar molecular effects as somatostatin [113]. Other inhibitors of histamine
release are prostaglandin E, nitric oxide (NO), neuropeptide YY (PYY), and calci-
tonin gene-related peptide (CGRP); hence, the effects of PYY and CGRP need fur-
ther investigations [113, 114].

Only a small amount of histamine in the surrounding of parietal cells is neces-
sary to induce gastric acid secretion. Histamine binds to the H, receptor of the pari-
etal cell, which belongs to the family of seven-transmembrane domain GPCRs.
Activation of the H, receptor causes intracellular increase of cAMP induced by
activation of the adenylate cyclase via the G, domain of the receptor. Besides, intra-
cellular Ca?* increases as a consequence of intracellular Ca’* store mobilization and
extracellular Ca?* influx. This signal cascade leads to an increase of gastric acid
secretion following a trafficking of the H* K*-ATPase-containing tubulovesicles
[115]. Studies with H, (—/—) knockout animals highlighted the importance of the
histamine-gastrin axis by complete insensitivity of the parietal cell toward gastrin
and histamine with absence of acid secretion. However, carbachol was still able to
induce secretion [116].
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D-Cells (Somatostatin)

The peptide hormone somatostatin, which is released by D-cells, plays the opponent
role toward acid secretagogues. Two different kinds of D-cells exist: The D-cell
located in the gastric mucosa, which can directly inhibit parietal cells and histamine
release of ECL cells, and the antral, respectively, intestinal form, which is regulating
the release of gastrin from the G-cells. The release of somatostatin is regulated by a
negative feedback mechanism [117, 118]. Surrounding gastrin and cholecystokinin
concentrations, as well as intraluminal pH, regulate the secretion of somatostatin by
D-cells. If the extracellular gastrin secretion is high, somatostatin secretion is
induced, resulting in an inhibition of further gastrin release by G-cells [119].
Cholecystokinin demonstrated a stimulatory effect on somatostatin release via
CKK;. Cholecystokinin is secreted by duodenal I-cells and is known to be the clas-
sical mediator of the intestinal phase of gastric secretion [120]. Besides its inhibi-
tory effect on gastric acid secretion, cholecystokinin is stimulating gallbladder
contraction. Another important mediator of somatostatin release is the intraluminal
pH. Low gastric pH correlates with a high somatostatin release. However, the sensor
mechanism of D-cell remains elusive. One suggestion is that antral D-cells are capa-
ble to measure intraluminal pH permanently with the help of a distinct morphologi-
cal feature facing the luminal side [121]. Yet, the oxyntic D-cells are excluded from
this pH sensor mechanism, since they are embedded in the mucosa without any
contact to the lumen. Another theory is that D-cells are equipped with the calcium-
sensing receptor (CaSR), whose expression on gastric mucosa was confirmed [1].
Neuronal pH sensing via the neuropeptide CGRP is under debate, since CGRP
receptor blocker seems to inhibit the release of somatostatin and leads to acid secre-
tion. Knockout of the somatostatin receptor leads to a tenfold higher basal gastric
acid secretion, demonstrating the pivotal role of somatostatin as an antagonist and
regulator of gastric acid secretion and secretagogues. Effects of somatostatin are
reached by binding to the SST, receptor of parietal cells, G-cells, and ECL cells
[122]. In the parietal cell, somatostatin causes an activation of G; with a subsequent
decrease of adenylate cyclase, following decrease of intracellular cAMP level [123].

Other Substances

Secretin: Secretin is a peptide hormone synthesized by duodenal S-cells in response
to a low duodenal pH. It influences pancreatic bicarbonate secretion and therefore
buffers the gastric acid coming into the duodenal lumen. Besides, it inhibits gastric
motility and acid secretion. However, the exact pathway remains unclear [124].

Oxyntomodulin: Oxyntomodulin was found in mammalian intestine and has
high similarity to glucagon. On isolated gastric glands, it stimulates gastric secre-
tion, whereas in integrated parietal cells, it decreases gastric acid [125].
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Serotonin: Serotonin can be found in vesicles of the enterochromaffin cells of the
antrum of the stomach and is released at vagal stimulation and low intraluminal
pH. Serotonin inhibits gastric acid secretion [126].

Neurotensin: Neurotensin is secreted by N-cells in the small intestine and
decreases gastric acid secretion and gastric motility [127].

Ghrelin: Recent studies demonstrate the impact of ghrelin on gastric acid secre-
tion, appetite, and bone remodeling. It is synthesized in P/D1 cells of the gastric
fundus. Investigations showed the various effects of ghrelin, including stimulation
and inhibition, regardless of its effect on gastric acid secretion. Clarification in the
form of further studies is needed [128].

Nitric oxide: NO is a very important intracellular signaling molecule and is a
main player in vasodilatation, immune response, and acid secretion. The effect of
NO on gastric acid is inhibitory, either due to direct inhibition of the parietal cell or
indirect inhibition of histamine release from ECL cells. NO causes intracellular
increase of cGMP and guanylate cyclase [129].

Interleukin: Parietal and ECL cells express the IL-1 receptor and are potent tar-
gets for interleukins, immune response coordinators. IL-1 showed an inhibition of
acid secretion [130].

Proton Pump Inhibitors and Other Acid Suppressants

The indications for an inhibition of gastric acid secretion are all acid-related disor-
ders such as gastroesophageal reflux disease (GERD), nonerosive reflux disease
(NERD), esophagitis, and peptic ulcer disease (PUD). State-of-the-art therapy for
increased gastric acid is the application of proton pump inhibitors (PPI), targeting
the final step of the formation of HCI, namely, the H*,K*-ATPase. Next to PPIs, acid
pump inhibitors (APAs) are potent inhibitors of the H*, K*-ATPase. H, antagonists,
such as ranitidine or cimetidine, can also achieve a decrease of gastric acid secretion
by the inhibition of the hormonal signaling pathway through the H, receptor.
Another pharmacological way to decrease intraluminal pH is the application of ant-
acids, which are neutralizing the secreted gastric acid [1].

Omeprazole was the first clinically prescribed PPI [131]; recently, the enantio-
mer esomeprazole became one of the most successfully marketed pharmaceuticals
in the United States [1].

PPIs are now one of many over-the-counter medicines for the hypersecretion of
acid and are available to everyone, since they were considered to be safe with only
a low incidence of adverse effects [132]. However, the most recent studies demon-
strate the potential longtime side effect of PPI intake and their negative influence on
bone health.

After the prodrug of the PPI reaches the parietal cell via the bloodstream and passes
the cell membrane, the intracellular acidic conditions of the secretory canaliculus con-
vert it to the active form called cyclic sulfenamide [133]. The pK, value of 4, conse-
quently the preferred accumulation and conversion at low pH environments of the
prodrug, identifies PPIs as highly specific drugs [1]. In their activated form, PPIs are
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binding irreversibly and covalently to the H*,K*-ATPase by forming disulfide bonds,
thus blocking its capability to pump out protons [134]. The members of the PPI family
are distinguished from each other in terms of the involved reaction of cysteine residues;
however, cysteine-813 interacts with all of them [134]. Cysteine-892 is typical for
omeprazole, cysteine-321 for lansoprazole, and cysteine-822 for pantoprazole and
tenatoprazole [1]. The effect of the PPI lasts usually 0.5-2 h (well beyond their half-life
time), until they are metabolized by the cytochrome P-450 in the liver [135] (Fig. 3).

Neuroendrocrine Regulation of Gastric Acid Secretion:
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Fig.3 Neuronal and endocrine regulation of gastric acid secretion: The parietal cell receives stim-
uli directly from neurons, which are releasing ACh molecules, and, in an indirect, paracrine fash-
ion from vicinal D-cells and ECL cells. Gastrin secretion occurs in the antral part of the stomach
and reaches the oxyntic mucosa through the bloodstream. Gastrin can either directly stimulate the
parietal cell or indirectly by binding to the CCK, receptors on ECL cells, which will lead to a
subsequent histamine release. The gastrin-mediated histamine release incorporates the gastrin-
histamine axis. All of these pathways lead to an increase of gastric acid secretion. Gastrin release
is pH dependent and stops when intragastric pH becomes more acidic. The negative feedback loop
is tied to somatostatin release via D-cells.
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Stomach, Calcium, and Bone: The Link

After exemplifying and reviewing the physiology of bone calcium homeostasis,
gastric acid secretion, intestinal calcium absorption, and their hormonal and neuro-
nal regulation, this section will highlight the functional intersections between the
stomach, calcium, and bone. We include a discussion of normal and pathophysiol-
ogy disease patterns and clinical conditions, which have an impact on the calcium
homeostasis cycle.

Inherited CaSR Mutations

Clinical pathologies which arose from CaSR mutations illustrate the pivotal
role of the receptor in calcium homeostasis. The threshold of the receptor is
changed in either direction. Examples of CaSR pathologies are the familial
hypocalciuric hypercalcemia (FHH, OMIM 145980) and neonatal severe hyper-
parathyroidism (NSHPT, OMIM 239200), typical consequences of loss-of-
function mutations. The patients suffer from hypercalcemia due to reduced
calcium sensing and decreased calcium excretion. The pathology of autosomal
dominant hypocalcemia (OMIM 601198) is the result of an activating mutation.
Here, the increased sensitivity of the receptor causes hypocalcemia next to an
increase in calcium excretion via the kidneys. More than 300 mutations are
reported to date, yet the majority of the mutations are characterized by inactiva-
tion of the receptor [136] (Fig. 4).

Gain-of-function mutation of the receptor can cause autosomal dominant hypo-
calcemia (ADH) with symptoms of decreased serum calcium and decreased cal-
cium resorption in kidneys.

PPI and Bone Fracture

Proton pump inhibitors (PPIs), such as esomeprazole and lansoprazole, are used in
state-of-the-art therapy of gastroesophageal reflux disease (GERD), esophagitis,
and gastric ulcer disease (GUD) in the consequence of prolonged gastric acid expo-
sure. Other ways to suppress hypersecretion of gastric acid are buffer agents (bicar-
bonate and carbonate) and H, blockers.

PPIs realize their medication effect by inhibiting the release of the acid compo-
nent of HCI in the form of blocking the H*-K*-ATPase irreversibly. The widespread
usage of PPI can be accounted to the easy access to drug and over-the-counter pol-
icy. Unfortunately, PPI users and physicians often do not deliberate enough about
whether benefits are worth the potential risks PPIs can cause. Possible adverse
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Inherited CaSR Disorders

Loss-of-Function of CaSR Gain-of-Function of CaSR

Familial Hypocalciuric Hypercalcemia (FHH) Autosomal Dominant Hypocalcemia (ADH)
Neonatal Severe Hypercalcemia (NSHPT)

PTH
Hypercalcemia | Hypocalcemia
Reduced Caclium Sensing 4. e Increased Calcium Sensing
Hypocalciuria Hypercalciuria

Fig. 4 Mutations of the CaSR may lead to abnormalities in the receptor in the form of loss-of-
function or gain-of-function. Typical loss-of-function mutations lead to the diseases familial hypo-
calciuric hypercalcemia (FHH) and neonatal severe hypercalcemia (NSHPT), which are
characterized by elevated serum calcium levels and decreased calcium excretion via the urine

effects after the intake of PPIs are higher risks of osteoporosis, enteric infections,
and community-acquired pneumonia [137]. In 2010 the Food and Drug
Administration (FDA) released a safety warning about the usage of PPIs emphasiz-
ing the possible increased risk of hip, wrist, and spine fractures. One of the largest
studies about the correlation between increased risk of fractures and PPI intake is
made by Yang et al. with the conclusion that long-term intake of PPIs for more than
1 year is associated with a higher incidence of hip fractures in humans over the age
of 50 compared to a control group [138]. The ongoing debate about an overly pre-
scription of PPIs, next to the fact that they are the third commonly prescribed medi-
cation in the United States, and the establishment of an OTC availability in Northern
America should concern physicians and patients.
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Gastrectomy and Vagotomy

The observation of fractures under PPI intake leads to the hypothesis that a reduc-
tion in gastric acid through inhibition of the main player of acid production, namely,
the H*-K*-ATPase, prevents an adequate calcium absorption, thus leading to
decreased bone density. This assumption is justified by a high number of animal
studies as well as patient observations. Next to PPIs, gastrectomies and vagotomies,
which were former therapies of gastric acid control, result in the development of
osteoporosis, as well [139]. Differentiating between the effect of PPIs on gastric
acid secretion and a total gastrectomy, the latter has an additional effect on stomach
emptying, emulsification of foodstuffs, and food habits. Furthermore, there are dif-
ferences in the procedure of gastrectomy; some sustain the duodenum (Billroth I)
and others bypass it (Billroth II, Roux-en-Y, total gastrectomy). Gastrectomized
patients showed to have a low 25(OH)-vitamin D and high 1,25(OH),-vitamin D
[140]. The pathophysiology of this observation is not entirely clear yet. Scientists
argue for the decrease in 25(OH)-vitamin D with an impaired uptake rate of vitamin
D as a result of the surgery, yet the broad agreement is that vitamin D absorption is
not impaired in these patients but might be a consequence of improper nutrition, fat
and milk intolerance with insufficient intake of fat-soluble vitamin D [38, 141].
However, Billroth I and Billroth II demonstrate same bone loss rate, although a
bypass of the duodenum is linked to a stronger fat malabsorption [142]. Another
study suggests an impairment of calcium absorption being responsible for the
decrease of bone density, high amounts of 1,25(OH),-vitamin D promote a decline
of 25(OH)-vitamin D, and the increase in 1,25(OH),-vitamin D level is more likely
due to an upregulation consequence of insufficient calcium absorption [143]. Still,
the pathophysiology of bone loss after gastrectomy remains elusive, and an exact
attribution of vitamin D shortage, calcium absorption impairment, or malnutrition
following a diet is not possible. Secondary hyperparathyroidism does manifest in
gastrectomized patients [1].

Studies of vagotomized patients demonstrated an abolishment of parasympa-
thetic effects on the stomach in the form of a decreased gastric acid secretion. These
patients showed the same constellation of vitamin D parameters as gastrectomized
patients, low 25(OH)-vitamin D level accompanied with a high 1,25(OH),-vitamin
D rate, assuming a positive feedback to compensate the low calcium absorption. In
addition, serum calcium concentration is decreased, and due to an elevated
1,25(0OH),-vitamin D, intestinal calcium absorption increased [144].

An interesting study by Granzinani et al. highlighted the effects of PPI on min-
eral metabolism and bone health. A group of eight healthy patients under PPI treat-
ment (3x/d 20 mg) showed no elevation of serum calcium concentration after food
intake together with a decreased calcium excretion in their urine. In contrast, the
control group showed a rise in postprandial serum calcium concentration [145].
Another more recent study illustrated the impairment of calcium absorption under
PPI regime with the help of radiolabeled calcium isotopes. A group of elderly and
fasted women experienced a significant reduction of calcium absorption after 7 days
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of 20 mg PPI intake once a day. This did not occur to the control, placebo group
[146]. However, this and other studies are under debate, since the experimental
techniques for measuring calcium absorption vary a lot and radioactive tracers, as
well as the use of different calcium salts, may manipulate calcium uptake results. In
conclusion, it is difficult to find the correlation between a decrease in gastric acid
secretion and calcium absorption on an experimental basis, and further investigation
is needed to unmask this link.

Next to human test studies, many investigations were conducted on animals to
demonstrate osteopenia as a consequence of calcium uptake impairment under gas-
tric acid hyposecretion.

In an elegant study by Axelson et al., serum calcium concentration was measured
in rats which had undergone several types of surgeries. In the first set of experi-
ments, serum calcium level was measured in parathyroidectomized rats, which was
reduced. In the next set, rats had undergone gastric operations, such as gastrectomy,
antrectomy, and vagotomy, which had only a little to no effect on serum calcium
levels. However, calcium uptake rates in these rats seem to be elevated, most likely
as a consequence of the upregulation of PTH secretion. The third set represented
parathyroidectomized rats combined with a gastric surgery, which resulted in a mas-
sive depletion of calcium and animal death after just a few days. This observation
let the scientists conclude that acid secretion is a pivotal requirement for a sustained
calcium homeostasis [147].

Several studies were made on vagotomized rats, showing that vagotomy alone
has no effect on calcium absorption. When rats underwent vagotomy and parathy-
roidectomy together, intestinal calcium absorption was heavily affected compared
to animals after vagotomy or parathyroidectomy alone [148].

In a lately published study by Schinke et al., CCK,(—/—) knockout mice were
used to represent a complete achlorhydric state. These mice demonstrated an
extreme calcium deficiency, osteoporosis, and secondary hyperparathyroidism. As
mentioned before, these rats were not able to produce hydrochloric acid while the
stomach morphology remained intact [149].

Conclusion

This chapter should elucidate the role of the stomach in the regulation of bone den-
sity by the modulation of calcium absorption and the ever-changing needs in bone
to maintain a healthy skeletal environment. Furthermore, we have discussed the
effects of mutations, diseases, and pharmaceutical influence on bone health. The
intertwined mechanisms between gastric and intestinal physiology and calcium
absorption are having great impact on the maintenance of bone health and are in
need of a strict regulation. With the combination of receptors, channels, and trans-
port proteins, a tight control of serum calcium concentration can be ensured for a
physiological bioavailability to bone.
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Inflammatory Bowel Disease: Effects on Bone
and Mechanisms

Francisco A. Sylvester

Introduction

Inflammatory bowel disease (IBD) encompasses a spectrum of chronic inflamma-
tory disorders of the intestinal tract, including Crohn’s disease and ulcerative colitis.
Crohn’s disease can affect any portion of the gastrointestinal tract, and the inflam-
mation affects the full thickness of the intestinal wall. Ulcerative colitis affects the
superficial layers of the lining of the colon. Both bone mass and bone architecture
are significantly affected in IBD. The skeleton of pediatric patients with Crohn’s
disease is more severely affected than those with ulcerative colitis. This is probably
because Crohn’s disease inhibits linear growth in children more frequently than
ulcerative colitis [1]. In adults with IBD, Crohn’s disease also has a larger effect on
bone mass than ulcerative colitis [2], which may be secondary to the increased
inflammatory burden in adult Crohn’s disease vs. ulcerative colitis (Figs. 1 and 2).

In this chapter we will discuss studies in human and mice that describe the effects
of IBD on bone mineral density, bone geometry, and bone architecture. We will also
present several hypotheses of mechanisms that link the inflammatory events in the
intestine with bone cell function.
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Fig. 1 The muscle-bone unit in IBD. Patients with IBD are at risk for decreased bone mineral
density and reduced skeletal muscle mass. Longitudinal studies in inception cohorts of children
with Crohn’s disease have demonstrated sarcopenia by both DXA and pQCT. Sarcopenia can per-
sist despite absence of symptoms of active Crohn’s disease. Long bones in children with Crohn’s
disease are shorter and thinner. Cortical BMD is increased, endocortical surface is expanded, and
the periosteal circumference is lower at diagnosis. These architectural abnormalities are reversed
by anti-inflammatory therapy, improved nutrition, and increased weight-bearing activity

The Bone Phenotype in Human IBD: The Importance
of the Bone-Muscle Unit

The effects of IBD on bone mineral density (BMD) in patients with IBD have been
studied primarily with dual x-ray absorptiometry (DXA). DXA scanners are widely
available and measure BMD accurately. DXA calculates BMD by dividing bone
mineral content by the bone area in a region of interest. Therefore, DXA BMD
measurements (expressed in g/cm?) are dependent on the size of the subject (a larger
patient will appear to have denser bones than a smaller patient, even when the actual
density of the bone in g/cm?® is identical in the two patients). This is an important
consideration for individuals with IBD that have growth retardation, which is com-
mon in children with IBD (especially Crohn’s disease). The reduction of BMD in
children with IBD may be attributed in part to decreased bone size due to growth
delay. For this reason, it is recommended that BMD be reported as the number of
standard deviations from the mean for age- and sex-matched individuals (Z-score)
that is further adjusted to height Z-score [3]. DXA studies have been conducted in
both incident and prevalent cohorts of patients with IBD. The advantage of studying
incident cohorts of patients with IBD from the time of diagnosis is that the results
are reflective of disease factors that affect BMD rather than treatment factors such
as corticosteroids or biologics (monoclonal antibodies directed against cytokines or
adhesion molecules) [4—6]. Studies of BMD in patients with IBD have been either
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Fig. 2 Possible mechanisms of bone loss in IBD. Experiments in mice with colitis suggest that
IBD can affect the activity of bone cells by circulating factors (cytokines, DAMPs, PAMPs) and
inflammatory cells. The bone marrow is a reservoir for T effector (Tgy) and T central memory cells
(Tcwm) that can react to circulating stimuli. Macrophages (Osteomacs) form a canopy over osteo-
blasts. Activated T cells and Osteomacs can then influence the activity of osteoblasts, osteoclasts,
and osteocytes

longitudinal or cross-sectional. These reports suggest that patients with IBD have
significant reductions in BMD, especially in patients with delayed growth and sex-
ual maturation and active disease and those with decreased lean tissue mass [4, 5, 7,
8]. Patients with low body mass index, low serum albumin, and active severe IBD
appear to be at particular risk for decreased BMD [5]. The role of corticosteroids on
BMD in pediatric Crohn disease however is not clear. It is possible that the negative
effects of corticosteroids on bone formation are offset by its anti-inflammatory
effects in IBD [9, 10]. Nonetheless, long-term corticosteroid therapy may have
adverse effects on bone mass in patients with IBD, and therefore, prolonged corti-
costeroid use should be avoided in these patients.

Studies of bone architecture and geometry have been performed primarily in
children with incident Crohn’s disease using peripheral quantitated tomography
(pQCT) [5, 6]. As opposed to DXA, which gives a two-dimensional projection of
bone, pQCT analyzes bone in three dimensions. Collectively, this work has revealed
that trabecular bone volume in long bones is significantly reduced in Crohn’s dis-
ease at the time of diagnosis. The endocortical surface (bone marrow cavity) is
expanded, probably due to increased bone resorption. The periosteal circumference
is diminished, likely secondary to reduced bone formation in the periosteal envelope
[5, 11]. This results in a thinner bone cortex. Histomorphometry of transiliac bone
biopsies of 20 children with newly diagnosed Crohn disease showed that both bone
formation and resorption are reduced at diagnosis. In addition, there is cortical
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thinning, but trabecular thickness and number were unaffected [12]. At the time of
diagnosis of Crohn’s disease, cortical bone density of long bones is higher than
normal, probably due to decreased bone remodeling [5, 10]. Cortical bone density
decreases in parallel with clinical response to anti-inflammatory therapy, suggesting
restoration of cortical bone remodeling. The mechanism responsible for increased
cortical bone density in Crohn’s disease is unknown. It is possible that elevated
serum osteoprotegerin (OPG) in children with active IBD may inhibit osteoclast
activity in cortical bone. Serum OPG decreases when inflammation is under control.
In parallel, soluble serum receptor activator of nuclear factor kB is decreased in
patients with active Crohn’s disease, which may also contribute to decrease remod-
eling in cortical bone [13]. Therefore, there are regional differences in how IBD
affects bone mass and bone architecture in humans. Trabecular BMD and cortical
dimensions are likely to improve in patients with well-controlled inflammation and
limited exposure to corticosteroids and in children who exhibit catch-up growth
[10].

The skeletal muscle mass is significantly affected in IBD [14]. Large skeletal
forces are important in the development of the bone. The development of muscle
mass precedes the sharp rise in bone mass that occurs during adolescence [15]. At
diagnosis sarcopenia is well documented in pediatric Crohn’s disease [8]. There is
also a reduction in grip strength, suggesting that the reduced muscle mass affects
muscle function [6]. Sarcopenia persists even in patients who are in clinical remis-
sion secondary to anti-inflammatory therapy and who are well nourished, as judged
by a normal body mass index [8]. Therefore, it is possible that IBD affects the
regenerative capacity of skeletal muscle. It is also possible that low level of inflam-
mation in patients who are in clinical remission has negative effects on muscle
regeneration. Muscle mass can also be adversely affected by pubertal delay, physi-
cal inactivity, and corticosteroids that are used to treat IBD. Over time, the skeleton
adapts to the lower muscle cross-sectional area in IBD, resulting in lower bone mass
[16].

Reduction in BMD, alterations in bone geometry, and bone remodeling are well
established in IBD, but it is not yet known whether IBD increases the risk of frac-
tures. Even in the setting of skeletal fragility, physical inactivity may shelter patients
with IBD from activities that can result in fractures. The risk of clinically apparent
fractures appears to be modestly increased [17] or not elevated [18] in population-
based studies of adults with IBD. Asymptomatic vertebral fractures however may
be prevalent in adults with Crohn’s disease, even in patients with normal bone den-
sity by DXA [19]. Vertebral fractures have been reported in children as well [20].
There is no detectable increase in the overall frequency of fractures in children with
IBD however [21, 22]. Fractures are common in children (especially of long bones),
notably in teenage boys, and therefore, it might be difficult to detect a significant
increase in fracture risk in adolescents with IBD. A study of sufficient sample size
to detect such an effect size may be impractical due its large population size and
associated costs.

In summary, the muscle-bone unit is subject to multiple negative influences dur-
ing active human IBD. This results in significant reductions in muscle and bone
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mass and a disturbed bone geometry. Whether these abnormalities in muscle and
bone mass and bone architecture result in increase in fracture risk is yet not clear
however.

The Bone Phenotype in Laboratory Models of IBD

Patients with IBD can have significant decreases in BMD and muscle mass and
changes in bone architecture. However, it is difficult to study disease mechanisms in
humans. To examine mechanistic questions, animal models of IBD have been devel-
oped, primarily in laboratory mice. Generally speaking, mouse models of IBD are
generated by knocking out genes (e.g., IL-10, IL-2), by transferring T effector cells
into immune-deficient mice (e.g., CD45RB' cells into Rag™"), or by administering
chemical irritants orally or rectally (TNBS, DSS).

Dressner-Pollak et al. compared the skeleton of 8- and 12-week-old IL-107'~
mice with colitis to wild-type mice without colitis of the same age and sex. IL-107~
mice with colitis had decreased bone mass secondary to decreased bone formation;
bone resorption was not increased [23]. Long bones were more fragile, and ash
weight (bone mineral content) was reduced in IL-10~~ with colitis. Due to the lack
of a control of IL-10~"~ mice without colitis, it is not clear if some of the changes in
the skeleton in IL-107~ mice with colitis were due to deficiency of IL-10. Ciucci
et al. more recently compared bone of IL-10~~ mice with colitis with IL-10~~ mice
without colitis by histomorphometry. IL-107~ mice with colitis had significant
reductions in trabecular thickness, trabecular number, and bone surface density and
in the trabecular bone volume per tissue volume [24]. These findings suggest that
colitis (and not IL-10 deficiency) is responsible for the bone phenotype in this
model. Cytokine-producing CD4* T cells are present in the bone marrow of IL-107~
mice with colitis. IL-17 and TNF-a produced by these cells and bone marrow stro-
mal cells may attract osteoclasts, increase bone resorption, and suppress bone
formation [24].

IL-27~ mice spontaneously develop colitis and have other features of auto-
inflammation. Ashcroft et al. showed that IL-27/~ with colitis have decreased tra-
becular bone at 7 and 9 weeks of age [25]. IL-27~ CD3* cells transferred into
C57BL/6-Ragl ™~ resulted in significantly lower femoral BMD and percent trabecu-
lar volume 6-8 weeks post-grafting compared to recipients of IL-2** CD3* cells.
The number of osteoclasts was significantly higher in C57BL/6-Ragl~"~ engrafted
with IL-27= CD3* cells. This suggests that activated T cells may play a role in
inducing bone loss in the setting of colitis by inducing osteoclast formation.
Exogenous OPG improved BMD. However, this does not necessarily prove that
increased bone resorption is responsible for decreasing BMD in this model, since
exogenous OPG increases BMD even in the absence of colitis.

Byrne et al. used a transfer model of colitis, transplanting CD4*CD45RB! or
CD4+*CD45RB™ from CB6F1 mice to C.B.17 scid/scid mice [26]. As expected,
CD4*CD45RB" transfer induced colitis in recipient mice, but not transfer of
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CD4*CD45RB™ cells. Mice with colitis had lower bone mineral density in the
femur/tibia. Engraftment of CD4*CD45RB" was associated with an inflammatory
infiltrate in the bone marrow containing TNF-a-producing cells [26], suggesting
that activated T cells in the bone marrow may affect bone cell function. This is sig-
nificant because even low expression of TNF-a may inhibit bone formation [27].
Fc-OPG 3.4-5 mg/kg SC three times weekly for 34 days significantly improved
BMD in mice with colitis. Similarly to the finding in IL-27~ mice with colitis, this
only demonstrates that exogenous OPG can suppress osteoclast activity, but does
not imply necessarily that bone resorption is primarily responsible for the bone loss
in this model.

Colitis induced by irritants such as TNBS and DSS is associated with reduced
bone mass. Lin et al. observed significant decreases in bone mass in rats 3 weeks
after a single TNBS enema that induced colitis. Rats with colitis had a 33% loss of
trabecular bone in the tibia compared with age-matched, pair-fed control animals.
Trabecular bone formation rate was markedly reduced. Bone formation reactivated
when the colitis healed, resulting in normalization of bone mass [28]. Hamdani
et al. observed that mice with DSS colitis have lower femoral trabecular bone mass
compared to controls secondary to reduced bone formation. No changes were
observed in cortical bone indices [29]. Harris et al. reported that in mice with DSS-
induced colitis, there were significant decreases in trabecular bone mineral density,
bone volume, and bone thickness. Cortical bone thickness, outer perimeter, and
density were also decreased, whereas inner perimeter and marrow area were
increased. There was significant inhibition of bone formation. Bone mass recovered
after resolution of DSS-induced colitis in mice [30].

In summary, experimental colitis in rodents induced in three different ways
reduces bone mass. Depending on the laboratory model, reduction in bone mass is
secondary to decreased bone formation, increased bone resorption, or both. Gender
may affect how colitis affects bone mass in laboratory animals [31].

Mechanisms by Which IBD May Affect Bone Cells

Malnutrition

IBD is associated with reduced nutrient intake and affects nutrient utilization.
Children with IBD maintain a normal basal metabolic rate that does not adjust to the
degree of malnutrition [32]. Patients with IBD who undergo intestinal resection
may have malabsorption of macro- and micronutrients that are important for bone
formation. IBD is associated with nutrient deficiencies that are important for bone
development [33]. Vitamin D levels may be low due to the lack of unprotected expo-
sure to sunlight due to inactivity and the application of sunscreen to protect against
nonmelanoma skin cancers in patients with IBD on immunosuppression [34].
Vitamin K, which is synthesized by enteric bacteria, may be affected by the changes
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in the gut microbiota that accompany IBD [35]. Patients with active IBD lose
protein through the intestine, which may affect proteins that are necessary for ade-
quate bone mineralization.

Malnutrition can have direct effects on bone formation. Malnutrition can affect
the availability of substrate for mineralization due to decrease intake of protein and
calcium in the diet. Patients with IBD commonly complain of lactose intolerance
and as a result curtail their intake of dairy products that contain calcium. Vitamin D
deficiency in IBD impairs calcium absorption. The correction of vitamin D defi-
ciency in patients with IBD requires high oral doses [36]. Moreover, IBD may affect
calcium utilization, similar to patients with cystic fibrosis, who actively lose cal-
cium in their colon [37]. Low vitamin D level can lead to hypocalcemia and second-
ary hyperparathyroidism, which results in urinary losses of phosphate. Malnutrition
can also have indirect effects on bone. Insulin-like growth factor 1 (IGF-1), which
is anabolic to bone, is sensitive to the nutritional state, and it lowers in patients with
IBD who are malnourished [38]. After nutritional rehabilitation, serum IGF-1
returns to normal. Active inflammation can also lower serum IGF-1 due to effects in
the liver, which is the main source of IGF-1 [39].

A possible role for vitamin D in the pathogenesis of IBD is being actively inves-
tigated [40]. In addition to its role in calcium metabolism, vitamin D also enhances
the activity of the innate immune system and in general suppresses the adoptive
immune system. Since some forms of IBD are associated with defects in innate bar-
rier function in the intestine, it is possible that vitamin D deficiency predisposes to
the development of IBD. There is epidemiological evidence that supports this
hypothesis. IBD is more common in latitudes where availability of sunlight of suf-
ficient energy to induce the synthesis of vitamin D in the skin is limited. IBD is
more likely to appear in individuals with low vitamin D levels. Mice with the
absence of vitamin D or who receive a vitamin D-deficient diet are susceptible to
developing worse experimental colitis [41-44]. Mice with intestinal epithelium that
overexpresses a vitamin D receptor on the other hand are less susceptible to colitis
[45]. Therefore, vitamin D may become an adjuvant therapy for patients with
IBD. This needs to be confirmed in double blind, placebo-controlled trials.

Circulating Factors

It is possible that factors generated in the inflamed intestine can reach the bone via
circulation and affect bone cell activity. Serum from newly diagnosed children with
Crohn’s disease decreases markers of osteoblastic activity in bone explants [46] and
in osteoblasts [47] in vitro, while indicators of bone resorption are not increased in
this model. Neutralization of IL-6, a pro-inflammatory cytokine that is increased in
the circulation of patients with active IBD, reverses the effects of serum on bone
explants [48], suggesting an important role of IL-6 on the effects of Crohn’s disease
on bone formation.



140 F.A. Sylvester

Tumor necrosis factor (TNF)-a can be elevated in the circulation of patients
with active IBD. TNF-a is an important therapeutic target in IBD. Monoclonal
anti-TNF-a antibodies are among the most effective agents to treat IBD that are
resistant to other therapies. TNF-a has effects on both osteoblasts and osteoclasts.
In osteoblasts, TNF-a induces the degradation of Runx2, a critical transcription
factor in osteoblast development [49]. TNF-a suppresses both canonical Wnt [50]
and bone morphogenetic protein-2 signaling [51-53], thus interfering with osteo-
blast differentiation and activity. TNF-a also can induce apoptosis in pre-osteo-
blasts [54]. TNF-a decreases the expression of Phex in osteoblasts, which impairs
bone mineralization [55, 56]. The response to monoclonal anti-TNF-a antibodies
in Crohn’s disease is characterized by a brisk increase in biomarkers of bone for-
mation, suggesting an activation of bone modeling and linear growth [57, 58].
TNF-a can induce osteoclastic formation both directly and indirectly through the
increase in RANKL. Several cytokines relevant to the pathogenesis of IBD inhibit
osteoclast differentiation, including IFN-y [59], IL-10 [60, 61], and IL-12 [62,
63]. The effects of IL-17 on osteoclasts are complex and context specific. IL-17
can both inhibit [64, 65] and induce osteoclast formation in vitro [24, 64, 66—69]
and in vivo [24].

RANKL and OPG in IBD

RANKL is a potent stimulator of osteoclast formation. RANKL is secreted by
osteoblasts, stromal cells and activated T cells. Osteoprotegerin (OPG) is a soluble
decoy receptor for RANKL and inhibits osteoclast development and activity [70].
Both OPG and RANKL also regulate immune responses. RANKL is involved in
normal dendritic cell function and survival and plays a role in the early development
of B and T cells [71-73]. In addition, RANKL/RANK contributes to intestinal
mucosal tolerance [73]. OPG is secreted by both B cells and dendritic cells, in a
process regulated by the CD40 receptor [74]. In vitro, dendritic cells isolated from
OPG~~ mice more efficiently present antigen and secrete more inflammatory cyto-
kines when stimulated with bacterial products or soluble RANKL [75]. Serum OPG
is increased in patients with active IBD, whereas soluble RANKL is decreased [13,
76]. This occurs in the setting of a marked decrease in bone metabolic activity in
IBD, suggesting that the increase in serum OPG is due to the production of OPG
outside of the bone. One possibility is that serum OPG is produced in the liver in
response to systemic exposure to LPS in IBD [77]. It is also possible that the
increase in serum OPG is secondary to its production in the inflamed intestine [78].
An increase in serum OPG paired with a decrease in soluble RANKL may be
responsible for the increased cortical bone density observed in children with inci-
dent Crohn’s disease [5]. The inflamed intestine secretes OPG into its lumen.
Elevated fecal concentrations of OPG are associated with resistance to
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corticosteroids and to infliximab in patients with IBD [79, 80]. The concentration of
OPG in feces significantly decreases in children with IBD in remission [76].
Collectively, this evidence suggests that RANKL/RANK/OPG plays an important
role in the regulation of the immune response in IBD and that OPG may be a bio-
marker of IBD severity.

Effects of IBD on the Bone Microenvironment

The bone marrow of mice with colitis harbors CD4* T central memory cells and T
effector memory cells [24, 81]. T effector memory cell populations are maintained
by IL-7 produced by bone marrow stromal cells [82]. It is possible that microbial
antigens that translocate into the circulation from the intestine may activate mem-
ory T cells. Another possibility is that T cells may be activated by damage-associ-
ated molecular patterns (DAMPs) in IBD. As a result, T cells residing in the bone
marrow can produce cytokines that affect osteoblasts and osteoclasts. In animal
models of arthritis and periodontal disease T cells induce bone resorption [83].
Activated CD4* and CD8" T cells produce both soluble and membrane-bound
RANKL [84]. In IL-27"~ mice with intestinal inflammation, activated T cells accu-
mulate in the bone marrow and produce RANKL [25]. The bone marrow of
IL-10~"~ mice with colitis (but not from IL-10~~ without colitis or wild-type mice)
contains CD4* T cells that produce IL-17 and TNF-o. This T-cell subset expresses
membrane-bound RANKL, secretes M-CSF, and induces osteoclast formation
in vitro without requiring exogenous RANKL/M-CSF [24]. CD4* Th17 T cells in
the bone marrow [64] secrete cytokines that stimulate osteoclast formation and
activity [85], upregulate RANK in osteoclast precursors [86], and increase expres-
sion of RANKL in osteocytes [87]. This is significant given the importance of
Th17 cells in the pathogenesis of IBD [88]. In the steady state, T regulatory cells
(Treg) populate the bone marrow as well [89, 90] and may inhibit bone resorption
[91]. T cells may also regulate bone formation by osteoblasts. Intermittent parathy-
roid hormone can stimulate bone marrow CD8* T cells and activate anabolic
canonical Wnt signaling in pre-osteoblasts [92].

In conclusion, in IBD there is a crosstalk between the inflamed intestines in the
bone microenvironment that is mediated by bone marrow T cells. Activated T cells
from the intestine may reach the bone marrow through the circulatory system.
Memory T cells may be activated by PAMPs or DAMPs that originate in the gut and
influence bone cells [93]. Other immune cells in the bone marrow such as macro-
phages that overlay osteoblasts may also respond to systemic and local signals and
affect osteoblast function [94]. LPS AND DAMPs can activate circulating CD14+
or bone marrow CD11b+ monocytes/macrophages and induce oncostatin M, result-
ing in increased osteoblast differentiation from human mesenchymal stem cells and
matrix mineralization [95].
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IBD and Skeletal Muscle

An important stimulus for bone formation is mechanical stress by skeletal muscle.
Muscle mass expands rapidly during puberty, and gains in muscle mass antecede
increases in bone mass [96]. The mechanical stress from large muscle forces is ana-
bolic to bone. Children with IBD often present with malnutrition, with significant
losses in both the fat and lean tissue compartments and decreased body mass index.
With treatment and clinical improvement, children gain weight, but deficits in lean
body mass often persist [8, 38, 97]. This may result in decreased mechanical loading
and be a reason for decreased bone formation in children. In addition, children with
IBD may be less active than their peers, which may also affect gains in muscle and
bone mass over time. In theory, it is possible that inflammation may affect the regen-
erative capacity of muscle satellite cells, which are responsible for muscle regenera-
tion after injury. Exclusive enteral nutrition with defined commercially available
formulas and anti-TNF-a antibodies offers promise to reconstitute skeletal muscle
mass [97].

Endocrine Effects of IBD

Puberty is commonly delayed in children with IBD, especially in Crohn’s disease.
Active inflammation and malnutrition are probably responsible. Pubertal delays are
associated with a relative decrease in sex steroids, both estrogen and testosterone
that are important for bone formation. Effective anti-inflammatory therapy and
nutritional reconstitution can put pubertal progression back on track [98].

Insulin-like growth factor-1 (IGF-1) is secreted by the liver in response to stimu-
lation by growth hormone and enhances the expression of the mature osteoblast
phenotype [99]. Serum IGF-1 is frequently reduced in children with active IBD due
to growth hormone insensitivity in the liver and malnutrition [39]. Consequently,
relative IGF-1 deficiency in children with IBD may negatively affect osteoblast dif-
ferentiation and function and bone formation.

IBD Genetics and Bone

Genome-wide association studies (GWAS) performed in large cohorts of patients
with IBD have uncovered over 300 susceptibility genes and the importance of previ-
ously unrecognized pathogenic pathways [100, 101]. GWAS have pointed to endo-
plasmic reticulum (ER) stress, the unfolded protein response (UPR), autophagy, the
intestinal epithelial barrier, innate immune function, and interactions between the
host and intestinal microbes as relevant systems in IBD [100].
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ER stress is triggered by an overabundance of unfolded and misfolded proteins
in its vesicles. The UPR then decreases transcription and protein synthesis, degrades
proteins inside the ER and shuttles proteins away from the ER with chaperones, or
induces apoptosis. ER stress and UPR are particularly active in highly secretory
cells [102]. Therefore, it is possible that the same genetic defects in ER stress and
UPR that compromise the function of intestinal Paneth cells and goblets cells may
also affect osteoblasts and osteoclasts in bone [103], but this has not yet been stud-
ied in IBD. ER stress transducers are stimulated by bone morphogenetic protein-2
(BMP-2), a stimulator of osteoblast development and activity [104, 105]. BMP-2
also activates the UPR during osteogenesis [105, 106], which induces the synthesis
of RANKL [107]. ER stress transducers are also important in osteoclast develop-
ment [107, 108]. Therefore, defects in the UPR and ER stress present in IBD may
affect the development and activity of both osteoblasts and osteoclasts.

Autophagy is a process by which cells recycle old proteins, damaged organelles,
and other cellular debris [109]. Autophagy also is important in the uptake and clear-
ance of bacteria. Autophagy can be defective in IBD, allowing persistence of intra-
cellular live bacteria and triggering inflammation [110]. Autophagy regulates bone
cell function. Induction of autophagy in osteoclasts is associated with decreased
bone resorption [111]. However, during hypoxia and microgravity, autophagy
induces osteoclast formation [112, 113]. Therefore, the effects of autophagy on
osteoclastogenesis are context-dependent. Autophagy is important for osteoblast
differentiation [114, 115] and bone mineralization [116]. Altered autophagy in IBD
may therefore impair normal bone matrix mineralization. Autophagy may regulate
bone mineral density in humans [117]. In summary, novel pathogenic pathways
involved in IBD may also affect bone cell function.

Gut Microbiome and Bone

Depending on the mouse strain, fecal microbial transplant into gnotobiotic mice can
either decrease or increase bone mass [118]. The intestinal microbiome in IBD is
less diverse compared to heathy individuals and contains blooms of pathogenic bac-
teria (dysbiosis) [119]. The gut microbiome probably plays an important role in the
pathogenesis of IBD [119, 120]. Therefore, the IBD microbiome may have unique
effects on bone. However, the relationship between the enteric microbiome and the
bone-muscle unit in IBD has not yet been investigated. Recent work by Ohlsson
et al. suggests that the effects of the gut microbiota on bone depends on NOD1 and
NOD?2 signaling, suggesting that innate immune mechanisms are involved [121]. It
is possible that activated immune cells in the gut circulate into the bone marrow and
affect bone cell function. Metabolites generated by intestinal microbes may also
reach the bone and have effects on bone cells. Research focused in this field should
uncover the role of specific populations of intestinal microbes that can be modified
to help restore normal bone mass and architecture in patients with IBD.
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Introduction

The gastrointestinal (GI) epithelium plays an essential role in maintaining host
health through its ability to digest and absorb nutrients. At the same time, it is essen-
tial for providing a selective barrier that prevents translocation of harmful sub-
stances as well as pathogens and their products from the external environment to the
bloodstream. The intestinal epithelium is composed of a continuous single layer of
intestinal epithelial cells (IECs) that are sealed together by tight junction (TJ) pro-
teins. This epithelial layer allows the movement of materials from the mucosal side
of the epithelium to the serosal side via transcellular and paracellular pathways. A
mucus layer, secreted by specialized epithelial cells (goblet cells), is located on the
surface of the epithelium and is important for limiting the ability of gut bacteria and
pathogens to access host cells. The lumen of the GI tract also harbors a variety of
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commensal microorganisms referred to as the gut microbiota which accounts for
90% of the cells in the human body, approximately 10' total bacteria. The intestine
also secretes immunoglobulins, defensins, and other antimicrobial products that
contribute to maintaining a healthy environment. Beneath the epithelial layer is the
lamina propria which contains immune cells, fibroblasts, and plasma cells.

Disruption of the epithelial barrier can (1) affect efficient nutrient absorption, (2)
facilitate pathogen translocation into the bloodstream and cause systemic inflamma-
tion, and (3) alter gut microbiota composition [1]. As a consequence, barrier disrup-
tion can trigger the development of GI diseases such as inflammatory bowel disease
(IBD), celiac disease, and colon cancer [2-5]. Other systemic and metabolic dis-
eases such as type I diabetes can also be influenced by barrier changes [6, 7].
However, whether barrier dysfunction is causal or consequence of these systemic
and metabolic diseases is controversial. Recent studies from our lab and others
demonstrate that GI barrier dysregulation can critically affect bone health [8, 9]. In
this chapter, we will review several important aspects of intestinal epithelial barrier
function including tight junction protein composition, the mucus layer, epithelial
barrier integrity measurements, barrier alterations associated with disease pro-
cesses, and barrier dysregulation-induced bone loss during aging, dysbiosis, and
metabolic diseases.

Pathophysiology of Tight Junction Proteins

Tight junction (TJ) proteins connect adjacent epithelial cells on their apical side and
therefore are critical for controlling paracellular permeability by selectively regulat-
ing the flow of ions, solutes, and small molecules across the epithelium. TJ proteins
respond to a variety of stimuli including changes in diet, dysbiosis, viruses, inflam-
mation, antibiotic treatment, and/or humoral or neuronal signals [1, 4, 10]. Stimuli
can have positive or adverse effects on paracellular permeability depending on the
physiological status of the host [1, 11-13].

TJ protein complexes are composed of junctional adhesion molecules (JAM),
occludins, desmosomes, claudins, and cytoskeletal linker proteins such as zonula
occludens (ZO) (1-3) (Fig. 1). The ZO is a family of proteins (ZO-1, ZO-2, ZO-3)
that link the TJ proteins to the actin cytoskeleton. This interaction, between the TJ
and the actin cytoskeleton, is essential to maintain TJ structure and cytoskeletal
regulation of the epithelial barrier. Desmosomes do not directly connect adjacent
epithelial cells. Instead, they provide the adhesive force to ensure the integrity of the
epithelial layer [1, 14]. Alterations of the TJ complexes can increase paracellular
permeability and pathogen translocation that can induce sustained activation of the
mucosal immune system and tissue damage.

Several cytokines can modulate TJ complexes and affect intestinal permeability.
For example, the pro-inflammatory cytokine tumor necrosis factor alpha (TNFo)
can directly increase intestinal permeability in cultured intestinal epithelial cells and
mouse epithelium by dysregulating TJ proteins. In vitro, in a colon epithelial cell
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Fig. 1 Schematic representation of the intestinal tight junction proteins and their location. Tight
junctions are protein complexes that span between epithelial cells to form a tight barrier. They are
comprised of transmembrane proteins, such as occludin (red) and claudins (purple), and they are
connected to the actin cytoskeleton via a zona occludens (ZO-1 and ZO-2 (gray)). The transmem-
brane receptor JAM (junctional adhesion molecule (blue)) is also found at tight junction com-
plexes. Abbreviations: JAM junctional adhesion molecule, ZO zona occludens

line (Caco-2), TNFa-induced increases in TJ permeability were associated with
increased nuclear factor kappa beta (NF-xB) activation and nuclear translocation of
NF-xB p65 [13]. TNFa has also been shown to increase the expression of the myo-
sin light-chain kinase (MLCK), and inhibition of MLCK can prevent TNFa-induced
increases in permeability in intestinal epithelial cells [15, 16]. Similarly, interferon-y
(IFN-vy) increases paracellular permeability in T84 colonic epithelial cells. IFN-y
decreases ZO-1 protein synthesis, increases internalization of the TJ proteins, and
rearranges the actin cytoskeleton [17]. Interleukin-1p (IL-1f) can also regulate tran-
sepithelial permeability in vitro. IL-1f caused a progressive time-dependent increase
in transepithelial permeability in Caco-2 cells. This increase in permeability was
attributed to the rapid activation of the NF-kB by IL-1f [12]. On the other hand, the
role of the anti-inflammatory cytokine interleukin-10 (IL-10) in TJ regulation has
been demonstrated in IL-10 knockout mice. IL-10 knockout mice present with an
increase in ileal and colonic permeability at 2 weeks of age. However, this effect was
ablated in IL-10 gene-deficient mice raised under germ-free conditions, suggesting
a role of the microbiota in intestinal permeability in IL-10 knockout mice [18].

Studies in IBD patients indicate that TNFa levels are increased in the serum,
stool, and intestinal mucosa [19], and correspondingly, patients display increased
intestinal paracellular permeability that is characterized by suppression and redistri-
bution of occludins and claudin-5 and claudin-8, whereas claudin-2 expression was
upregulated [20]. Interestingly, people at high risk of developing Crohn’s disease
exhibit increases in small intestinal permeability [21]. Together, these studies dem-
onstrate that TJ proteins are regulated by cytokines, modify intestinal permeability,
and are linked to disease pathogenesis.
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GI Mucus Layer

The GI epithelium is covered by a layer of mucus that creates a physical barrier.
This barrier prevents the interaction of luminal microorganism with the surface of
the epithelium. It also serves as the first line of host defense and allows the exchange
of water, nutrients, and gases with the underlying epithelium. This layer is formed
by high molecular weight glycoproteins called mucins (MUC) that are synthesized
and secreted by goblet cells. Mucins are produced and stored in granules in the
goblet cell and then are transported and secreted into the lumen. They can be
secreted by continuous fusion (constitutive/basal secretion) or by exocytosis (exo-
cytosis/regulated secretion). There are two groups of mucins: secreted mucins and
transmembrane mucins. MUC2, MUC5AC, MUC5B, and MUC6 constitute the
secreted mucins and are responsible for the formation of the mucus layer. The trans-
membrane mucins (MUC1, MUC4, MUC13, and MUC16) don’t play a role in
mucus production. Under normal physiological conditions, goblet cells continually
produce mucins; however, factors such as cytokines, toxins, microbes, and micro-
bial products can negatively or positively regulate this process [22]. Disruption of
this process has been associated with GI diseases.

Inflammatory cytokines such as TNFa, IL-1, and IL-6 are known to be major
regulators of mucin synthesis and exocytosis. In vitro, in colon cells, TNFa and IL-6
increased the expression of the secreted gel-forming mucins (MUC2, MUCS5AC,
MUCS5B, and MUC6) [23]. TNFa enhanced MUC?2 transcription through the acti-
vation of the NF-kB pathway in colon cells [24]. Similarly, the anti-inflammatory
cytokine IL-10 enhances MUC?2 expression in goblet cells [25].

The gut microbiota depends on the mucus layer which serves as an energy source
for bacteria. The mucus layer also serves as a matrix for commensal bacteria attach-
ment and colonization that ultimately prevents opportunistic pathogenic bacteria
from binding/growing within the mucus. Cross talk between the intestinal microbi-
ota and mucus layer contributes to the regulated production of mucin by goblet cells
[26-28]. Studies in germ-free mice demonstrate that microbiota deficiency leads to
fewer goblet cells and thinner mucus layer in comparison with conventionally raised
mice, supporting the role of the microbiota and/or microbial products in modulation
of mucin synthesis and secretion [26]. Correspondingly, treatment of intestinal epi-
thelial cells (HT-29) with the probiotic Lactobacillus plantarum enhanced MUC2
and MUC3 mRNA expression levels [29]. Similarly, commensal microbiota break
down nondigestible carbohydrates into short-chain fatty acids (SCFAs) such as ace-
tate, propionate, and especially butyrate, which at low concentration can increase
mucus production and secretion [27, 28, 30]. Other microbial products, such as
lipopolysaccharides and flagellin, also increase mucin synthesis [31]. If mucin pro-
duction is chronically stimulated, goblet cells become depleted of mucin, and the
lack of mucus secretion can lead to increased permeability and disease [32]. Taken
together, mucus secretion is highly regulated by a variety of conditions/factors and,
along with tight junctions, contributes to intestinal barrier integrity.
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Epithelial Barrier Integrity Measurements

The intestinal epithelial barrier plays an essential role in host health as well as in GI
diseases. Several tests have been developed to improve the diagnosis of GI diseases
such as IBD. These tests (discussed below and in Table 1) include measures of
serum, fecal, and urine biomarkers that are altered as a consequence of intestinal
barrier dysfunction (i.e., inflammation) or that directly assess barrier permeability
(i.e., endotoxin).

Serum

Serologic markers for epithelial barrier integrity in IBD patients includes C-reactive
protein (CRP) measurements [33, 34]. CRP levels are elevated in the serum of
patients with acute IBD, with almost 100% of patients with CD showing an increase
of this protein in the serum [33, 35]. Serum measurements of inflammatory markers
such as cytokines and neutrophils can also be performed. However, plasma/serum
levels of inflammatory markers, including CRP, are not specific for gut inflamma-
tion since they can also be increased in other inflammatory conditions.

Breakdown of the epithelial barrier can lead to the translocation of the microbi-
ota or their toxic products. Markers of bacterial antibodies for Escherichia coli and
Pseudomonas fluorescens have been used to identify children with IBD with 67%
sensitivity and 76% specificity [36]. Bacterial metabolic products, such as D-lactate
or cell wall components such as LPS/endotoxin, are also commonly measured.

Table 1 Methods for the assessment of intestinal epithelial barrier integrity

Test Measured in Advantages Disadvantages

Ex vivo

Ussing chamber Small and large | Site specific Invasive
intestine

In vivo

C-reactive protein (CRP) Serum Noninvasive Low sensitivity

Inflammatory markers (e.g., | Serum Noninvasive Nonspecific

cytokines)

Bacteria metabolic products | Serum Noninvasive High sensitivity

(e.g., LPS)

Fatty acid binding proteins Serum/urine Noninvasive

(FABP)

Calprotectin and lactoferrin | Feces Noninvasive Nonspecific

Dual sugar test (e.g., Urine Noninvasive Time consuming

mannitol, lactulose)

Polyethylene glycols (PEG) | Urine Noninvasive Time consuming

Small and large intestine
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Baseline levels of these markers are low in healthy individuals, whereas increased
circulating LPS/endotoxin levels are related to an impaired mucosal barrier and
increased levels of D-lactate are correlated with intestinal injury [37].

To estimate enterocyte damage, measurement of the fatty acid binding proteins
(FABP) can be performed in the urine or plasma. FABP is located on top of the villi,
and an increase in FABP in the blood or urine can be used as a marker of early stage
intestinal diseases [38—40]. Levels of FABP rise rapidly after GI inflammation and
have been correlated with the histological status of the epithelium after GI
inflammation.

Feces

Invasive methods to test gut epithelial barrier inflammation in humans are not fea-
sible. However, fecal proteins such as calprotectin and lactoferrin are specific mark-
ers for mucosal inflammation in intestinal diseases [41] and can identify patients
with IBD, assess disease activity, and predict relapse [42, 43]. Calprotectin is a
36 kDa calcium- and zinc-binding protein. Approximately 60% of the cytosolic
protein content in the neutrophils is made up of calprotectin. During intestinal
inflammation, neutrophils migrate to the mucosa, and any break in the mucosal bar-
rier results in the leakage of neutrophils into the lumen. Hence, the presence of
calprotectin in the feces indicates the migration of neutrophils to the intestinal
mucosa and potential leakage of these cells into the lumen. Calprotectin is stable in
feces, and its concentration represents an indirect measure of neutrophil infiltration
and barrier breaks. Lactoferrin is an iron-binding protein that is also found in neu-
trophils, specifically neutrophil granules. Lactoferrin is secreted during inflamma-
tion; when the intestine is inflamed and neutrophils are present, lactoferrin levels
increase in the lumen and stool [41, 44].

Urine

Intestinal permeability can also be assessed by using small- to large-sized probe
molecules [45, 46]. This approach involves oral ingestion of sugars, such as man-
nitol and lactulose, and measuring their subsequent concentration in the urine over
a period of time (usually 5 h). Mannitol is a monosaccharide with a molecular
weight (MW) of 182 Da and a molecular radius of <0.4 nm. Lactulose is a disac-
charide with an MW of 342 Da and a molecular radius of 0.42 nm. The different
sizes of the molecules allow for the measurement of transcellular and paracellular
routes of permeability across the epithelia [44]. Large molecules, such as lactu-
lose, are thought to traverse the epithelium by paracellular pathways. Small mol-
ecules, such as mannitol, cross the epithelium predominantly by the transcellular
pathways. Neither sugar should be fermented by bacteria nor metabolized in the



Epithelial Barrier Function in Gut-Bone Signaling 157

body. Thus, the ratio of urinary excretion of the relatively large molecule is
compared with that of the relatively small molecule, and permeability is expressed
as the ratio [45].

One concern with this approach is that many factors can influence the uptake of
these sugars by epithelial cells, including (1) GI motility, (2) the use of medications
such as nonsteroidal anti-inflammatory drugs, (3) intestinal transit time and surface
area, (4) mucosal blood flow, and (5) renal clearance; these effects can potentially
yield false-positive results. However, when both the large and small molecules are
combined in the test solution at a fixed concentration ratio, the effects of variables,
such as gastric emptying, intestinal transit time, and renal clearance, will apply
equally to both. Thus, the urinary excretion ratio will be influenced only by the dif-
ference in gut permeability for each molecule.

Polyethylene glycols (PEG) have also been used to test intestinal barrier func-
tion. PEGs that have a molecular weight of 400—4,000 Da can only cross the intes-
tinal mucosa under conditions of barrier integrity loss. PEG can be used to measure
both small and large intestinal permeability and are not degraded by bacteria. PEG
have been used to test changes in permeability in IBD and Crohn’s patients [47, 48].

Barrier Pathophysiology in Development

Pediatrics

The intestine at birth is not fully developed, and many factors, such as diet, stress,
and microbiota, have been implicated in influencing its permeability during devel-
opment [49-51]. Increased intestinal permeability in infancy may lead to diseases
that persist throughout childhood as well as those that appear later in life, such as
IBD. Immune system involvement, which is developed alongside microbiota and
diet changes, is also a significant indicator of the health of the intestinal barrier.
Because of the fundamental differences in development between children and
adults, it is important to consider pediatric intestinal barrier physiology separately.
The intestinal mucosal barrier significantly matures after birth, coinciding with
changes in microbial composition and diet changes. At birth, the child is introduced
to microbes, traditionally through contact with the birth canal, which colonize the
intestine. It has been shown that vaginally born infants have higher numbers of
Bifidobacteria and Bacteroides when compared with infants born through cesarean
section [52]. In addition, the presence of Bifidobacteria in breast-fed infants corre-
sponds with breast-fed infants having lower intestinal permeability than cow’s milk
formula-fed infants [53]. Other studies have shown that B. infantis promotes intes-
tinal barrier function by regulating tight junctions. Infant mice treated with B. infan-
tis exhibited decreased internalization of claudin-4 and occludin, which effectively
decreased the incidence of necrotizing enterocolitis [54]. Mucin production also
contributes to barrier integrity due to its importance in building the mucosal layer.
In mice, the maturation and production of these glycoproteins occur after weaning,
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signifying the role of diet as well as hormonal and other age-associated factors in
barrier development [55].

Increased intestinal permeability is associated with a variety of intestinal as well
as extra-intestinal diseases, many of which persist or manifest in adulthood. Since
the intestinal microbiota takes approximately 2.5 years to become functionally
mature, the clinical impact of any large shifts in microbial composition during this
developmental period can significantly impact intestinal permeability [56]. It has
been suggested that traumatic GI events in early infancy, during the period of barrier
maturation, are more powerful indicators of eventual disease than events occurring
outside this “critical window.” As evidence for the possibility of an early life distur-
bance creating lasting effects on barrier function, the trauma of maternal separation
during weaning has been shown to predispose adult rats to enhanced intestinal per-
meability in response to stress [50].

The intestinal immune system in infants develops upon antigen exposure, direct-
ing attention to the importance of gut microbial colonization in relation to successful
barrier function. Immunoglobulin A (IgA) is a class of antibody first received in
breast milk and is then produced by the gut mucosa. Interestingly, by 24 months, both
mono- and dizygotic twins had IgA responses comparable to unrelated children
although significant differences were observed at older ages, suggesting a level of
maturation acquired by age two [57]. This roughly coincides with the stabilization of
the makeup of the microbiome at 2.5 years. The interplay among microbial coloniza-
tion, diet, immune system, and the intestinal barrier is fundamental to the health of the
gastrointestinal tract. Insults to the intestinal barrier at a young age can induce dis-
eases such as IBD that appear in childhood and possibly persist through adulthood.

Early life disturbances such as premature birth, which can increase intestinal
permeability, can also affect bone density [58]. In fact, 16-40% of very low birth
weight (VLBW, <1.500 kg) and extremely low birth weight (ELBW, <1.000 kg)
infants are estimated to develop bone metabolic diseases [59]. Examination of
growth and bone mineralization among children born prematurely (birth weight less
than 1.5 kg) indicates reduced lumbar bone mineral density and content compared
to full-term children [59]. During this early period of life, the intestinal barrier is
particularly permeable to allow antibodies in the mother’s colostrum to cross into
the infant’s blood. This increased permeability in neonates can cause intestinal
inflammation and can lead to necrotizing enterocolitis (NEC) [60]. While a direct
link between early changes in bone density with reduced barrier function in neo-
nates and children has yet to be proven, studies in inflammatory bowel patients and
animal models support this link (see section on “IBD” below). For example, chemi-
cally increasing barrier permeability in young (5 week old) growing mice causes
reduced bone density and stunted growth compared to control mice [61]. It is note-
worthy that when the inflammatory insult is removed, the young mice are able to
fully regain bone density and length 5 weeks later [61]. Taken together, the data
support the need for more studies to understand the role of the gut epithelial barrier
in early life disturbances in bone physiology.
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Aging

Several studies have shown that aging can have profound effects on the GI tract.
Approximately 35-40% of elderly patients report having at least one GI tract com-
plication during a routine medical exam [62]. Effects of aging in the GI tract include
changes in permeability, motility, inflammation, and disruption of the gut microbi-
ota. However, the mechanisms by which aging contribute to shifts in any of these
effects and their influence on epithelial barrier and bone health are poorly under-
stood. This is in part because it is difficult to discern if changes are due to normal
aging and common age-related disorders or result from disease treatments. This
section will discuss the effects of aging on intestinal permeability, inflammation,
and microbiome, and while no papers directly link barrier changes with age-related
bone loss, we will discuss potential connections.

Changes in Permeability

Several studies have shown that aging can have detrimental effects on intestinal
barrier permeability. A study looking at 34- vs. 133-week-old rats demonstrated
that the younger rats excreted 34.3% of the administrated PEG 400 in the urine,
while 43.6% was excreted by the older rats [63]. Similarly, another study showed
that as rats age (12—112 weeks), intestinal permeability to PEG 400 and mannitol
increased [64]. Colonic mucosal biopsies from young and old nonhuman primates
(baboons) demonstrate significant differences in permeability and TJ proteins. The
older baboons displayed a significant decrease in ZO-1, occludin, and JAM-A pro-
teins, and an increase in claudin-2 expression, all of which correlated with increased
permeability in the old-aged group [65]. Another study in monkeys found that old
monkeys have an increase in FITC dextran flux compared to young monkeys [66].

A cross-sectional study of nonsmoking healthy adults, between 60 and 85 years
old, showed no difference in the permeability index (PI = lactulose/mannitol)
between young and older humans. However, the study had some limitations such as
that the older age group consisted of predominantly males, and sex difference may
play arole in intestinal permeability [67]. In an ex vivo assay by Man et al. [68], the
authors demonstrated that the transepithelial electric resistance (TEER) is affected
in the aged humans. In their study, the effects of age on TEER were tested using
ileal biopsies from healthy humans, young (7-12 years), adult (20-40 years), and
aging (67-77 years). The TEER was significantly reduced in the aging biopsies,
whereas no difference was observed between the two younger groups. The increase
in permeability in the aging group appeared to be restricted to solutes since the
permeability to macromolecules was not affected by aging [68]. There were no
changes in mRNA expression of ZO-1, occludin, and JAMA-1 in the aging group
compared with adults and young individuals. On the other hand, they observed that
levels of claudin-2 were significantly increased in the aging group and not in the
adult group, suggesting that claudin-2 play an important role in intestinal
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permeability [68]. It has also been proposed that the changes seen in intestinal
permeability in aging people can be due to an increase in inflammation and/or dis-
ruption of the gut microbiota.

Changes in Mucosal Immune System

Aging is associated with a decline in the immune response [69, 70]. About 50% of
the older age group are affected by low-grade chronic inflammation known as
“inflammaging” [71]. In a steady-state situation, the IECs communicate with the
intestinal immune system to regulate intestinal homeostasis. IECs regulate the intes-
tinal immune homeostasis through the secretion of cytokines that control dendritic
cells and T-regulatory cells. This interaction helps to discriminate between invasive
pathogenic organisms and harmless antigens. Several studies have reported a dys-
regulation in the intestinal immune homeostasis in different models of aging.
Specifically, it has been shown that the function of the gut-associated immune sys-
tem is impaired in elderly humans [66, 68, 72, 73].

Using monkeys as a model of human aging, researchers found that old monkeys
have greater systemic inflammation as compared to young monkeys. This increase
in inflammation was attributed to an increase in serum CRP [66]. In a similar study
using baboons, it was found that aged baboons have a significant increase in IFN-y,
IL-6, and IL- in colonic biopsies. In the same study, the old animals presented an
increase in colonic permeability [74]. These results suggest that dysregulation of the
immune system can alter intestinal permeability.

Several studies in humans have also confirmed the effects of aging on the intes-
tinal immune response. Ileal biopsies from young (7—12 years), adult (20—40 years),
and aging (67-77 years) individuals were assessed for inflammatory cytokine lev-
els. They noticed an increase in the expression of IL-6, but not IFN-y, TNFa, and
IL-1P, in the aging group. The increase in IL-6 was attributed to an increase in
dendritic cells. They also demonstrated a correlation between IL-6, claudin-2, and
permeability [68]. Many studies indicate that IL-6 expression is induced with aging.
Animal studies showed that the decline in the production of IL-1 B, TNFa, and
IL-12, in response to LPS in aging, is restored in aging IL-6-deficient knockout
mice, suggesting that IL-6 is responsible for the changes in the mucosal immune
system during aging [75]. In conclusion, the pro-inflammatory state observed in
aging populations may be related to dysfunction of the intestinal barrier.

Changes in Intestinal Microbiota

In a healthy intestinal tract, the microbiota and the gut immune system interact to
maintain a homeostatic equilibrium. Perturbation of this homeostatic equilibrium
has been strongly associated with many human diseases such as obesity and IBD
[76, 77]. The intestinal microbiota supplies nutrients as well as protects the



Epithelial Barrier Function in Gut-Bone Signaling 161

intestinal barrier against pathogens [78]. A variety of factors including the host and
microbiological, dietary, and environmental factors can disrupt the gut microbiota.
Because of the crucial role of the intestinal microbiota in host homeostasis, it is
important to study the age-related differences in microbiota and how it influences
intestinal function.

It has been demonstrated that the human intestinal microbiota undergoes matura-
tion from birth to adulthood and is further altered with aging. A study looking at
age-related differences in the gut microbiota composition among young (average
31-years old), elderly (average 72 years old), and centenarian humans (average 100
years old) demonstrated that the composition and diversity of the gut microbiota do
not differ between young adults and elderly groups. However, there was a signifi-
cant difference between the elderly and centenaries [79]. These differences were
attributed to an increase in facultative anaerobes, mostly belonging to Proteobacteria
and Bacilli in the centenarian group. The Firmicutes/Bacteroidetes ratios did not
differ between the young and centenarian groups. In the same study, measurements
of inflammatory cytokines were performed. An increase in IL-6 and IL-8 was
observed, but not TNFa. They also found a positive correlation between bacteria
belonging to the phylum Proteobacteria with IL-6 and IL-8 [79]. Species diversity
was found to change with age in bacteria isolated from fecal samples from healthy
young and elderly adults. On the other hand, the overall numbers of organisms were
similar at the genus level [80]. In a different study, the results showed a change in
bacterial genera with age and a reduction in the numbers Bacteroides and
Bifidobacteria in the elderly group. These reductions were accompanied by reduced
species diversity [81]. The Firmicutes/Bacteroidetes ratio of the human microbiota
increased with age [82]. This shift in microbiota composition might result in a
greater susceptibility to diseases by altering intestinal permeability among other
consequences.

Intestinal Changes and Bone Health

While we do not know of any study directly linking the effect of aging on gut
barrier-to-bone signaling, the intestinal changes that occur with aging are associated
with bone loss in other conditions. Specifically, the strongest link between gut per-
meability and bone loss comes from colitis studies where barrier disruption in adult
animal models leads to bone loss, even without weight loss [61, 83, 84]. Thus, as
animals and humans age, intestinal permeability increases [61, 63—-66, 68] and
could contribute to age-related bone loss. In addition, increased permeability likely
promotes low-grade chronic inflammation, termed “inflammaging” [66, 71, 74],
and many studies link low-grade inflammation with bone loss [61, 83, 84]. In the
future, studies are need to test if a direct link exists between barrier function and
bone health in the elderly, since this could be a promising target for new
therapeutics.
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Menopause

Menopause is the natural cessation of menstruation and decline in reproductive
hormones. One of the most significant reproductive hormones in females is estro-
gen, produced primarily in the ovaries. It is also produced at extra-gonadal sites
including adipose tissue, skin, osteoblasts, osteoclasts, aorta, and the brain. After
menopause, adipose tissue is the main source of estrogen. There are several forms
of estrogen, 17f-estradiol being the most prevalent circulating estrogen. Only a
small amount in the plasma is free and active, most is bound to globulin or albumin.
The two primary receptors for estrogen are estrogen receptor o (ERa) and estrogen
receptor f (ERp), both of which are nuclear receptors. ERa is typically associated
with secondary sex characteristics and regulation of the menstrual cycle in females
and sperm maturation in males [85]. ERf has less of a role in the classical estrogen
target tissues and has been found to be more dominant in the brain, cardiovascular
system, and the colon [86, 87]. A decrease in estrogen levels during menopause has
been attributed to osteoporosis that occurs in postmenopausal women, but the role
of declining estrogen in intestinal permeability is only beginning to be understood.
In ovariectomized Wistar rats, colonic paracellular permeability was increased sig-
nificantly, and this was reversed by estrogen treatment (estradiol benzoate) [88].
Consistent with this, colonic paracellular permeability decreases during the estrus
phase (high levels of estrogen) of the rat when compared to the diestrus phase (low
levels of estrogen) [88]. Although estrogen treatment has been shown to predispose
ovariectomized rats to development of ulcerative colitis-induced tumor develop-
ment [89], most studies to date have shown that estrogen treatment decreases
colonic paracellular permeability and reduces IBD symptom severity [88, 90, 91].
ERp is the predominant estrogen receptor in the intestinal tract. Whole body ERf}
knockout mice display altered intestinal cell proliferation, decreased apoptosis, and
abnormal villus/crypt architecture throughout the intestine [92]. One potential
mechanism that could account for estrogen effects on the intestine is through its
alterations in TJ and adhesion molecules which would alter intestinal permeability
[93]. In models of IBD (IL-10-deficient mice and HLA-B27 rats), ERp mRNA
levels were decreased and colonic permeability increased [91]. Similarly, treatment
of cell culture models of intestinal epithelial layers (HT-29, T84, Caco-2) with
estrogen receptor antagonists increases permeability, while estrogen treatment pre-
vents this outcome [88, 91]. Our lab demonstrated a significant increase in intesti-
nal permeability 1 week post-surgery in the absence of estrogen (OVX model) in
mice. Section-specific changes in permeability were also measured ex vivo by
Ussing chambers which demonstrated that the ileum had the most dynamic changes.
This study indicates that estrogen deficiency induces region-specific effects on
intestinal permeability [93]. Thus, estrogen appears to predominantly inhibit
increases in intestinal permeability, and therefore an increase in permeability dur-
ing menopause could lead to increase in systemic and bone inflammation that could
contribute to bone loss.
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In addition to altering epithelial barrier function, estrogen has also been shown
to impact calcium absorption in the intestine, which is important for bone mainte-
nance. Several studies identified decreases in intestinal and renal calcium absorp-
tion following estrogen deficiency [94-98]. Though the exact mechanism is not well
understood, it is thought that estrogen deficiency leads to downregulation of the
expression of transcellular calcium transport protein plasma membrane calcium
pump 1b (PMCAIb) , transient receptor potential cation channel subfamily V mem-
ber 5 (TRPVS), and calbindin-D-28K (CaBP28k) [94]. Furthermore, estrogen has
been found to increase vitamin D receptor (VDR) gene and protein expression as
well as 1,25(OH),D; activity in the colon, which leads to increased intestinal cal-
cium absorption [99, 100]. Taken together, these studies suggest that estrogen could
modulate bone health via multiple mechanisms that depend on intestinal barrier
function (permeability and calcium/vitamin D metabolism).

Given that one out of two postmenopausal women will fracture a bone [101], the
potential for using the gut as a therapeutic target to treat osteoporosis has increased
research in this area. Recent studies support a role for intestinal health in the pre-
vention of bone loss in ovariectomy (Ovx) mice [8, 102]. Decreasing intestinal
inflammation or altering the gut microbiome leads to the prevention of bone loss
[8, 102]. Our lab has shown that treatment with the probiotic Lactobacillus reuteri
significantly protected Ovx mice from bone loss. This prevention of bone loss by
Lactobacillus reuteri was attributed to a decrease in osteoclastogenesis and an
increase in bone marrow CD4+ T-lymphocytes. Lactobacillus reuteri also modifies
microbial communities in the Ovx mouse gut [102]. In a different study, research-
ers found an increase in gut permeability and cytokines (TNFa and IL-17) in the
small intestine of Ovx mice. Surprisingly, in the germ-free mice, the effect of estro-
gen deficiency in gut permeability and cytokine dysregulation was ablated, sug-
gesting a role of the gut microbiota in Ovx-induced bone loss. Treatment with the
probiotic Lactobacillus rhamnosus GG (LGG) or the probiotic supplement VSL#3
reduces gut permeability and intestinal inflammation and completely protects
against bone loss induced by estrogen deficiency [8]. Together, these data highlight
the role that of the gut epithelial barrier and microbiota in bone loss induced by
estrogen deficiency.

Barrier Pathophysiology in Disease
Dysbiosis

The intestinal microbiota has been described as a virtual organ that exhibits a com-
plex bidirectional cross talk with the environment and other systems throughout the
body [103, 104]. The intestinal barrier acts as a wall between the intestinal micro-
biota and the host’s immune system. Under normal conditions, the intestinal
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epithelium has numerous adaptations such as antimicrobial peptides and mucins
that keep the intestinal microbiota away from the gut epithelial layer [105-108].
The TJ also impede microbial invasion into the host tissue [109]. This intestinal
epithelial barrier and its adaptations are not static but can be regulated by a variety
of external factors such as alteration to the gut microbiota (i.e., dysbiosis).

A number of factors can alter intestinal microbial composition. These include
medications such as antibiotics, psychological and physical stress, radiation, altered
peristalsis, and dietary changes [110-114]. This can lead to alterations in bacterial
metabolism as well as overgrowth of potential pathogenic bacteria [115]. Changes
to the gut microbiota during dysbiosis have now been linked to a myriad of diseases
such as IBD, irritable bowel syndrome (IBS), obesity, and rheumatoid arthritis
[116—-119]. Importantly, dysbiosis can also lead to disruption of epithelial barrier
leading to unwanted consequences [49] (Fig. 2).

Altered gut microbiota can signal through pattern recognition receptors on gut
epithelial cells, activating the NF-kB pathway and leading to changes in gut homeo-
stasis [120]. Epithelial cell NF-xB activation increases pro-inflammatory cytokines
such as TNFa, IL-1, and INFy [121]. An increase in gut INFy and TNFa protein
levels has been shown to increase intestinal permeability [122, 123]. This altered
protein composition decreases barrier properties and leads to leaky gut properties.
The exact mechanism behind these effects is not well characterized [19]. Dysbiosis
has also been linked to increase in IL-1p, which has also been shown to increase
permeability by decreasing TJ protein occludin expression [12].
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Fig. 2 Schematic representation of the gut epithelial layer in healthy gut vs. dysbiosis. In the
normal state, the mucus layer prevents the interaction between the gut microbiota and the intestinal
epithelial barrier. Underneath the epithelial layer is the lamina propria. The lamina propria is com-
posed of connective tissue and cells of the innate and adaptive immune system: mast cells, macro-
phages, dendritic cells, and lymphocytes (T and B). The composition of the intestinal epithelial
layer can be influenced by many factors including antibiotic treatment, psychological and physical
stress, radiation, age, and diet. This can lead to alterations in bacterial metabolism as well as over-
growth of potential pathogenic bacteria. This dysbiosis is associated with increased levels of per-
meability, bacterial translocation, and inflammation
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Additionally, dysbiosis of the gut microbiota also influences other adaptations
such as mucin production which in turn influences gut barrier function. Intestinal
mucins can inhibit bacterial adhesion to the intestinal epithelial cells, limiting
immune responses and maintaining barrier function. The commensal microbiota
has been shown to regulate production of intestinal mucins [124]. The abundance of
mucolytic bacterium, which has the ability to degrade mucins, has been shown to
increase 100-fold during dysbiosis observed in IBD [125]. In addition, under dys-
biosis, pathogens can secrete proteases that have been shown to cleave MUC?2, the
main mucin component, thereby decreasing mucin levels [126]. Decreases in the
mucin layers have been shown to compromise the intestinal barrier function leading
to increases in intestinal permeability and microbe penetration [127]. All of the
effects of dysbiosis on the gut barrier function can also lead to systemic changes in
the body including bone loss [128-130].

Intestinal dysbiosis has also been shown to affect bone density [8, 102, 131-
133]. The role of the microbiome in regulating bone remodeling was shown in
germ-free mice (in C57BL/6 background) which have increased femoral bone den-
sity (both trabecular and cortical) when compared to conventionally raised mice
[130]. This increase in bone density was attributed to a decrease in osteoclast as well
as inflammatory cytokines in the bone and bone marrow in the germ-free mice vs.
conventionally raised mice [130]. However, the effects of microbiome on bone den-
sity, as determined by studies using germ-free mice, are not consistent across mouse
strains and/or sex [8, 128, 130, 134]. In addition, the impact of the microbiota
changes on the epithelial barrier was not been fully examined. It is possible that
changes in the microbiome that promote greater barrier function could benefit bone
density, while a more pro-inflammatory microbiome could cause bone loss, thereby
explaining the inconsistencies between studies.

The previous work has demonstrated that gut dysbiosis promotes inflammation in
the bone marrow that correlates with bone loss [83]. It has been hypothesized that
dysbiosis disrupts barrier function leading to increases in inflammation and activates
T cells leading to enhanced expression of TNFao in the bone marrow [135, 136]. The
increase in TNFa stimulates osteoclastogenesis and/or enhances osteoblast apopto-
sis, thus disrupting normal bone homeostasis leading to bone loss [135, 136]. The
mechanism by which activated T cells are increased in the bone marrow in response
to changes in the gut microbiota is not completely understood; T-cell activation could
be due to gut antigens crossing the intestinal barrier consequent to dysbiosis [137].

The finding that dysbiosis can alter bone density led to studies investigating the
role of both pre- and probiotics in bone health. Prebiotics are nondigestible ferment-
able nutrients which promote the growth of beneficial microorganisms [138]. In
vitro studies indicate that prebiotics can enhance intestinal epithelial barrier func-
tion and increase tight junction protein expression [139]. Under healthy and
estrogen-deficient conditions, prebiotics (such as fructo-oligosaccharides (FOS)
and inulin) also increase bone health parameters [140—143]. In addition, probiotics
(live microorganisms which have a beneficial effect on the host) have been shown to
increase barrier function and bone health. The probiotic Lactobacillus reuteri has
anti-TNFa properties, reduces gut inflammation, and strengthens gut barrier func-
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tion in vitro [102, 132, 144]. When given to mice, L. reuteri treatment was found to
increase bone density in healthy male mice in addition to preventing bone loss in
both female ovariectomized mice and type 1 diabetic male mice [102, 133, 132,
145]. Taken together, these data demonstrate the role of the microbiome and intes-
tine in maintaining bone density.

Colitis/IBD

Inflammatory bowel disease is characterized by damage to the intestinal epithelial
barrier resulting in increased permeability and the resultant dissemination of the
commensal microbiota. This translocation of the luminal contents into the lamina
propria persistently stimulates the immune system leading to its hyper-activation
and eventual damage to the intestine. IBD can occur in two different forms, through
either ulcerative colitis, which affects only the large intestine, or Crohn’s disease,
which can occur anywhere in the gastrointestinal tract. This idea that IBD is caused
by the improper localization of the microbiota and other luminal contents is largely
supported through animal models of intestinal inflammation in that it is difficult to
elicit these diseases in germ-free conditions [146]. In animal models, decreased
epithelial resistance has been shown to precede microscopic inflammation [147].
This highlights the importance of maintaining a healthy epithelial barrier to protect
and regulate the permeability and translocation of the microbiota.

An important element in maintaining this healthy barrier is the constant mainte-
nance and restoration of the epithelial cells comprising this barrier as these cells age
and eventually undergo apoptosis (approximately every week). To maintain a
healthy barrier, the epithelial cells are constantly in a balance of proliferation,
migration, and differentiation, migrating from the base of the crypts to the crypt
surface or villous tip. Once their journey is complete, these epithelial cells are
removed through shedding/apoptosis that does not result in inflammation, normally
associated with mass apoptosis. In a disease state, such as IBD, this apoptosis is
greatly upregulated resulting in damage and increased permeability in the epithelial
barrier and impairment of its basic functions.

As mentioned before, one of the key factors maintaining the integrity and perme-
ability of the epithelial barrier are the TJ. Additionally, inflammatory conditions can
influence this regulation resulting in alterations in the mucosal barrier. Increases in
pro-inflammatory cytokine such as TNFa, IL-4, IL-6, and IL-13 have all been
shown to increase epithelial permeability and have been tied to increased expression
of claudin-2 in animal and human models as well as decreased expression of JAM-A
and occludin [148, 149]. For example, TNFa is responsible for the removal of clau-
din-1 from tight junctions. TNFa also induces occludin degradation while promot-
ing MLCK phosphorylation thus resulting in augmented paracellular permeability
[150, 151]. Not only can the expression of these TJ proteins be influenced but also
their localization within the cell can be dysregulated. Claudin-3, claudin-5, and
claudin-8 as well as occludin and JAM-A have all been observed to be internalized
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rather than expressed on the membrane in biopsies from patients with colitis [152].
These effects on the TJ proteins by inflammatory cytokines are in part mediated by
myosin light-chain phosphorylation through myosin light-chain kinase (MLCK).
This phosphorylation induces actomyosin contraction that can lead to openings in
the junctional gap. In fact, mice continuously expressing MLCK are more suscep-
tible to experimental colitis [153]. Furthermore, improper activation of protein
kinase C and Rho can modulate the actin cytoskeleton and influence tight junction
regulation and function [154].

In addition to causing a leaky barrier, IBD and ulcerative colitis negatively
impact bone [61, 83, 155, 156]. Patients with IBD have a 40% higher risk of devel-
oping osteoporosis than the general population [157]. Inflammatory cytokines also
increase in IBD and it is known that they can have negative effects in the bone [158].
Although it is not well known whether loss of intestinal barrier per se in IBD patients
is causal to bone loss in these patients (see chapter on IBD and bone for further
details), our lab has shown that intestinal inflammation without weight loss in an
IBD model can lead to significant bone loss suggesting a link [84]. Despite these
results, more studies need to be performed to further understand the role of intesti-
nal disruption in IBD effects on bone.

Type 1 Diabetes

Type 1 diabetes (T1D) is characterized by hyperglycemia and hypoinsulinemia and
requires treatment with exogenous insulin therapy. Intestinal health has been shown
to play a key role in the development of T1D [159-161]. Additionally, T1D-induced
changes in intestinal health and function have been suggested to contribute to fur-
ther T1D complications, such as osteoporosis [145]. Intestinal changes that have
been reported to precede or be caused by TID which can influence bone health
include intestinal barrier function or permeability and the intestinal microbiota
[162-169].

Intestinal barrier function has been implicated in the development of T1D [162,
166, 169—-172]. In rodent models of T1D, intestinal permeability or the “leakiness”
of the gut has been studied by measuring the amount of disaccharides and monosac-
charides in the urine following their oral administration. The spontaneously diabetic
biobreeding (BB) rat model of T1D shows an increased amount of permeability in
the stomach, the small intestine, and the colon [164]. The increased permeability in
both the stomach and small intestine appear prior to the development of overt dia-
betic symptoms [164]. During the prediabetes stage, BB rats that are diabetes-prone
have increased intestinal permeability, altered tight junction proteins (specifically
claudin-7), increased gut infiltration by neutrophils, and decreased numbers of gut
natural killer cells in comparison to BB rats which were diabetes resistant [163, 173].

Examination of intestinal permeability in human patients with T1D has been
limited and has shown diverse outcomes. An initial study examining the permeabil-
ity of the monosaccharide mannitol in T1D patients showed an increase in intestinal



168 N.D. Rios-Arce et al.

permeability [167, 174]. However, a subsequent study using pediatric T1D patients
showed no difference in the permeability to lactulose or mannitol except in patients
with a high-risk allele for celiac disease [167]. As of now, the role of gut permeabil-
ity in T1D is not well understood, and further research is needed to understand how
hypoinsulinemia affects barrier function.

The gastrointestinal system has the largest immune population in the body and
creates an interface between the external environment and the host and has been
linked with numerous other autoimmune diseases [175] in addition to T1D. T1D is
an autoimmune condition resulting from T-cell-mediated destruction of insulin-
secreting pancreatic p cells. As the gut houses the largest population of immune
cells, it is not surprising that alterations in the intestine can predispose patients to
the development of T1D. Furthermore, microbial communities within the intestine
have also been shown to alter immune cell number and differentiation [176—181].

Development of T1D has been shown to be preceded by changes in the micro-
biome in both human and rodent studies. Studies examining the microbiome in
T1D patients and control subjects found that T1D patients had less microbial
diversity, less microbial population similarities between individual patients, as
well as an increase in non-butyrate-producing bacteria when compared with non-
diabetic subjects [182]. In a study examining the microbiota in children prior to
the development to T1D (children were negative for anti-islet antibodies, how-
ever, they possessed the predisposing HLA genotypes), several bacterial taxa cor-
related with the development of anti-islet antibodies found in T1D children,
indicating that alterations in the microbiome may precede the development of
T1D [183]. In rodent models of T1D (non-obese diabetic (NOD) mouse and bio-
breeding rat (BBR)), exposure to specific bacterial strains or metabolic products
as well as vivarium hygiene can modulate T1D incidence [184—194]. Furthermore,
comparison of the microbiome between NOD and the genetically related but
T1D-resistant mouse (NOR) demonstrated an increase in beneficial microbe pop-
ulations in NOR mice [195]. Fecal transplant of NOD stool into NOR mice
increased insulin resistance; however, NOR stool transplant into NOD mice did
not prevent the development of T1D [195]. As the microbiome is highly influen-
tial in the development and activity of the immune system within the gut, research-
ers have sought to determine the role of intestinal immune function in the
development of TID. In humans with T1D, duodenal samples had increased
expression of pro-inflammatory cytokines, increased leukocytic infiltration, as
well as alterations in microbial populations within the microbiome (increase in
Firmicutes), which all contributed to a pro-inflammatory environment as com-
pared to healthy controls [196].

As the microbiome was found to be altered in both human and rodents with T1D,
studies have gone on to show that T1D prevention can be achieved by supplementa-
tion with both prebiotics and probiotics. Recently, in the non-obese diabetic (NOD)
mouse model, T1D severity was shown to be inversely correlated with levels of
acetate and butyrate, microbial metabolites. When these metabolites were replaced
in the diet, NOD mice were protected from the development of T1D [197].
Furthermore, the authors found that acetate supplementation decreased the activa-
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tion of autoreactive T cells, while butyrate supplementation increased the number
and function of regulatory T cells, thereby preventing autoimmune development of
T1D [197]. Several studies examining different probiotics have shown that altering
the microbiome can influence both the inflammatory state of the intestine and pre-
vent the progression of T1D [198].

In addition to intestinal changes, T1D is associated with many complications
including bone loss [199-201] (Fig. 3). Our lab demonstrated that treatment with
the probiotic Lactobacillus reuteri 6475 prevents T1D-induced bone loss in mice,
suggesting a role of the gut microbiota in T1D-induced bone loss. Interestingly, the
probiotic treatment prevented several of the bone pathologies of T1D including
marrow adiposity, suppressed Wnt10b expression, and suppressed osteoblast activ-
ity [145]. The prevention of bone loss occurred despite metabolic dysregulation as
indicated by high blood glucose levels. It remains to be seen whether T1D-induced
changes in gut permeability can directly influence T1D bone loss. Even if not causal,
it would be of interest to examine if reversing increases in T1D-induced intestinal
permeability can also reverse T1D bone loss.

Colitis/IBD Type 1 diabetes Obesity Menopause Aging '
e _

Mucus mm oo o :’_—_-
- - \I

Lamina propria Mast cell Macrophage
Blood stream

-Altered microbiome -Decreased nutrient absorption
l - Increased Inflammation -Increased intestinal permeabilitv,
Decreased bone density

Fig. 3 Model of intestinal epithelial disruption signals that can regulate bone density. Many fac-
tors such as aging, menopause, and metabolic diseases are known to disrupt the intestinal epithelial
layer. They can modulate gut microbiota composition and activity, increase intestinal permeability
and inflammation, and decrease nutrient absorption. These changes can result in local and systemic
responses that can affect bone density
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Obesity

Obesity is typically associated with several metabolic disorders and is characterized
by low-grade inflammation, the molecular origin of which remains unclear [202].
Several studies have reported that serum levels of bacterial LPS are modestly
increased in a high-fat diet and that LPS is capable of inducing metabolic disease
onset [203-206]. This increase in serum LPS suggests that in obesity the intestinal
barrier is compromised. In vivo, animal models of obesity have demonstrated
increased whole intestinal permeability via measurement of 4kD FITC-dextran
transport to the serum [204, 205] (Fig. 3). Ex vivo, studies utilizing the Ussing
chamber have reported increased permeability in the small intestine [206].
Interestingly, while the large intestine has the highest bacterial density and highest
levels of LPS, experimental models do not support a definitive causative role for
colonic gut barrier dysfunction in obesity. However, a role for increased colonic
permeability in obesity cannot be conclusively ruled out as further specific studies
are required [207].

The effect of obesity on intestinal permeability in humans is inconclusive.
Studies using lactulose (L) and mannitol (M), two sugar probes commonly used
to evaluate small intestinal permeability in humans, have shown either no change
or modestly increased permeability [207]. In a study investigating obese patients
with nonalcoholic steatohepatitis (NASH), the ratio of L/M excreted was similar
to healthy controls suggesting no change in intestinal permeability [208]. This is
supported in a study by Brignardello et al. [209] that looked at gut permeability
in asymptomatic, nonsmoking obese volunteers and observed no differences
compared to healthy controls. In contrast, a study by Teixeira et al. [210] reported
obese females exhibited higher levels of lactulose excretion but not mannitol than
the lean controls, suggesting that small intestinal paracellular permeability may
be altered in obese individuals.

Investigations into the mechanisms behind the increased intestinal permeability
in animal models have focused on expression of the TJ proteins. In a study by Brun
et al. [206] using ob/ob and db/db mice, distribution of occludin and zonula
occludens-1 (ZO-1) was reported to be profoundly modified in the small intestine,
suggesting disruption of TJ links with the cytoskeleton, a condition known to com-
promise the sealing properties of TJs [206]. Obesity-induced changes to TJ expres-
sion are further supported in studies by Cani et al. [204, 205]. In these studies, small
intestine gene expression of ZO-1 and occludin was reduced in mice fed with high-
fat diet and distribution altered in 0b/0ob mice. Expression of these genes had a sig-
nificant negative correlation with intestinal permeability [204, 205].

An increase in body weight due to obesity has been commonly considered to
have a positive effect on bone. However, recent studies demonstrated that bone
quality can be compromised in obesity [211, 212]. As mentioned before, obesity can
have several effects on the gut epithelium, but their effects on bone density are not
well known. It has been suggested that a high-fat diet may affect intestinal calcium
absorption and therefore decrease bone formation. Free fatty acids can form unab-
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sorbable insoluble calcium soaps and therefore decrease calcium absorption [213].
Several gut peptides whose levels are altered in obesity, such as ghrelin and incre-
tins, may be involved in bone metabolism [214-216]. Future studies need to be
performed to further understand the role of obesity and complex effects on the intes-
tine and their subsequent impact on bone health.

Conclusions

In this chapter, we discussed the importance of the intestinal barrier in maintaining
host homeostasis. We discussed different noninvasive methods such as serum, fecal,
and urine biomarkers, to further understand intestinal health. We also present infor-
mation on how disruption of this barrier can have detrimental effects in the host
including effects on bone. Factors such as inflammation, changes in microbiota,
aging, menopause, and disease have been shown to dysregulate this barrier. In addi-
tion, there is now emerging evidence that dysregulation of the intestinal barrier can
affect distant organs such as the bone.
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Impact of Enteric Health and Mucosal
Permeability on Skeletal Health and Lameness
in Poultry

L.R. Bielke, B.M. Hargis, and J.D. Latorre

GIT Health, Microbiome, and Pioneer Colonizers

In rodent medical models, intestinal inflammation and skeletal health are known to
implicate the importance of gut health in the ontogenesis of normal bone develop-
ment [1-4]. Intestinal barrier leakage and/or altered gut microbial composition has
been shown to markedly impact both osteoblast and osteoclast activities, systemi-
cally through circulation of gut immune cells and cytokines and locally by causing
inflammation of extraintestinal organs (such as the liver and bone marrow). Even
mild cases of heightened intestinal inflammation can cause bone loss in male mice
in the absence of any overt nutritional deficiencies or weight loss [4, 5]. Similarly,
using broiler chicken studies, Salmonella Enteritidis challenge did not affect growth
or feed utilization, but did decrease bone volume fraction and bone mineral density
(Fig. 1). In chickens, paratyphoid salmonellae are documented to cause mild enteric
inflammation, most notably increases in IL-6, IL-8, TNF-a, and IFN-y, and
decreased expression of IL-2, a cytokine that regulates tolerance of self [6, 7].
Conversely, selected probiotics are known to promote immune quiescence in the
GIT [7, 8]. A commercially used poultry probiotic that was selected for anti-
Salmonella activity was analyzed for its immune pathway effects by transcriptional
microarray analysis for regulation of multiple genes related to innate immune func-
tion. Particularly interesting were changes in expression of genes related to LPS
response and NF-kB and apoptosis pathways [9]. Similarly, Carey and Kostrzynska
[10] reported decreased IL-8 chemokine associated with lactic acid bacteria prophy-
lactic treatment of HT-29 cells exposed to Salmonella Typhimurium.
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Fig. 1 Changes in (a) bone volume fraction (expressed as a percent of total region volume) and
(b) bone mineral density in broiler chickens after Salmonella Enteritidis challenge. Chicks were
challenged on day of hatch by oral gavage, femur bone samples were collected on d21 and mea-
sured by pCT analysis. *indicates significantly different from control (P < 0.05)

On the other hand, ingredients selected for feed formulation have also a signifi-
cant impact on gut health, intestinal microbiota, bone quality, and performance
parameters. Feedstuffs included in livestock diets are often contaminated with anti-
nutritional factors such as phytates, trypsin inhibitors, tannins, lectins, and non-
starch polysaccharides (NSP; [11, 12]). Diets containing wheat, barley, or rye,
ingredients with elevated concentrations of highly branched arabinoxylans and
B-glucans, are poorly digested by poultry and other monogastric animals because
they do not produce endogenous enzymes capable of hydrolyzing NSP [13]. The
presence of these soluble NSP in the intestinal lumen can increase digesta viscosity,
which has a negative impact on nutrient absorption and interferes with access of
digestive enzymes to the endosperm of cereal grains [14]. Furthermore, an increment
in the feed passage rate through the GIT in elevated NSP diets, together with abun-
dance of unabsorbed nutrients in the intestinal lumen, promotes bacterial overgrowth,
generating dysbacteriosis and occasionally the presentation of enteric diseases such
as necrotic enteritis, a multifactorial disease caused by Clostridium perfringens in
chickens [15]. Consumption of diets with a high content of soluble NSP can affect
bone quality parameters by reducing the amount of conjugated bile acids in the intes-
tine, therefore diminishing the absorption of fat-soluble vitamins such as vitamin D
and minerals like calcium and phosphorus [16]. Recent enteric inflammation studies
have shown that high NSP-containing diets have effects on intestinal viscosity, bone
mineral content, and breaking strength, along with increased fluorescein isothiocya-
nate-dextran (FITC-d) leakage, an indicator of GIT mucosal permeability and enteric
inflammation. FITC-d is a chemical molecule (3-5 kDa) that usually does not pass
the intestinal epithelial barrier. However, when any condition affects tight junction
stability between enterocytes, the dextran-labeled molecule can enter systemic circu-
lation [17]. Mucosal integrity was also measured by translocation of recovered
Gram-negative enteric bacteria to the liver, showing that incorporation of feed ingre-
dients containing elevated soluble NSP levels has a detrimental effect on gut barrier
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permeability, resulting from intestinal dysbacteriosis and inflammation. Decreased
mucosal integrity was associated with a reduction in all bone quality parameters
evaluated including tibia strength, tibia diameter, and tibia mineral content, among
other observations resulting in poor performance parameters (Table 1; [18]).

Microflora within the intestinal tract provide valuable and well-known functions
that impact not only gut health, but the overall health of the host. The interaction
between the immune system of the gut and commensal microflora in animals begins
immediately after hatch or birth and leads to a low level of inflammation character-
ized by increased IL-8 expression [19]. This results in the infiltration of heterophils
and lymphocytes into the lamina propria and normalization of the intestinal immune
system [20-22]. Establishment of appropriate commensal bacteria in the intestines
as soon as possible after hatch is fundamental for the immune system to develop
properly and, in turn, to promote the effectiveness of some vaccines. However,
inflammatory intestinal responses may also directly and profoundly alter the gut
microbiota [23], leading to a cycle of increased enteritis and diseases such as necrotic
enteritis and even lameness.

Effect of Probiotics on Enteric Health

Recently, much focus in enteric microbial research has turned toward immune mod-
ulatory effects of probiotics, and much of this interaction takes place at the mucosal
interface of the GIT. Generally, the modes of action by which probiotics affect

Table 1 Evaluation of bone and mucosal leakage parameters in chickens fed with corn-based or
rye-based (high NSP) diets

Tibia strength Tibia Total ash
load at yield diameter from tibia Phosphorous (%
(kg/mm?) (mm) (%) Calcium (% of ash) | of ash)
Experiment 1
Corn | 5.04x0.011* |3.34x0.17* |55.01£0.41* 29.48+0.27* 18.15+0.12°
Rye 1.58+0.009° |1.61+0.28" |34.87+0.35" 18.48+0.27° 13.15+0.12°
Experiment 2
Corn | 6.14x0.01° 4.55+£0.32* |65.61+0.81° 37.65+0.07* 21.35+0.52°
Rye 2.58+0.03" 1.82+0.78" | 30.87+0.75° 21.32+0.46° 15.67+0.29°
Body weight Intestinal Serum Bacterial
(2) viscosity FITC-d (p g/ | translocation (CFU
(cP Logyp) | mL) Logio)
Experiment 1
Corn |283.21+10.57* | 0.30+0.04°> |0.20+0.01° 0.00+0.00°
Rye |110.69+5.21° |2.84+0.57* |0.42+0.05* 1.35+0.45°
Experiment 2
Corn |301.46+10.57* | 0.23+0.35* |0.31+0.03" 0.00+0.00
Rye |140.89+5.21° |2.90+0.83* |0.52+0.07* 2.40+0.73*

*Within columns indicate significant difference P < 0.05 (Adapted from Tellez et al. [18])
®Within columns indicate significant difference P < 0.05 (Adapted from Tellez et al. [18])
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inflammation fall into three categories, as reviewed by Lebeer et al. [24, 25]. These
include competitive exclusion, enhanced mucosal barrier function, and modulation
of local and systemic immune responses. While the former effect is dependent on
direct microbe-microbe interaction, the latter two are dependent on microbe-host
relationships, especially related to M-cells and monocyte lineage cells such as den-
dritic cells [24, 26-28]. Microorganism-associated molecular patterns (MAMPs)
interact with pattern recognition receptors (PRRs) on dendritic cells and macro-
phages to induce signaling cascades that mount molecular responses against micro-
organisms [29]. Flagella, fimbrial structure proteins, and lipopolysaccharides are
among the most common MAMPs on Gram-negative bacteria, whereas lipoteichoic
acid, peptidoglycans, and cell wall-associated polysaccharides are common MAMPs
on Gram-positive bacteria [25, 27]. Though many of these MAMPs are shared
between pathogens and probiotics alike, the host immune system clearly responds
differently to each, perhaps through different PRRs such as toll-like receptors and
lectin binding sites [30].

Some probiotics and prebiotics, as potential antibiotic growth promoter (AGP)
alternatives, have been shown to increase performance and have anti-inflammatory
effects, through a variety of mechanisms including increased production of volatile
fatty acids (VFA), known to have profound anti-inflammatory activity [31]. For
example, some work has indicated that increased VFA production was associated
with lactose supplementation [32], and improved production, especially in combi-
nation with specific lactic acid bacterial cultures [33—35]. These studies have shown
that application of these cultures reduced Salmonella colonization and improved
performance of poultry under laboratory and field trial conditions. Reduced inflam-
mation has been associated with stabilization of beneficial commensal bacterial
populations known to reduce expression of inflammatory cytokines and reduce gob-
let cell size and mucus secretion, supporting the premise that inflammation is a
precursor to opportunistic diseases [36—39]. This may explain why multiple classes
of antibiotics and effective probiotics enhance performance and indicate that effec-
tive AGP alternatives, through anti-inflammatory activity, could replace AGP for
improved performance and animal well-being.

Role of Mucosal Permeability in Development of Lameness
Disorders

Heavy bird breeds, especially commercial broilers, grow at an exceptionally fast
rate, with a 100-fold increase in body weight form day of hatch to 8 weeks of age,
when they reach processing weight. While selection for growth has primarily
focused on meat yield, rate of bone growth has also increased, but has not necessar-
ily kept up with lean tissue gains. Increases in incidence of lameness, especially
compared to that of lighter egg-laying breeds, suggest that there is a disproportion-
ate growth between bone and body mass [40]. Avian bone growth is rapid compared
to that of mammals, with growth plate turnover estimated at just 21 h. This is
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attributed to increased thickness of growth plates and unevenly aligned chondrocyte
columns [41]. Wideman and Prisby [41] suggested that chronic mechanical stress,
such as long periods of inactivity in the resting posture of broiler, creates osteochon-
drotic clefts (OC) between and within cartilage layers, which can be recognized as
osteochondrosis dissecans (OCD) or physeal osteochondrosis (POC). Osteo-
chondrosis dissecans was also recently described as a major predisposing factor in
the development of spondylitis in broilers, discussed in detail below [42]. The OC
cause poor blood flow that results in focal ischemia and necrosis, encouraged by
compression of cartilage layers. Colonization of these OC by bacteria, distributed
through blood, is a major contributor to the pathogenesis of lameness pathologies
such as bacterial chondronecrosis with osteomyelitis (BCO; reference), turkey
osteomyelitis complex (TOC; [43]), and enterococcal spondylitis (ES; 43). A pri-
mary source of hematogenous bacteria is the GIT, especially in avian species that
lack lacteals, emphasizing the importance of controlling leaky gut in animals in
order to reduce lameness [45]. Bacteria transmitted to chicks from breeder parents,
contaminated eggshells, or hatchery sources, or that enter circulation via transloca-
tion through the integument, respiratory system, or GIT, can spread hematogenously
to colonize OC. Translocated opportunistic pathogenic bacteria form bacterial foci
and sequestrate within the growth plate and adjacent metaphysis, where they are
notoriously inaccessible to antibiotics and cellular components of the immune sys-
tem. The ability of bacteria to bind cartilage and exposed bone collagen has been
implicated as a major pathogenicity factor for development of these diseases [46—
48]. Femoral and tibial BCO has been studied and reviewed extensively by Wideman
and Prisby [41] and will not be discussed in detail in this chapter.

Enterococcal spondylitis is a disease of broilers characterized by the formation
of an abscess in the free thoracic vertebrae (FTV), which leads to lameness. The free
thoracic vertebrae in birds are the freely movable thoracic vertebrae, T4, which
separates fused vertebrae of the notarium and synsacrum and is subjected to repeated
torsional and mechanical stress [49]. Birds affected by ES develop leg paralysis, due
to compression of the thoracolumbar spinal cord in FTV, at about 5-8 weeks of age
with 5-15% mortality in flocks due to inability of affected birds to eat and drink
[50]. Due to the late age of onset of lameness, this particular disease is incredibly
costly to producers, as affected chickens are near processing stage and a majority of
the cost of raising has been invested.

Compression of the spinal cord is due to growth of an abscess related to infection
by E. cecorum in the FTV. The FTV may be especially susceptible to infection due
to the fact that it is the only vertebra of chickens that has weight-bearing articula-
tions as the connection between the notarium and synsacrum. Borst and coworkers
[44] recently documented OCD, a condition in which cartilage in a joint dies due to
lack of blood flow and separates from its associated bone, in production flocks as
young as 7 days of age. Incidence of OCD in case flocks and control flocks was
similar, but genotype of intestinal E. cecorum varied, as well as age of initial isola-
tion. This suggests, as in BCO cases, that skeletal deformities do play a role in
development of disease, but ultimately, the presence of bacteria at the lesion site is
necessary.
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The presence of enteric bacteria in FTV, as a key component of the etiology of
kinky back, suggests that mucosal permeability may play a necessary role in the
pathogenesis of this disease. Thus, a means of prevention of kinky back could be
control of enteric inflammation that leads to mucosal permeability and systemic
circulation of bacteria. Some probiotics and prebiotics, as potential AGP alterna-
tives, have been shown to increase performance and have anti-inflammatory effects,
through a variety of mechanisms including increased production of volatile fatty
acids (VFA), known to have profound anti-inflammatory activity [31]. Interestingly,
inflammation of the gut mucosal epithelium has been shown as a key mechanism for
mucosal colonization by several pathogens and is supported by emerging data, pri-
marily from rodent studies, indicating that inflammation in the gut directly results
in dysbiosis where the overall diversity and abundance of bacteria are reduced [23].
Studies investigating the role of mucosal permeability in translocation of bacteria to
liver and Enterococcus cecorum to FTV after induction of mucosal permeability
models in broilers showed that increased levels of hematogenous bacteria, mea-
sured as liver CFU, matched the increased levels of E. cecorum recovery in
FTV. Additionally, elevated FITC-d in serum was noted in several inflammation
treatments (Table 2). With increased inflammation, regardless of cause, it is likely
that mucosal permeability is also increased, which would allow bacterial transloca-
tion of potential pathogens into systemic circulation, a key component of ES.

Table 2 Effect of enteric inflammation treatment on mucosal permeability and recovery of E.
cecorum from FTV. All groups, except control, were inoculated with E. cecorum on d11. Control
and EC groups were reared under normal conditions. Dexamethasone in feed, 0.56 mg/kg feed
(DEX, d4-11), rye-based diet (RYE, d7-11), and 15% dried distillers grain with solubles (DDGS).
Liver and FTV samples were aseptically collected on d15 and cultured on selective agar for E.
cecorum

Serum FITC-d (pg/mL) | Liver aerobic bacteria (Log;,

di1 CFU/g) d11 FTV E. cecorum d15
Experiment 1 Log10 CFU/g
EC 0.29+0.02° 1.15+0.442 0.92+0.33*
DEX 0.48+0.03° 2.46+0.34° 3.18+0.33°
RYE 0.38+0.01° 2.53+0.43° 3.57+0.22°
DDGS 0.33+0.03* 0.88+0.39* 1.47+0.43*
Experiment 2 (% incidence)
Control 0.06+0.02° 0.96+0.43* 10%¢
EC 0.10+£0.01* 1.29+0.43® 15%¢
DEX 0.23+0.02° 1.97£0.49% 75%"
RYE 0.19+0.01° 2.51+0.43° 50%*
DDGS 0.20+0.02° 2.08+£0.47%® 55%®

Letters with different superscripts, within experiment and column, significantly different
(P<0.05)

Letters with different superscripts, within experiment and column, significantly different
(P <0.05)

°EC significantly different from DEX and RYE when tested independently

dLetters with different superscripts, within experiment and column, significantly different
(P <0.05)
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Effect of Probiotics on Growth Performance and Bone Quality

An appropriate balance of microflora is suggested to play an important role in
growth and development of agriculture animals, but poultry-rearing practices pre-
vent exposure of hatching chicks to parental microflora and may have a negative
impact on the development of beneficial GIT microbial communities. To mitigate
the effect of dysbiosis in the GIT, diets have historically been supplemented with
subtherapeutic levels of antibiotics that effectively decrease the incidence of diges-
tive disorders and increase growth performance [51]. However, consumer demand
and pending government regulations challenge the poultry industry to find economi-
cally viable strategies to the conventional use of subtherapeutic antibiotics in poul-
try diets without affecting production parameters [52]. Continuous and extensive
research of suitable alternatives include feed additives, such as probiotics and direct-
fed microbials (DFM; 43, [53]), organic acids, and essential oils from plant extracts
[54], or bacteriophage therapy [55]. In the case of probiotics, a common commercial
type is lactic acid bacteria (LAB) that include the genus Lactobacillus and
Pediococcus, which are normally part of the microflora of many animal species [56].
However, LAB probiotics are not feed stable and must be microencapsulated, refrig-
erated, and/or lyophilized to prolong storage shelf life and usually are administered
in the drinking water. In this regard, among the large number of probiotic products
in use today, some are bacterial spore formers, mostly of the genus Bacillus. Used
primarily in their spore form, some Bacillus direct-fed microbials (DFM) have been
shown to prevent selected gastrointestinal disorders with an astonishing diversity of
species and applications [57]. While not all Bacillus spores are highly heat tolerant,
some isolates are the toughest life form known on earth [58] and can be used under
extreme heat and pressure conditions (pelletization). Moreover, it has been previ-
ously investigated that selected Bacillus strains can produce antimicrobial com-
pounds against Gram-negative enteropathogens that may promote enteric
inflammation and mucosal permeability, such as Salmonella spp., Escherichia coli,
and Campylobacter spp. [56]. Additionally, evidence suggests that Bacillus spores
can germinate in the GIT into metabolically active vegetative cells, which colonize
and can be considered as part of the microflora rather than just transiently present in
the gut [59]. Bacillus spp. are the most widely studied Gram-positive genera, and
are a model organism for research, and together with other bacteria and fungal spe-
cies, have been extensively used as a source of industrial enzymes and antibiotics by
biotechnology companies [60]. Not all Bacilli synthesize the same type of enzymes
and require selection and characterization of adequate isolates according to specific
target substrates in the diet.

It has been demonstrated that inclusion of an exogenous enzyme producing
Bacillus DFM in diets containing ingredients with high levels of soluble NSP sig-
nificantly reduced both viscosity and C. perfringens proliferation in an in vitro
digestive model [61]. These results were supported by later in vivo studies in which
chickens and turkeys fed with a rye-based diet. Added Bacillus-DFM candidate was
included in the experimental rye-based diet of 10-day-old turkey poults, and signifi-
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Table 3 Evaluation of body weight, digesta viscosity, and bacterial translocation to the liver in
neonatal turkey poults fed with a rye-soybean-based diet with Bacillus direct-fed microbial (DFM)
supplementation

Measurement Control* Bacillus DFMP
Experiment 1

Body weight (g)° 65.91+3.6¢ 82.85+4.2¢
Digesta viscosity (cP Log,)" 2.03+0.3¢ 1.54+0.2¢
Bacterial translocation (cfu Log)® 3.03+0.5¢ 1.24+0.5¢
Experiment 2

Body weight (g)° 74.47+1.6¢ 95.60+2.2¢
Digesta viscosity (cP Log,)" 2.80+0.4¢ 1.62+0.5¢
Bacterial translocation (cfu Log;)® 2.13+0.7¢ 0.35+0.4¢

Adapted from Latorre et al. [45]

*Control rye-based diet without DFM

*Control rye-based diet with candidate DFM (10° spores/g of feed)

‘Body weight n = 25; Data is express as Mean + SE.

dSuperscripts within rows indicate significant difference at P < 0.05

*Superscripts within rows indicate significant difference at P < 0.05

Digesta viscosity is expressed in Log,, (in centipoise, cP = 1/100 dyne s/cm?), n = 12
¢Liver bacterial translocation (expressed in cfu Log,¢/g of tissue), n = 12

Table 4 Evaluation of bone strength and bone composition in neonatal turkey poults fed with a
rye-soybean-based diet without or with Bacillus direct-fed microbial (DFM) supplementation

Measurement Control? Bacillus DFMP
Tibia strength load at yield (kg) 1.14+0.2¢ 2.55+0.1¢
Tibia diameter (mm) 4.45+0.3¢ 5.82+0.8¢
Total ash from tibia (%) 35.61+0.8¢ 50.87+0.7¢
Calcium (% of ash) 27.35+0.1¢ 40.31+0.5¢
Phosphorus (% of ash) 16.35+0.5¢ 22.67+0.3¢

Adapted from Latorre et al. [45]

Tibias were collected to evaluate bone quality (n = 12). Data is expressed as mean = SE
*Control rye-based diet without DFM

"Control rye-based diet with candidate DFM (106 spores/g of feed)

“Superscripts within rows indicate significant difference at P < 0.05

dSuperscripts within rows indicate significant difference at P < 0.05

cant improvements in intestinal viscosity, performance parameters, bacterial trans-
location, and bone quality were observed in supplemented animals (Tables 3 and 4),
suggesting that the consumption of a selected Bacillus DFM producing a variable
set of enzymes could enhance nutrient digestibility and promote healthy intestinal
integrity [45].

Additionally, the effects of dietary inclusion of a Bacillus DFM on bone quality
in chickens fed with a rye-based diet resulted in significant improvement in all bone
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quality measurements of 10-day-old broilers (Table 5). Similar results were also
obtained in experiment 3, where bone quality variables were measured in 28 days of
age, showing an increase in bone strength, percentage of ash, calcium, and phospho-
rus when a Bacillus DFM was included in the diet (P < 0.05). The study presented
in Table 4 resulted in increased tibia diameter in DFM-fed birds, but the latter
chicken experiments (Table 5) did not result. Both studies demonstrated that inclu-
sion of exogenous enzyme producing DFM in rye-based diets not only enhanced
bone quality parameters but also significantly improved growth performance, gut
health, and intestinal microbiota balance in comparison to animals consuming non-
supplemented diets.

Table 5 Evaluation of bone breaking strength and bone composition in broiler chickens
consuming a rye-based diet with or without dietary inclusion of a selected Bacillus direct-fed
microbial candidate

Item Rye diet Rye diet + DFM
Experiment I*

Load at break (kg) 1.67+0.01° 2.68+0.01¢
Tibia diameter (mm) 2.61+£0.28° 2.85+0.28°
Breaking strength (kg/mm?) 0.64+0.02" 0.94+0.01¢
Total ash (%) 34.87+0.35° 54.68+0.39¢
Calcium (%) 18.48+0.27° 36.48+0.87¢
Phosphorus (%) 13.12+0.12° 26.11£0.82¢
Experiment 2*

Load at break (kg) 1.75+0.03° 2.81+0.09¢
Tibia diameter (mm) 2.92+0.78° 2.90+0.28°
Breaking strength (kg/mm?) 0.60+0.03" 0.97+0.09¢
Total ash (%) 30.87+0.75° 56.57x0.44¢
Calcium (%) 21.32+0.46° 40.28+0.21°¢
Phosphorus (%) 15.67+0.29° 29.75+0.10¢
Experiment 3¢

Load at break (kg) 22.15+0.93° 26.51£1.68¢
Tibia diameter (mm) 5.47+0.08° 5.58+0.20¢
Breaking strength (kg/mm?) 4.05+0.23° 4.75+0.18°
Total ash (%) 44.87+0.95° 55.01x0.61¢
Calcium (%) 17.47+0.26° 29.48+0.27¢
Phosphorus (%) 9.15+0.11° 15.15+0.13¢

Adapted from Latorre et al. [62]

“Bone measurements evaluated from 10-day-old broilers, n = 12/group

"Superscripts within rows indicate significant difference at P < 0.05 within each experiment. Data
are expressed as mean + SE

“Superscripts within rows indicate significant difference at P < 0.05 within each experiment. Data
are expressed as mean = SE

YBone measurements evaluated from 28-day-old broilers, n = 16/group
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Utilization of cereal grains with an elevated content of NSP in poultry diets has
been related to malabsorption of lipids, deterioration of bone mineralization, and
reduced leg soundness [63]. This negative effect on bone quality could be related to
an elevated digesta viscosity, therefore enhancing the deconjugation of bile acids by
the overgrowth intestinal microflora, resulting in a reduction of micelle formation,
affecting fat solubilization and absorption of fat-soluble vitamins and minerals [64].
Since monogastric animals do not have endogenous enzymes capable of hydrolyz-
ing the p-linkages present in soluble NSP, dietary inclusion of selected Bacillus spp.
that produce carbohydrases among other enzymes (xylanase, f-glucanase,
B-mannanase, a-galactosidase, and pectinase) could be an alternative feed additive
in poultry diets in attempt to reduce the adverse impact of these and other anti-
nutritional factors on performance, intestinal integrity, and bone quality.
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Corrie M. Whisner and Connie M. Weaver

Introduction

Gut Microbiome

Until recently, little attention had been given to the influence of microbial cells
found in and on the human body and their effects on overall health. These microbes
as a collective unit are now referred to as the microbiota, while the genes they
encode have been coined the microbiome. Collectively, the human body harbors an
estimated 100 trillion microbial cells, a number that surpasses the sum of human
cells ten to one. Microbial communities vary by body site with the intestinal tract
containing nearly 1,000 microbial species with metabolic activity that rivals only
that of the human liver [1]. The gut microbiota play an important role in physiologi-
cal processes which include energy metabolism, nutrient supply, and immune and
inflammatory responses [2, 3]. Additionally, research has linked the intestinal
microbiota to more than 25 human diseases and conditions [1]. The majority of
evidence supports links with obesity, allergies, behavioral disturbances, cardiovas-
cular diseases, and some cancers [4], but emerging evidence also suggests the
importance of gut microbiota for mineral absorption and osteoporosis risk.

The gut microbiota contribute to a dynamic symbiotic relationship with humans
allowing for efficient energy harvesting from carbohydrate-rich diets [5, 6]. Dietary
intake of the host is integral to the gut microbiota as it provides a source of energy
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for microbes residing in the lower small intestine and colon [4]. Furthermore, gut
microbiota can impact energy extraction from the diet by providing additional meta-
bolic capacity and by regulating genes integral to carbohydrate and lipid metabo-
lism [7, 8]. Dietary carbohydrates, specifically dietary fibers, have been linked to
the species composition, quantity, and fermentation potential of microbes in the
intestine [4].

Prebiotics

The rise of functional foods has brought about new approaches for the treatment and
prevention of adverse health outcomes. Dietary prebiotics have functional effects
(Fig. 1) and have been defined as “selectively fermented ingredients that result in
specific changes, thus conferring benefit(s) upon host health” [7]. While any nutri-
ent that enters the large intestine may have prebiotic effects, the majority of known
prebiotics are carbohydrates. Specifically, oligosaccharides such as inulin-type
fructans and galactooligosaccharides are well supported in the literature for their
prebiotic effects on microbial composition primarily through increased proportions
of bifidobacteria and lactobacillus [8]. It is important to note that although prebiotic
oligosaccharides can be classified as soluble fiber, this does not mean that all dietary
fibers are capable of eliciting prebiotic effects. Both prebiotics and dietary fibers
resist digestion in the small intestine and, in the case of soluble fibers, are fermented
in the lower gut and colon. However, what sets prebiotics apart is their ability to
stimulate the growth of a selective set of microbial species in the complex microbial
environment of the human and/or animal gut.

With recent advances in molecular biology techniques, identification of the entire
microbiota community, including strict anaerobes, is now possible. These new

( \
Resist digestion in stomach and
small intestine

Fermentation and hydrolysis by
large intestine microbiota

Selective growth of one or a
limited number of beneficial
microbes

Improved mineral metabolism
and bone health

Fig. 1 Prebiotic food ingredients are metabolized by intestinal microbes which results in benefi-
cial health effects for the host
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methods have allowed for more rapid progress in the scientific literature, specifi-
cally in relation to studying real-time shifts of the microbiome in response to prebi-
otic interventions. Additionally, careful implementation of clinical trials with
prebiotics has resulted in a better understanding of the mechanisms by which micro-
biota impact overall health and reduce the risk of disease. These health benefits
extend beyond that of the intestines, impacting tissues such as the vasculature, skin,
and even bone.

Both human and animal models provide clear evidence that shifts in microbiota
following prebiotic consumption are linked to skeletal health, specifically through
modifications in calcium metabolism. Animal models provide evidence that micro-
biota changes positively correlate with measures of improved bone density and
strength while data from human studies suggest that gut microbiota shifts are asso-
ciated with increased calcium absorption in the lower gut. Despite these findings,
the exact mechanisms by which gut microbiota enhance bone health via prebiotic
intervention remain poorly understood. Currently, the most popular mechanism is
thought to be microbial fermentation and short-chain fatty acid (SCFA) production
in the colon which lowers the pH of the intestinal lumen and improves the
absorption of calcium and other divalent minerals. The overarching aim of this
chapter is to provide an overview of the current evidence on prebiotic supplemen-
tation for maximizing calcium absorption, improving measures of bone density
and strength, and preventing bone loss. Common prebiotics and dosing will be
discussed as well as data to support potential microbial mechanisms and public
health strategies.

Microbiome-Bone Interactions

The microbiome is an incredibly rich community of bacteria, fungi, viruses, and
archaea. Together these organisms have profound metabolic activity which has led
to the human microbiome being coined a “forgotten organ” [9]. Collectively, more
than three million unique microbial genes are present in the gut microbiome which
extends the functional capacity of human genes twofold [10, 11]. The functional
capacity of these microbial genes moves beyond the intestinal environment in which
these organisms live and accounts for more than 200 and 220 metabolites excreted
in urine and feces, respectively [12]. These metabolites represent the efforts of both
host and microbial metabolism, the study of which provides great insight into the
larger metagenome and its link to organ systems, metabolic pathways and states of
health and disease. The microbiome therefore, has large impacts on the metabolic
phenotypes of their host which have been shown to affect the immune system, alter
the digestion and absorption of dietary components, and prevent infection by patho-
gens through displacement and/or improved intestinal barrier function. An emerg-
ing area of microbiome-host interaction research includes the exploration of direct
microbial effects on the skeletal tissue which have been categorized below into
three overarching categories (Fig. 2).
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Fig. 2 Gut microbes alter the intestinal microbial environment which fosters the production of
various signaling molecules, immune cells, and metabolites that may benefit bone. Microbial inter-
actions with prebiotic ingredients influence the larger intestinal environment through (a) the pro-
duction of short-chain fatty acids and other metabolites, (b) decreased pH and greater mineral
bioavailability, (¢) microbial production of serotonin and cytokines, (d) immune system modifica-
tions, and (e) pathogen displacement

Nutrient Bioavailability and Absorption

The intestinal tract is a unique organ because it acts as a conduit by which envi-
ronmental components including nutrients, drugs, and toxins are able to interact
with human cells. It is well accepted that gut microbes are involved in the pro-
duction of B and K vitamins as well as short-chain fatty acids (SCFAs), an
important fuel for intestinal cells. SCFAs are also thought to play a role in the
absorption of minerals like calcium, magnesium, iron, and zinc [8]. Although
many studies have evaluated the effects of prebiotic consumption on mineral
absorption, our understanding of how gut microbes communicate with bone
remains ill defined. Germ-free (raised in a sterile environment without intestinal
microbial colonization) mice are a useful tool for studying relationships between
the microbiome and bone. Sjogren et al. [13] compared germ-free mice to those
inoculated with gut microbiota from conventionally raised mice. Findings sug-
gested that germ-free mice experienced significant increases in trabecular bone
mineral density, trabecular bone volume, trabecular number, and cortical bone
area compared to conventionally raised mice. Additionally, per area of bone
osteoclast numbers were lower in germ-free mice compared to conventionally
raised counterparts. These data suggest that microbiome actions may be involved
in bone catabolism.
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Immune Pathways

Systemic inflammation and immune signaling have been associated with bone
health. Gut microbiota are also thought to communicate with the immune system;
primary mechanisms include protection against pathogenic microbes and immune
suppression against symbiotic or beneficial microbes. The absence of gut microbi-
ota (germ-free mice) results in an immature mucosal immune system [14] and
reduced immune signaling [13]. The current mechanism by which these immune
compounds impact bone is through activated T cells increasing TNFa expression in
the bone marrow [15]. TNFa promotes the development and maturation of osteo-
clasts which may interrupt the delicate balance between bone formation and resorp-
tion thereby resulting in bone loss [16, 17]. It has been speculated that the gut
microbiota may be responsible for activating T cells through the production of stim-
ulating antigens [18]. This makes sense given that T cells and osteoclasts are both
the result of hematopoietic stem cells produced in the skeleton. Bone loss has been
linked to colitis-induced inflammation of the gut which is also thought to impact
immune responses in the bone marrow [19]. Ovariectomy has also been shown to
increase inflammation which may impact bone health in the same way [18, 20].

Signaling Molecules/Hormones

SCFAs influence signaling pathways which may impact intestinal cell metabolism.
The gut microbiota is thought to play a large role in the production of peripheral
serotonin which may impact bone health [21, 22]. Selective serotonin reuptake
inhibitors, drugs commonly prescribed for anxiety and depression, have been shown
to reduce bone formation in animals [23, 24] and significantly increase risk for frac-
ture in humans [25]. Early in vitro studies using osteoblast cultures suggest that the
serotonin 6 G-protein-coupled receptor (5-HT¢R) is highly expressed during bone
remodeling and osteoblast differentiation, and upon stimulation with serotonin,
alkaline phosphatase activity and bone mineralization are inhibited [26]. Other sero-
tonin receptor types, 5-HT1 and 5-HT2, have resulted in similar effects [23].
Interestingly, inhibition of gut-derived serotonin production resulted in greater bone
formation and improved bone mass in ovariectomized animals. This suggests that
modulation of gut-derived serotonin production may have implications for osteopo-
rosis treatment [22, 27].

Deficiencies in sex steroids have also been associated with chronic inflammation
which contributes to osteoporosis [28]. The loss of both androgens and estrogen
decreases the body’s ability to combat oxidative stress from reactive oxygen species
(ROS). ROS may have negative effects on Wnt signaling which ultimately leads to
decreased osteoblastogenesis and increased bone resorption as a result of androgen
loss [28, 29]. The gut microbiome is believed to contribute to peripheral androgen
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concentrations and activity, but currently it remains difficult to study the effects of
microbial and human-derived androgens separately. Additionally, gut microbes
respond to androgens such that the microbiome diverges at puberty when sex hor-
mones drastically change between males and females [30]. In relation to bone
health, it remains unclear how microbe-androgen interactions influence bone physi-
ology in males versus females, but sex differences have been observed for immune
signaling in relation to type 1 diabetes development [30]. In young weaning mice
receiving penicillin, male mice experienced reductions in bone mineral content and
bone area, while female animals experienced improved bone mineral content and
density suggesting that sex-specific effects may be impacted by the microbiome.

Prebiotic Effects on Bone

Products with Established Prebiotic Effects

Poorly digested carbohydrates classified as nondigestible oligosaccharides (NDOs)
are currently regarded as the most promising prebiotics for bone health (Fig. 3).
These compounds include galactooligosaccharides (GOS), fructooligosaccharides
(FOS), oligofructose, and inulin. Oligosaccharides generally vary in chain length,
with a degree of polymerization (DP; number of sugar monomers included in each
chain) between 4 and 10, but other short-chain disaccharides and longer-chain poly-
saccharides (DP 10-60) also exist [8]. Prebiotic disaccharides include milk sugar
derivatives, lactulose, and lactitol, while polysaccharides with prebiotic effects
include long-chain fructooligosaccharides and high molecular weight inulin.
Stimulated growth and proliferation of bifidobacteria in the colon, a microbe
associated with beneficial health effects, has been observed following FOS [31-33]

= QOOOOOO0

FOS

O Glucose
O Galactose

Fructose

Fig. 3 Prebiotics involve differential arrangements of the monosaccharides glucose, galactose,
and fructose
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and GOS [34-37] consumption. A larger variety of compounds have been impli-
cated as functional fibers or prebiotics for various health outcomes including
reduced inflammation, improved immune function, weight loss/maintenance,
greater insulin sensitivity, and gastrointestinal health/regularity [8, 38]. With regard
to bone health, the majority of evidence supports FOS and GOS as a prebiotic agent,
but new data are emerging for compounds such as soluble corn fiber, gums, and
synbiotics.

Characteristics and Functions of Common Prebiotics
Inulin and Fructooligosaccharides

FOS are NDOs that can be synthetically made but also occur naturally in plant-
based foods including chicory root, artichoke, wheat, onion, asparagus, and
banana [39]. They are comprised of fructose units with varying types of bonds
between monomers and have a DP ranging between 2 and 60. FOS with a DP of
three to six units are referred to as short-chain fructooligosaccharides with a more
specific type called oligofructose which has a mean DP of 4. Inulin from chicory
root typically has an average DP of 12. Longer NDOs in this category include
long-chain FOS (IcFOS) and high molecular weight inulin (DP 25) [8]. Fructose
units in FOS chains are connected by B(2-1) fructosyl-fructose linkages and com-
monly carry a glucose unit on one end [39]. FOS are not digested by human
enzymes allowing these polymers to be hydrolyzed and fermented by bacteria in
the colon. A comprehensive review of prebiotics, including FOS, suggested their
ability to increase calcium absorption, improve BMD in growing rats, and decrease
the loss of bone mineral in postmenopausal rat models by improving mineral solu-
bility and increasing the surface area available for absorption in the large intestine
[8]. Additionally, significant and selective growth of beneficial gut microbes has
been reported in humans; bifidobacteria increased in humans after 1 week of FOS
(10 g) consumption [40].

Galactooligosaccharides

GOS occur naturally in human breast milk and account for a large portion of its
nutrients (5-10 g/l) behind both lactose and lipids. The presence of GOS in breast
milk makes this unique oligosaccharide an important contributor to immunity and
gut health in nursing infants by fostering the growth of protective and beneficial gut
microbes such as bifidobacteria and lactobacillus [41-44]. GOS can also be pre-
pared through the enzymatic conversion of lactose with beta-D-galactosidase [45].
This results in lactose units bound to chains of galactose that are 2—8 monomers in
length and connected via glycosidic B(1-2), p(1-3), B(1-4), and P(1-6) linkages [46,
47]. While humans lack digestive enzymes to break down these different chain
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linkages, recent data suggest that the specific combination of bonds between galac-
tose units and galactose-glucose units may affect their ability to promote the growth
of beneficial gut microbes such as bifidobacteria [46]. Previous studies have
observed significant increases in skeletal calcium content in postmenopausal rat
models [48] and increased calcium absorption in postmenopausal women [49] fol-
lowing GOS consumption.

Lactose Derivatives

Lactose, a naturally occurring disaccharide in milk, is composed of the sugar mono-
mers glucose and galactose. As a reducing sugar, it can easily be transformed into
prebiotic disaccharides such as lactulose and lactitol. Consumption of lactose, in
combination with calcium, has been shown to improve bone mineral content and
strength in rats [50]. With age humans experience diminished lactase activity result-
ing in greater quantities of lactose reaching the colon. Data suggest that this allows
for prebiotic-induced bone effects such that lactase-deficient individuals absorbed
more calcium from lactose-containing milk than did individuals with normal lactase
activity [51]. The increased absorption among lactose-intolerant individuals may be
the result of upregulated calcium absorption in response to the lower intakes com-
mon in lactose-intolerant individuals; however, this effect may also be explained by
colonic fermentation and p-galactosidase activity of colonic microflora. However,
other studies report no benefit of lactose on calcium absorption [52, 53]. Lactulose,
a product of heat treated lactose, has been utilized in the medical and pharmaceuti-
cal industry for decades for its effects on gut microbes and laxation [54, 55]. It is
frequently commercially produced by alkaline isomerization of lactose which
results in B(1-4) glycosidic bonds between galactose and fructose [54]. Lactulose
has been shown to increase calcium absorption in both rats [56] and postmeno-
pausal women [57].

Soluble Corn Fiber

Soluble corn fiber (SCF), a maize-based soluble fiber, is formed by the enzymatic
hydrolysis of starch. This process results in glucose chains containing a mixture of
a(1-2), a(1-3), a(1-4), and a(1-6) glucosidic bonds which resist digestion in the
small intestine thereby allowing for microbial fermentation in the lower gut. SCF is
well tolerated with data suggesting that total daily intakes up to 65 g were better
tolerated than inulin at lower doses [58]. Further, SCF has a low viscosity and is
resistant to processing and manufacturing techniques with heat and variable pH
[59]. Consumption of SCF has been associated with increased proportions of bifido-
bacteria in feces following consumption of 8-21 g/day [60]. With regard to bone
health, this fiber has been associated with improved calcium absorption in rats [61]
and adolescent boys and girls [62, 63], improved calcium retention in postmeno-
pausal women, [64] as well as improved bone strength in rats [61].
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Synbiotics and Other Prebiotics

Synbiotics are mixtures of more than one kind of prebiotic or a combination of
prebiotics with other bioactive ingredients ranging from probiotics (live microor-
ganisms) to polyphenolic compounds. The benefit of combining prebiotics is the
ability to increase the DP of the supplement which may have prolonged impact in
the gut as the varying chain lengths can be fermented and hydrolyzed along the
entire length of the lower intestine and thereby maximize their benefits on host
health [65]. Shorter-chain prebiotics such as oligofructose are believed to be metab-
olized in the proximal colon, while longer-chain compounds like inulin are metabo-
lized by gut microbes in the distal colon. Inulin-type fructan mixtures (ITF-mix) are
the most cited synbiotic with positive effects on calcium absorption and bone health
outcomes [66—71]. Mixtures of GOS and FOS have also shown benefits in growing
rats, resulting in greater trabecular bone mineral density, bone volume, osteoblast
surface area, and measures of stiffness and elasticity [72].

Soy isoflavones in conjunction with prebiotics have had mixed results. Two stud-
ies evaluating the effects of FOS and isoflavones together in rodents resulted in
greater femoral BMD when compared to each compound individually [73, 74],
while other studies did not observe a synergistic effect on BMD [75-77]. However,
one study reported improvements in trabecular microarchitectural properties of the
tibia despite no change in BMD following treatment with FOS and isoflavones [77].
Other plant polyphenols combined with prebiotics have shown synergistic effects
on bone [78]. FOS combined with dried plum fractions (purees, skins, juice, extract),
whole raisins, dates, and figs, and B-hydroxy-p-methylbutyrate in ovariectomized
rats suggested that FOS with dried plum resulted in greater femur and lumbar BMD.

The combination of prebiotics and probiotics, especially Bifidobacterium species, has
also proven to be an effective way of improving bone health. FOS from yacon flour
combined with Bifidobacterium longum increased the calcium, magnesium, and phos-
phorus content of bone as well as bone breaking force in rats [79]. The work by Perez-
Conesa et al. reported that combining Bifidobacterium bifidum and longum species with
GOS acutely improved calcium, magnesium, and phosphorus bioavailability and absorp-
tion in one study [80] while improving mineral content of the femur and tibia in a second
study [81]. Similar work with Bifidobacterium and lactulose improved bone strength
while also increasing the number of bifidobacteria and SCFAs in the cecum [82].

Evidence from Animal Models

Animal models have proven to be especially helpful in elucidating the mechanisms by
which prebiotics influence health outcomes including bone health. Currently, the primary
mechanism reported in rats has been a decrease in pH following microbial fermentation
in the cecum and colon. In addition to improved mineral absorption, supplementation
with prebiotics in rats has been associated with improved measures of bone density and
strength in both growing and postmenopausal animal models [15, 83-85].
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Calcium Absorption

Prebiotic supplementation in animals increases intestinal bioavailability and absorp-
tion of calcium [86-91] as well as other divalent minerals [87, 89—97]. Varying
types of prebiotics including GOS [48], FOS/inulin [98, 99], and polydextrose [92]
have been associated with improvements in calcium absorption. Animal studies
have found prebiotics to have a dose-dependent effect on calcium absorption.
Inulin-type fructans (up to 20% of the diet) [100] and lactulose (5% and 10%) [56]
resulted in greater absorption as the dose increased. Despite encouraging results
regarding dose, results can vary depending on a variety of factors including animal
age, experimental conditions, duration of treatment, and selected outcome
measures.

Mineral absorption has been found to decrease with age. In rats consuming inu-
lin, both calcium and magnesium absorption were lower in 10- and 20-month-old
rats compared to rats aged 2 and 5 months [101]. However, the dose and type of
prebiotic may also influence these responses. Adult male rats consuming different
fructan prebiotic combinations that contained a range of chain lengths and branch-
ing found that only an oligofructose-inulin combination resulted in significantly
increased calcium absorption [102]. The combination of short- and long-chain fruc-
tans in this study may have resulted in synergistic effects by allowing for prolonged
fermentation and absorption of calcium throughout the large intestine. Prebiotics
have also been shown to have positive effects during and after menopause, a time
when estrogen deficiency negatively impacts calcium absorption. GOS supplemen-
tation for 20 days resulted in greater calcium absorption in ovariectomized rats [48],
while inulin in combination with FOS for 21 days resulted in improved calcium
balance [103].

Experimental conditions impact the ability of prebiotics to increase calcium
absorption. Difructose anhydride III (DFAIII), a nondigestible disaccharide,
increased calcium absorption in vitamin D-deficient ovariectomized rats [104],
while oligofructose was more effective that other prebiotics at increasing calcium
absorption among rats consuming high calcium diets [105]. Treatment duration
with prebiotics also has an influence on calcium absorption in animal models with
effects occurring in 1-3 days with doses ranging from 5 g/100 kg to 50 g/kg of body
weight [56, 87, 106]. In young, growing rats, treatment with inulin for 40 days sug-
gested that the calcium absorption response was dependent on calcium dose (0.25%,
0.50%, and 0.75%) [107]. By day 13, calcium absorption had increased with all
calcium intakes but after 40 days inulin consumption only improved calcium
absorption on the lowest calcium diet. Despite these findings, studies with longer
durations beyond 40 days suggest that prebiotic effects on calcium absorption and
retention may persist long-term where 3-month consumption of oligofructose
resulted in greater calcium absorption compared to control rats [108]. This study
attributed these effects to morphological changes and greater expression of
calbindin-D9K, an intracellular calcium transport protein, in the intestine.
Interestingly, the same effects have been observed in gastrectomized animals con-
suming FOS [86] and DFAIII [109].
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BMD and Bone Strength

Despite data that supports increased calcium absorption following prebiotic consump-
tion, improvements in bone health require that the benefits of prebiotic consumption
translate to increased bone mass and improvements in bone architecture. Ultimately,
the goal of these treatments should be a reduction in the risk for fracture. Rats and
mice are beneficial models for assessing these effects as their shorter lifespan allows
long-term effectiveness studies in relation to functional bone health outcomes.

Supplementation with prebiotics has resulted in improved tibial and femoral cal-
cium content [91, 110, 111] but conflicting results exist among growing animals
[76, 102]. Beyond improved measures of calcium content, beneficial changes in
bone microarchitecture have been reported, and the data suggest that trabecular-rich
bone may be more responsive to prebiotic-induced effects. Treatment of growing
rats with GOS for 4 weeks increased the breaking strength of the tibia, trabecular
volumetric bone mineral density (vBMD) of the distal femur, as well as the area and
vBMD of the proximal tibia [91].

Animal models of menopause suggest similar findings with oligofructose at vary-
ing doses (25, 50, and 100 g/kg) resulting in reduced bone loss following ovariec-
tomy [105]. Interestingly, bone microarchitecture was differentially affected by
calcium intake and oligofructose dose. The lowest dose of oligofructose resulted in
greater trabecular thickness only at adequate calcium intakes, while the two larger
oligofructose doses at the same calcium intake resulted in greater trabecular circum-
ference. These effects disappeared when rats were fed with high calcium diets.
Overall, data from this study suggested that weight-bearing skeletal sites benefit
most from prebiotic consumption as lumbar spine calcium content responded posi-
tively to only the high calcium and 100 g/kg oligofructose treatment. A mixture of
inulin and FOS reduced bone resorption in ovariectomized rats such that femoral
calcium content, BMD, and bone balance were significantly increased after 21 days
[103]. Similar synbiotic studies administering FOS and isoflavones to ovariecto-
mized mice resulted in improved bone mass of the femur [73], while reports of FOS
alone resulted in nonsignificant improvements in bone mineral calcium content [92].

Beyond changes in bone architecture, improved bone strength has also been
reported [89, 110, 112, 113], even in the absence of BMD improvements [89, 112].
Soluble corn fiber and soluble fiber dextrin had the greatest effects on structural bone
properties in young rats which included improvements in the peak breaking force of
the distal femur when compared to six other fibers and cellulose [61]. Similar effects
were observed for the femur and tibia of rats consuming GOS for 8 weeks [91].

Evidence from Humans

The effects of prebiotics on mineral absorption and bone health have resulted in
contradictory findings in humans. The lack of robust findings may be the result of
large variation in intervention parameters and length of treatment, prebiotic dose,
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baseline mineral status, prebiotic vehicle composition and structure, and age of
study cohorts. Further, longer gastrointestinal transit time in humans has informed
research on prebiotic consumption and mineral absorption. Study designs using uri-
nary excretion of stable calcium isotopes require urine collection beyond 24 h in
order to observe the effects of prebiotics in the large intestine [114, 115].

Calcium Absorption

Increases in calcium absorption have been observed in the majority of studies involv-
ing young, adult, and elderly individuals consuming a range (8-20 g) of prebiotic
doses [49, 57, 62, 63, 66, 69, 70, 114, 116]; however, a few studies have observed no
prebiotic effect on calcium absorption [117-119]. Calcium intake may, at least in
part, explain the null effects observed in these studies. In one of the studies, calcium
intakes (1,500 mg/day) exceeded the recommended intake of 1,300 mg/day suggest-
ing that at high intakes, the prebiotic effect may be overpowered by increased lumi-
nal calcium concentrations. Age and prebiotic doses have varied widely in the current
calcium absorption literature which may influence functional outcomes. Small doses
(0.75-1.25 g/day) of short-chain inulin in 6—12-month-old infants had no influence
on calcium absorption but resulted in improved iron and magnesium retention [121].
These findings may be explained by limited SCFA production which is thought to
influence calcium absorption [121] while magnesium absorption responds to
decreases in luminal pH which did occur in this infant study [122]. Larger doses (5 g/
day) of GOS in weaning infants have been shown to improve calcium absorption
[123]. This study also reported increases in the number of intestinal bifidobacteria
which may have contributed to the observed improvement in mineral absorption.

The ability to increase calcium absorption at critical times in the life cycle can be
beneficial for improved skeletal health. During the pubertal growth spurt when
habitual calcium intakes are often inadequate, prebiotics have been shown to
improve calcium absorption which may increase peak bone mass and prevent
fractures later in life. Work in growing children and adolescents has shown that
FOS, GOS, and SCF have been effective at improving calcium absorption [62, 63,
66, 69, 70, 114, 116]. While the majority of studies have reported 6—12% increases
in calcium absorption relative to control treatments [62, 63, 66, 70, 114, 116],
oligofructose consumption for 3 weeks in young girls near menarche resulted in a
30 % increase in calcium absorption [69]. Most studies to date have evaluated cal-
cium absorption following acute periods (9 days to 4 weeks) of prebiotic consump-
tion, but the long-term effects require further research. One group studied the effects
of ITF-mix over 1 year and found that calcium absorption increased by 8 weeks, and
this effect persisted across the entire year [66].

Postmenopausal women are another group with greater risk of adverse skeletal
health outcomes. In this population, lactulose, FOS, inulin, and GOS have had ben-
eficial effects on calcium absorption [49, 57, 71, 124]. Lactose at both 5 and 10 g/
day had dose-dependent effects on calcium absorption with only the 10 g supple-
ment resulting in significant improvements [57]. Consumption of other milk-based
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prebiotics (20 g/day of GOS) resulted in a 16% increase in calcium absorption rela-
tive to placebo in postmenopausal women consuming products for 9 days [49]. FOS
and inulin products have had mixed effects with 8 g/day as chicory fructans increas-
ing calcium absorption by 42% over a 3-month supplementation period [124] and
10 g/day of ITF-mix consumption for 6 weeks increasing absorption by 7% [71].
Conversely, a similar dose of short-chain FOS had no effect on calcium absorption
[119].

BMD and/or Bone Biomarkers

Few studies have evaluated the effects of prebiotics on bone mineral due to the need
to follow humans for long periods of time before changes are observable in bone by
dual-energy x-ray absorptiometry, the gold standard for measuring bone mineral
density and content. Among adolescents, 1 year of ITF-mix consumption resulted in
significant increases in whole-body bone mineral content and density by 35 g and
0.015 g/cm?, respectively [66]. Postmenopausal women who are at risk for increased
bone loss have also experienced skeletal benefits from prebiotic consumption. In a
dose-response study with 0, 10, and 20 g/day as soluble corn fiber, skeletal calcium
retention was increased in a dose-dependent manner with 10 g and 20 g increasing
retention by 5% and 7%, respectively [64]. This study was able to measure calcium
retention using a novel technique with rare long-lived (half-life of 10° year) calcium
radioisotope “'Ca which can be used to label bone and study bone loss over long
periods of time.

Biochemical markers of bone metabolism have proven helpful in shorter studies
to evaluate bone turnover in response to prebiotic intake. Among postmenopausal
women, urinary excretion of deoxypyridinoline, a systemic bone resorption marker,
decreased following chicory fructan fiber consumption [124]. In the *'Ca study
above, markers of bone turnover N-terminal telopeptide and osteocalcin were
unchanged, while formation marker, bone-specific alkaline phosphatase, increased
significantly by 8% [64]. Data from 300 non-osteoporotic postmenopausal women
consuming a combination of calcium and short-chain FOS for 12 months suggested
that prebiotic consumption may impact bone turnover and modeling in the absence
of BMD effects with declines in both osteocalcin and C-telopeptides of type I
collagen over the duration of the study [125]. These data suggest the need for further
study in order to evaluate whether these changes in bone turnover markers translate
to reduced fracture risk later in life.

Mechanisms

In many of the studies of prebiotic effects on calcium absorption and bone health
outcomes, gut microbiome profiles were not evaluated. However, with recent
advances in high-throughput sequencing techniques, investigations of prebiotic
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effects on bone have begun to include these important measures. Despite these new
studies, our current knowledge of the microbiota’s role in prebiotic-bone mecha-
nisms remain limited. In an evaluation of growing male rats receiving 0%, 2%, 4%,
6%, or 8% of GOS, regression modeling was used to study intermediate mechanis-
tic outcomes, including gut microbiome measures, which mediate prebiotic effects
on bone mineral and strength measures [91]. GOS treatment resulted in dose-
dependent differences in gut microbial communities, and quantitative PCR mea-
sures suggested that GOS increased the prevalence of bifidobacteria. In conjunction
with these measures, decreases in pH and greater cecal content and wall weights
were observed which may contribute to improvements in observed bone strength
measures. Human studies of GOS and SCF have both indicated that the gut micro-
biota change with prebiotic consumption. Among healthy preadolescent girls, con-
sumption of 0, 5, and 10 g/day GOS in combination with a calcium-containing
smoothie drink resulted in greater bifidobacteria numbers as measured by quantita-
tive PCR [116]. In this study, calcium absorption was increased by 10% following
GOS consumption. Using more advanced techniques to measure microbial diver-
sity and specific community composition, high-throughput sequencing of the 16S
ribosomal RNA gene, changes in the microbiome were correlated with improve-
ments in calcium absorption following consumption of SCF among adolescent girls
and boys [62]. Many of the microbes that increased with SCF treatment and were
correlated with fractional calcium absorption measures following dual-stable cal-
cium isotope administration were from the genera Bacteroides, Butyricicoccus,
Oscillibacter, and Dialister and also known to ferment fiber. In a follow-up study
evaluating the dose-response effects of SCF in free-living, healthy adolescent girls,
significant increases in fecal microbial community diversity occurred after consum-
ing SCF. The proportion of the community that was comprised of the genus
Parabacteroides significantly increased with SCF dose and increased calcium
absorption was positively correlated with increases in Clostridium and unclassified
Clostridiaceae. Overall, these data suggest the importance of microbial community
shifts in contributing to improved mineral absorption and for functional benefits to
bone, but further research is needed to fully understand these mechanisms. The fol-
lowing sections provide a summary of data to support current mechanistic theories
mediated by the microbiome.

Short-Chain Fatty Acids (SCFA)

Currently, the most prominent theory to explain prebiotic effects on bone is that
prebiotic fibers resist digestion in the small intestine and upon reaching the colon
are fermented into SCFAs (Fig. 4). This conversion to SCFA results in reduced pH
which is thought to prevent calcium from complexing with other compounds such
as phosphates and oxalates. As a result, more calcium is available for absorption and
bone mineralization. Despite wide support, data exist to refute this theory. Using
chamber experiments comparing calcium absorption following exposure to SCFA
or hydrochloric acid suggest that only the SCFA treatment increased calcium
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transport across colonic cells [121]. Further, neither total nor individual (acetic,
propionic, butyric, and valeric acid) concentrations of SCFA were correlated with
calcium absorption or skeletal measures [61]. Alternatively, SCFA may elicit a
response on calcium absorption by stimulating signaling pathways which increase
cellular metabolism and proliferation. Butyrate, as the preferred energy source for
colonocytes [126], may also be involved in regulating gene expression through
nucleosome and histone modifications [127, 128].

Morphologic Changes and Calcium Transport Proteins

Trophic changes have been observed in the colon which increase the area available
for mineral absorption [129]. SCFA have been associated with increased prolifera-
tion of intestinal mucosal cells [130] which results in greater epithelial cell density,
greater crypt depth, and improved cecal blood flow in animals [81]. Further, these
morphological changes have been associated with increased calcium absorption fol-
lowing consumption of prebiotics [129].

Additional changes at the cellular level following prebiotic consumption may
include increases in calcium transport proteins (Fig. 4). Animal models have shown
increased expression of calbindin-D9K in the cecum and colon following FOS sup-
plementation [86]. Later research to further elucidate this mechanism suggested that
increased calbindin-D9k expression was mediated through transcription of the vita-
min D receptor [131].
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Fig. 4 Prebiotic mechanisms for improved calcium absorption include (a) fermentation by sac-
charolytic microbes in the large intestine to form SCFAs such as butyrate and acetate which
decrease the luminal pH, ionize calcium, and allow for greater absorption, (b) increased cell pro-
liferation and density of the mucosal lining, (¢) increased depth of intestinal crypts to maximize
surface area for absorption, and (d) greater expression of the intracellular calcium transport protein
calbindin-D9K. SCFAs short-chain fatty acids, D9 calbindin-D9k
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Immune Signaling

The microbiota may also impact mineral absorption through interactions with the
immune system (Fig. 1). Germ-free mouse studies have suggested that the absence
of gut microbes is associated with reduced TNFo and T cell expression as well as
greater bone mass as a result of reduced osteoclast numbers [13]. Conversely, con-
ventionally raised mice had increased osteoclast numbers and lower cortical bone
and trabecular bone volume compared to germ-free mice. TNFa expression has
been shown to stimulate the differentiation of osteoclasts which may increase bone
resorption [16, 17]. Despite these findings, further research is needed to elucidate
how prebiotic supplementation affects these responses in both germ-free and con-
ventionally raised animals.

Public Health Relevance and Strategies for Bone Health
Across Life

Prebiotics and Microbiota Help Achieve Peak Bone Mass

Strategies to reduce risk of fracture include building peak bone mass as high as pos-
sible within one’s genetic potential and reducing the rate of loss later in life.
Nutrition and other lifestyle choices, although important throughout life, have the
greatest impact during growth. Peak bone mass is achieved soon after adolescence
which demarks the end of being able to build additional mass. Optimizing bone
accrual during growth has tremendous fracture prevention potential. For every stan-
dard deviation decrease in size-adjusted bone mass, there is an 89% increase in
fracture risk in childhood [132]. A 10-15% increase in peak bone mass is estimated
to decrease risk of fracture by 25-50% later in life [133].

Out of 18 lifestyle factors evaluated by a systematic review to influence develop-
ment of peak bone mass, only dietary calcium and physical activity received grade
A level of evidence [133]. Calcium is a shortfall nutrient intake according to the
Dietary Guidelines or Americans [134]. Prebiotics that increase calcium absorption
as described in this chapter can improve calcium nutrition, especially for individu-
als not consuming the recommended intakes of calcium. However, prebiotics pro-
vide a modest improvement and cannot correct a large deficiency in dietary
calcium.

Prebiotics and Microbiota Help Prevent Osteoporosis and Fracture
At the other end of the lifespan, bone mass is being lost. When sufficient bone is lost

to weaken bones, fracture may result leading to a diagnosis of osteoporosis. Lifestyle
factors including prebiotic fiber also influence rate of loss of bone. It is not known
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whether prebiotic fibers have equal protection during the early rapid loss of bone
with menopause-induced estrogen deficiency or in the more stable period. The
study of soluble corn fiber [64], which showed a benefit to bone calcium retention
using a calcium tracer, was in women stable to menopause.

Future Areas for Research

Longer-term studies which measure the dose menopause effects of various prebiotic
fibers on bone density, bone strength, and fracture will be more convincing for mak-
ing public health recommendations. Future research that focuses on understanding
the mechanisms of action of prebiotic fibers promises to be an exciting area. Some
work has been done on microbial community shifts, and their relationship to increas-
ing calcium absorption has been done as described in this chapter. Metagenomics are
yet to be performed to explore pathways that are perturbed which could explain the
increases in mineral absorption. Involving carbohydrate chemists to design optimal
substrates for preferred microbiota would enhance prebiotic food and supplements
available to the consumer. Understanding individual differences in fiber fermenta-
tion could help predict responders. Understanding the effects of metabolites such as
SCFA on epigenetics and metabalomics and their effect on bone health are future
areas of research. The future is bright for interdisciplinary research in this area.
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Probiotics in Gut-Bone Signaling

Jonathan D. Schepper, Regina Irwin, Jun Kang, Kevin Dagenais,
Tristan Lemon, Ally Shinouskis, Narayanan Parameswaran,
and Laura R. McCabe

Introduction

Each year more than two million fractures occur because of osteoporosis [1].
Numerous therapies have been developed for the prevention and treatment of osteo-
porosis. As a first approach, patients are asked to make changes to their lifestyle (i.e.,
exercise, cessation of smoking) and diet (including vitamin D and calcium supple-
mentation) [2]. For patients at a higher risk of fractures, pharmacologic treatments
(drugs and biologics) are used to inhibit bone resorption or stimulate bone formation
[3]. Despite the many treatment options, we have yet to stop the increase in osteopo-
rosis fractures. This may be in part due to patient concerns about side effects
(although rare) from many pharmaceutical/drug-based therapies [4]. Given that 67
million Americans are predicted to have low bone mass by 2020, it is important to
continue to identify additional therapeutic approaches/targets for osteoporosis.

One therapeutic target receiving increasing attention is the intestinal microbi-
ome, which is an important regulator of physiologic functions of many organs
including bone. The intestinal microbiota accounts for 90% of the cells in our body
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and amounts to ~100 trillion microbes comprising ~1,000 species and 28 different
phyla [5]. In addition to outnumbering host cell number, the gut microbiota also
express 100-fold more genes compared to the human genome [5]. As the microbi-
ome coevolve with us, changes in its composition can consequently influence our
human health [6]. Dysbiosis (a microbial imbalance) is linked to disease and bone
loss; however, more importantly, the reverse is also true: treatment with probiotics
can beneficially modulate the gut microbiota to enhance health, including that of
bone [7-10]. In this review we will focus on (1) probiotics (definition, history,
nomenclature, types), (2) the overall effects of probiotics on bone health, and (3)
mechanisms of probiotic prevention of bone pathologies.

Probiotics

Probiotic: Defined

The word “probiotic” is derived from the Latin word “pro” and the Greek word
“bios” meaning “for life;” this contrasts with “antibiotic” meaning “against life”
[11-20]. While “good for life” is a general definition of probiotics, the detailed defi-
nition of what constitutes a probiotic has been difficult to achieve and has changed
over time. In the 1950s, Werner Kollath, a German scientist, used the word ““probi-
otic” to be inclusive of all organic and inorganic supplements that restored the health
of malnourished patients [11, 12, 19, 20]. Years later, probiotics were further defined
as substances produced by one microorganism to promote growth of another micro-
organism [11, 12, 16, 18-26]. In the 1970s, Fujii and Cook described probiotics as
compounds that build resistance to infection in the host but do not inhibit the growth
of microorganisms in vitro [11, 18, 27]. In the 1980s and 1990s, there was a surge of
different probiotic definitions. For example, in 1990 Parker defined probiotics as
organisms or substances in feed supplements which contribute to intestinal microbial
balance [11, 14, 18, 19, 22, 24, 28]. Parker’s general definition was unsatisfactory to
many since the word “substances” included chemical supplements such as antibiot-
ics [18, 28]. Most researchers cited the definition of Fuller, who, in 1989, defined
probiotics as live microbial feed supplements [11, 18, 19, 22, 24, 25]. Fuller’s defini-
tion stressed the importance of live cells as an essential part of the effective probiotic
[18]. His definition also stated that a probiotic or supplement will benefit the host by
improving the intestinal microbial balance [11, 26]. Many thought this definition
was not as applicable to humans as it was to animals [11]. Subsequently, in the early
1990s, the definition was broadened to include viable mono or mixed cultures of live
microorganisms which, when given to humans or animals, benefit the host by
improving the properties of the indigenous microflora [29]. In the late 1990s,
Salminen offered the view of incorporating nonviable bacteria in the probiotic defi-
nition [11, 28]. Finally, in 2001, after consultation of international scientists working
on behalf of the FAO/WHO (Food and Agricultural Organization/World Health
Organization), probiotics were proposed to be defined “as live microorganisms that
when administered in adequate amounts will confer a health benefit on the host” [11,
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15, 19, 21, 24, 30, 31]. Misuse of the probiotic term became a major problem in the
ensuing years. For this reason, the International Scientific Association for Probiotics
and Prebiotics (ISAPP) organized a meeting of clinical and scientific experts on
probiotics in October 2013 to reexamine the concept and definition of probiotics
[31]. The ISAPP panel recommended that the definition of probiotic as defined by
FAO/WHO in 2001 is broad enough to enable a wide range of products to be devel-
oped and at the same time sufficiently narrow to impose some core requirements [24,
31]. Thus, probiotics are currently remain defined as live microorganisms that when
administered in adequate amounts will confer a health benefit on the host.

The History of Probiotic Discovery

Probiotic use can be traced back over 10,000 years ago [32]. During the Neolithic
period of the Stone Age, animal domestication and husbandry developed [20].
Ancient oriental people, as well as Phrygian, Sarmatian, and Macedonian nomadic
shepherds, drank milk from cows, sheep, goats, horses, and camels. Traditional
Egyptian fermented milk products (Laban Rayeb and Laban Khad) were consumed
as early as 7000 BCE [11, 19, 32]. Both iconographic and written evidence from
3000 to 2000 BCE indicate that Hindi, Egyptians, Greeks, and Romans all used
fermented milk products [11]. Fermenting milk was also evident in the Middle and
Far East of Asia and spread throughout eastern Europe and Russia by the Tartars,
Huns, and Mongols during their land conquests [11]. Fermented products other than
milk, such as beer, bread, wine, kefir, kumis, and cheese, were also consumed [32]
since fermentation increased their long-term storage [11, 19, 20].

The ancient Ayurvedic texts, written between 400 and 200 BCE, linked a long
and healthy life with the intake of milk and dairy products [20]. To store the milk, it
was customary to use containers made from animal skins or stomachs [19, 20]. The
containers were a source of bacteria, most likely ancestors of Lactobacillus aci-
dophilus and Lactobacillus bulgaricus, which came into contact with the milk [20].
One Turkish legend describes a shepherd, traveling the hot desert, who forgot he
had milk in a goatskin bag. When he checked, the milk had transformed into a thick,
creamy, and tasty custard; this new product was referred to as yogurt [20]. For the
Turkish people, yogurt was the elixir of life, as they believed that this food gave
physical and inner well-being and could prolong life [20].

The modern history of probiotics begins in the late nineteenth to early twentieth
century. Elie Metchnikoff (a Nobel laureate), as well as Theodor Escherich, studied
microbial communities in feces and described the need for a complex intestine
(microbe-wise) [33]. Metchnikoff was a Kharkov/Ukrainian scientist working at the
Pasteur Institute [19, 20]. Pasteur had identified the microorganisms responsible for
fermentation, but it was Metchnikoff who investigated the effects these microbes
had on human health [20]. Metchnikoff associated the longevity of Bulgarian rural
people (who had an average lifespan of 87 years) to their regular consumption of
fermented dairy products such as yogurt [19, 20, 24, 34]. Metchnikoff described
two bacteria types: one that leads to putrefying luminal contents and produces
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unhealthy waste products (NH3, H2S, amines) and another that ferments luminal
contents and produces beneficial metabolic products (i.e., lactic acid) [35]. This was
a key concept because probiotic bacteria secrete enzymes that are not produced by
human intestinal cells. These enzymes can ferment nondigestible poly-carbohydrates
(mainly dietary fiber) to produce energy for the bacteria as well as other factors such
as short-chain fatty acids (SCFA) and lactic acid which benefits the intestinal epi-
thelium [36]. Metchnikoff theorized that the production of lactic acid would prevent
the toxic effects of putrefying microbes. This further led Metchnikoff to suggest that
lactobacilli may benefit gastrointestinal metabolism and counteract illness and
aging [11, 20, 24]; thus, he considered lactobacilli a probiotic [20, 25, 37]. Thanks
to Metchnikoff, the dairy industry began in France and subsequently spread through-
out Europe, using fermented milk obtained from Bacillus bulgaricus, Streptococcus
thermophiles, and Lactobacillus delbrueckii [19].

About the same time that Metchnikoff was making his discoveries of lactic acid-
producing bacteria, French pediatrician Dr. Henry Tissier observed that children
with diarrhea had a low number of “Y”-shaped bacteria in their stools [19, 24, 26].
Healthy children had an abundance of these bacteria. In 1905, he isolated the bacte-
ria, Bacillus bifidus, and linked its presence in children to those who were breastfed
[33]. He suggested these bacteria could be administered to patients with diarrhea to
help restore their healthy flora (eubiosis) and used it to recolonize the gut of chil-
dren [14, 19-21, 27, 28, 33]. As the health benefits of milk-associated bacteria
became better known, fermented dairy products were appearing around the world.
For example, in 1935 a Japanese microbiologist, Dr. Shirota, isolated Lactobacillus
casei and added it to a dairy drink that was eventually marketed. Today, food prod-
ucts containing probiotics are usually dairy, mainly due to the historical association
of lactic acid bacteria with fermented milk [11, 20, 32].

Probiotic Nomenclature and Types

Probiotics are widely consumed and have a long history of safe use. Bacteria names
are derived from descriptors of the bacteria (i.e., Lactobacillus, “lacto” meaning
“milk” and “bacillus” meaning “rod-shaped”), a scientist’s name (i.e., Pasteurella,
found by Louis Pasteur), the place where found (i.e., Legionella longbeachae, found
in Long Beach California), or an organization (i.e., Legionella and the American
Legion). In addition to a general name, the bacteria are described based on a taxo-
nomic/genetic hierarchy [39]. Based on this system, bacteria are divided into phy-
lum, class, order, family, genus, species and subspecies, and/or strain (Fig. 1). With
more than 23 bacteria phyla, it is easy to see the abundance of specific probiotics
and the complexity of their names. Current evidence indicates that the beneficial
effect of probiotics are strain specific [22]. It is also important to note that not all
bacteria within a species act the same and/or can be regarded as a probiotic. Below,
we discuss several of the most notable probiotics including lactic acid bacteria,
Bifidobacteria and Enterococcus (also see Table 1).
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Fig. 1 Scientific
nomenclature: an example
of bacterial scientific
nomenclature for the
Lactobacillus reuteri
ATCC PTA 6475 strain

Kingdom

Phylum

229

Class
Order
Family Lactobacillaceae
Genus LaCtObaC“IUS
Species L. reuteri
Strain Q reuteri ATCC PTA 6475/
Table 1 Common probiotic bacteria
Genus Species Genus Species Other
Lactobacillus acidophilus | Bifidobacterium longum Enterococcus faecalis
crispatus bifidum Enterococcus faecium
johnsonii infantis Lactococcus lactis
gasseri animalis Escherichia coli (Nissle
1917)
casei adolescentis | Propionibacterium
[freudenreichii
rhamnosus lactis Saccharomyces
cerevisiae
reuteri breve Streptococcus
thermophilus
plantarum Bacillus cereus
fermentum Bacillus subtilis
salivarius

Adapted from [40, 41]

Lactic Acid Bacteria/Lactobacillales

Lactic acid bacteria (also known as LAB) are one of the most important groups of
bacteria/probiotics with health benefits that are thought to result in part from their
production of lactic acid, their major fermentation product [11, 34, 42]. In general,
they are gram-positive, acid-tolerant, asporogenous rods and cocci which are
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oxidase, catalase, and benzidine negative; they lack cytochromes, do not reduce
nitrates to nitrite, are gelatinase negative, and are unable to utilize lactate [11, 38,
42]. Lactic acid bacteria obtained from fermented milk products have been used for
centuries. Traditional fermented milk is a useful source of probiotics because it
contains a complex composition of lactic acid bacterial species. In a recent study,
148 lactic acid bacterial strains were isolated from Kurut, a traditional naturally
fermented yak milk from China [43]. Additional studies are evaluating these tradi-
tional fermented products as potential natural sources of probiotic bacteria [43].

Lactic acid bacteria, which consist of a diverse genera, are grouped as either
homofermenters or heterofermenters based on the fermentation end product [38,
42]. Homofermenters produce lactic acid from glucose as a major product, and het-
erofermenters produce a number of products such as carbon dioxide, acetic acid,
ethanol, as well as lactic acid [38, 42]. Homofermentive lactics include the genera
Streptococcus which produces the L(+) lactate isomer and Pediococcus which pro-
duces DL lactate [42]. Heterofermentive lactics consist of the genus Leuconostoc
which produce D(—) lactate and a subgroup of the genus Lactobacillus, the
Betabacteria which produce DL lactate [42].

Lactobacilli are ubiquitous in nature and are usually found in carbohydrate-rich
environments [11]. They also are a part of the normal flora in the intestinal tract of
many animals. The genus Lactobacillus belongs to the phylum Firmicutes, class
Bacilli, order Lactobacillales, and family Lactobacillaceae [11]. The most com-
monly isolated species are Lactobacillus acidophilus, L. salivarius, L. casei, L.
plantarum, L. fermentum, L. reuteri, L. rhamnosus, L. gasseri, and L. brevis from
human intestine [11]. Several of these, Lactobacillus acidophilus, Lactobacillus
rhamnosus, Lactobacillus casei, and Lactobacillus reuteri, have been extensively
studied and well documented [44].

Lactobacillus acidophilus, which was first isolated from children’s feces by
Ernst Moro in 1900, is capable of colonizing the human colon, has antimicrobial
effects, and can be used to treat intestinal infections [26, 44]. Lactobacillus rham-
nosus GG or Lactobacillus GG (LGG) is commonly used in dairy products mar-
keted for infant and children’s consumption. Lactobacillus GG was isolated from
human feces in 1983 and is indigenous to the human intestinal flora, has a tolerance
to low pH environment, and adheres to the gastrointestinal tract [44, 45]. LGG is
effective in treating diarrhea [19, 46, 47]. Lactobacillus gasseri colonizes the gas-
trointestinal tract, oral cavity, and vagina in humans and is believed to contribute or
potentiate probiotic activity in part by reducing fecal mutagenic enzymes as well as
stimulate macrophages [44].

Bifidobacteria

Bifidobacteria are the predominant intestinal organism of breastfed infants. These
bacteria are rod-shaped, non-gas producing, and anaerobic. Breast milk has been
found to contain lactic acid bacteria as well as Bifidobacteria, both now included in
formulas and foods targeted to preterm and full-term infants [43]. Bifidobacteria are
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generally characterized as gram-positive, nonspore-forming, nonmotile, and
catalase-negative anaerobes [11]. Initially they had been assigned to the genera
Bacillus, Bacteroides, Nocardia, Lactobacillus, and Corynebacterium, before being
recognized as a separate genera in 1974 and included in the Actinomycetaceae fam-
ily [11, 44]. This family consists of five genera: Bifidobacterium, Propionibacterium,
Miycobaceterium, Corynebacterium, and Brevibacterium [11]. Currently there are
32 species in the genus Bifidobacterium, 12 are isolated from human sources, 15
from animal intestinal tracts or rumen, 3 from honeybees, and the other 2 are found
in fermented milk and sewage [11, 38]. Species found in humans are Bifidobacterium
adolescentis, B. angulatum, B. bifidum, B. breve, B. catenulatum, B. dentium, B.
infantis, B. longum, and B. pseudocatenulatum [11, 44]. These probiotic species can
induce immunoglobulins, improve food nutritional value by assimilation of sub-
strates not metabolized by the host, and have potential anticarcinogenic activity and
folic acid synthesis [44]. Specifically, Bifidobacterium infantis has been found to
significantly improve symptoms in patients with irritable bowel disease [19].

Enterococcus

There are 37 species of Enterococcus which have been validated for use as probiot-
ics [48]. Enterococci are singular, double- or short-chained gram-positive cocci
[44]. These bacteria occur in many habitats such as soil, surface water, ocean water,
sewage, on plants, and in the gastrointestinal tract of animals and humans, with E.
faecalis being the most predominant [48]. Bacteria of the Enterococcus genus can
also be used to treat diarrhea, irritable bowel syndrome, are considered to be an
alternative for antibiotics, and are used for lowering cholesterol and immune regula-
tion [44, 48].

Other Probiotics

Besides the human gastrointestinal tract, the gastrointestinal tracts of other animals
such as pigs, rats, and poultry are also good sources of probiotics [43, 47]. Other
probiotic strains have been discovered in marine and freshwater fish such as rain-
bow trout and shrimp [43] as well as in non-fermented foods such as meat and fruits
[43]. Lactobacillus strains from brine of naturally fermented olives and from pick-
led juices have also demonstrated probiotic properties [43]. Other popular probiot-
ics are Streptococcus thermophilus, Lactococcus lactis subsp. lactis, Leuconostoc
mesenteroides, Propionibacterium  freudenreichii, Pediococcus acidilactici,
Sporolactobacillus inulinus, Escherichia coli, other bacteria of the Bacillus species,
other lactic acid bacteria species, and Saccharomyces cerevisiae and Saccharomyces
boulardii yeasts. Many popular probiotics are added to dairy products and can have
favorable effects on human health [11, 19, 21, 22, 34, 44]. There is a selection cri-
teria regarding probiotic strains used in such products. There are several compo-
nents of this criteria: (a) the bacterium must be reported in the literature, (b) concrete
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proof of assistance to health must exist, (c) the bacterium must be able to colonize
the gastrointestinal tract and have a regulatory role in microbial balance in that area,
(d) the bacterium must be resistant to low pH values and bile salts in order to be able
to sustain their viability, (e) the bacterium must possess natural antibiotic effect in
order to prevent pathogen growth with their antimicrobial activity, (f) the bacterium
must be safe to consume and show no antibiotic resistance, and (g) the bacterium
must be suitable for commercialization [11, 22, 24, 30, 43, 44].

Commensal Bacteria

Through coevolution, humans not only tolerated the presence of the intestinal
microbiota but also evolved to use the colonization of commensal microbes for
immune development and function, intestinal barrier integrity, and overall health
[49]. Commensal microbes comprise the resident bacteria that live on the human
body and in the intestine amount to over 500 different strains including probiotic
strains. The composition of intestinal microbes differs depending upon the intestinal
region, with gradients existing both vertically and longitudinally (Fig. 2) [50].
Along the longitudinal axis, the number of microbiota increases distally with the
greatest level in the colon (~10'?). Along the vertical axis, certain bacteria are found
in the upper mucus layer above the epithelium, while others prefer the lumen.
Different microbes thrive in different regions because of the local environment,
which is influenced by luminal dietary contents, bile, pH, mucus, other bacteria, etc.
Several of the major probiotic strains that were originally isolated from humans
include Lactobacillus acidophilus, bifidobacteria, several LAB strains [43], and
Lactobacillus rhamnosus GG [44, 45]. In the intestine, the balance of beneficial
bacteria with neutral or inflammatory bacteria is critical. Thus, intestinal dysbiosis
(microbe imbalance) leads to a reduction in the beneficial commensal microbes and
can contribute to disease [49]. Probiotic intake can help restore commensal microbe
balance.

Probiotics and Bone Health

Probiotics Regulate the Gut-Bone Axis

Oral probiotics benefit the intestine as well as extraintestinal organs including the
bone [8-10, 51, 52]. The bone is a dynamic organ that depends on a fine balance
between the bone-forming osteoblasts and bone-resorbing osteoclasts. An imbalance
in this process can lead to bone disease. Bone homeostasis can be regulated by hor-
mones such as estrogen, parathyroid hormone, as well as by immune cells [53-55].
The gastrointestinal system also plays a key role in bone health, most notably by
regulating absorption of minerals such as calcium, phosphorous, and magnesium as
well as by being major producers of endocrine factors that signal to bone cells, such
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Fig. 2 Regional bacterial changes of the intestine. The intestine is a major source of commensal
microbes containing more than 500 species. Along the longitudinal axis, the number of bacteria
increases distally. Along the vertical axis, the majority of bacteria are in the lumen with some in
the top mucus layer. Microbes colonize different environments based on a number of factors
including pH and the nutrients available

as incretins and serotonin. Therefore, agents/conditions that influence intestinal
physiology can impact bone health. Recent studies, including some from our lab,
indicate that in addition to mineral absorption, the intestinal microbiota can be a criti-
cal player in regulating bone physiology [7, 8, 52, 56, 57]. Thus, we and others have
examined the influence of probiotics on gut microbiome and how this modulates
bone health. The effect of probiotics on the gut-bone axis is determined by a variety
of factors. In this subsection we will discuss studies examining the effect of probiot-
ics on bone during growth, aging, and menopause. In addition, we will discuss the
role of sex in bone responses to probiotics as well as the safety of probiotics.
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Probiotic Effects on Growth

Stability of the intestinal microbiota composition is a critical regulator of intestinal
homeostasis throughout life, from newborn to adulthood. Increasing evidence also
indicates that intestinal homeostasis plays a key role in the development of healthy
strong bone during childhood and adolescence, which ultimately leads to a healthy
adult skeleton [58]. By comparing microbiota from undernourished and healthy
children from a Malawian birth cohort, Blanton et al. [5S9] demonstrated that the
microbiota is causally related to childhood nutrition. More importantly, the micro-
biota effects were functionally transmittable to germ-free mice (mice lacking a
microbiome). Specifically, germ-free mice whose intestines were populated with
microbiota from the undernourished children displayed reduced growth, altered
bone morphology, and metabolic dysfunction compared to mice populated with
age-matched healthy microbiota [59]. Supplementation with two bacterial strains
(Ruminococcus gnavus and Clostridium symbiosum) added to the microbiome
from undernourished children ameliorated growth abnormalities in the mice, sup-
porting a role for microbiome composition and by extension probiotics in growth
regulation [59]. In support of these findings, Schwarzewr et al. [60] show that
undernourished mice supplemented with the probiotic Lactobacillus plantarum are
able to maintain normal growth rates. Specifically, undernutrition suppresses
growth and bone growth parameters (femur length, cortical thickness, cortical
bone fraction, and trabecular fraction of the femur), and these effects were pre-
vented by L. plantarum treatment [60]. Importantly, and in agreement with Blanton
et al. [59], the presence and/or composition of microbiota during development was
shown to be important for regulating mouse growth rates. By comparing wild-type
and germ-free mice, the group found that growth parameters were decreased in the
germ-free mice which were 4% shorter and weighed less than the WT mice. This
response was shown to be dependent on the IGF-1-IGF-1R axis (Fig. 3). Analysis
of growth hormone (GH), IGF-1, and IGFBP-3 levels indicated a significant
decrease in germ-free compared to wild-type mice 56 days after birth while on
undernourished diet [60]. Supplementation with L. plantarum brought IGF-1 and
IGFBP-3 back to wild-type levels, suggesting L. plantarum can recapitulate the
beneficial effects of the microbiota on the IGF-1-IGF-1R axis [60]. Yan et al. [61]
also demonstrate the important role of the gut microbiota in regulating IGF-1
expression, bone formation, and growth in mice. These effects cross animal species
and are seen in Drosophila as well. Specifically, Drosophila display growth sup-
pression in response to undernutrition or lack of a microbiome [62]. When germ-
free flies are repopulated with probiotic lactobacilli strains, the flies regain their
ability to grow at normal rates [62], and the IGF axis is restored [63]. In humans,
Steenhout et al. examined the impact of probiotic-supplemented formulas on
growth in both healthy and vulnerable populations [64]. They concluded that the
probiotic Bifidobacterium lactis has a positive effect on growth in infants born to
mothers with human immunodeficiency virus [64]. Taken together, these studies
demonstrate that a healthy gut microbiome is important for bone growth during
development.
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Fig. 3 Probiotics bone effects in different populations. Probiotics benefit bone health across dif-
fering populations. The host bone responses are dependent upon factors such as sex, aging, meno-
pause, and growth

Probiotic Effects on Aging Bone

Aging is associated with many complications including osteoporosis. The use of
probiotics to benefit longevity and health dates back to ancient Ayurvedic texts (400
and 200 BCE) [20]. Given this, it is surprising that only recently research has begun
to focus on the critical role and mechanisms of microbiome/probiotic regulation of
aging conditions, such as osteoporosis. While there currently are several ongoing
studies examining probiotic effects on bone health in the elderly, only a few studies
have been published to date. In one study, Lactobacillus casei Shirota was given to
elderly male and female patients (n =417); after 4 months of treatment these patients
showed enhanced fracture healing (distal radius) compared to patients with placebo
treatment (Fig. 3) [65]. In a similar study, 50 postmenopausal women with osteope-
nia (50-72 years of age) were randomly assigned to take either GeriLact (7 probi-
otic bacteria species) or a placebo for 6 months. The multispecies probiotic GeriLact
significantly decreased biomarkers of bone resorption in comparison with the pla-
cebo group, though no significant changes in bone mineral density were observed
during this period of treatment [66]. Interestingly, the probiotic treatment did sig-
nificantly decreased serum levels of parathyroid hormone and the pro-inflammatory
marker TNF-a [66]. Another study, which saw an effect on bone density, involved
the treatment of osteoporotic males (64—67 years of age) with kefir fermented milk
for 6 months. The group found a 5% increase in femoral neck bone mineral density
measured by DEXA [67]. This study supports a benefit of probiotics on bone health,
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but it is important to recognize that only 24 subjects were studied and the contribution
of calcium in the kefir was not separated from the effects of the probiotic bacteria.
While not directly examining bone, a recent study by Han et al. screened a library
of C. elegans mutants to identify bacterial metabolites that influence lifespan and
reduce aging complications [68]. The polysaccharide colonic acid was found to be
involved in mediating longevity and reducing aging complications, supporting a
role for intestinal microbes in regulating lifespan and health. Taken together, ancient
texts and recent data indicate the potential for probiotics to maintain bone health
throughout life.

Probiotic Effects on Menopausal Osteoporosis

The natural loss of estrogen due to menopause is the most important risk factor for
osteoporosis in women. Women, over the course of their lifetime, lose about 50% of
their trabecular bone and 30% of their cortical bone; about half of the bone loss
occurs during the first 10 years after menopause [69]. Recent studies have examined
the influence of the microbiota and probiotic treatment during osteoporosis espe-
cially under conditions of estrogen deficiency in animal models. For example, while
we previously noted that intact healthy female mice do not display a bone response
to L. reuteri, we found that L. reuteri treatment can prevent ovariectomy-induced
bone loss in mice, suggesting that lack of estrogen may influence responsiveness to
L. reuteri effects on bone (Fig. 3) [52]. These findings were confirmed by others
using similar or distinct probiotics [44, 48, 63]. In a recent study, Li et al. [70] dem-
onstrated that microbiota is necessary for sex steroid deficiency-induced bone loss.
Female wild-type and germ-free mice were given Lupron (ovarian sex steroid
antagonist) to block the effect of estrogen in mice. While wild-type mice lost bone
as expected, the germ-free mice did not lose bone, demonstrating that the microbi-
ota may be essential for estrogen deficiency-induced bone loss [70]. While Lupron
increased intestinal permeability in wild-type mice, it did not affect permeability in
the germ-free mice. Supplementation of conventional mice with Lactobacillus
rhamnosus GG (LGG) or VSL#3 reduced gut permeability and intestinal inflamma-
tion and protected mice against bone loss induced by ovariectomy-induced estrogen
deficiency [70].

Probiotics have been proposed to function in multiple ways under estrogen-
deficient conditions. One important mechanism is through the suppression of osteo-
clastogenesis, an event that is upregulated during estrogen deficiency/menopause.
Our studies showed that L. reuteri can suppress OVX-induced increases in bone
marrow CD4+ T lymphocytes, which are responsible for the overstimulation of
osteoclasts (Fig. 5) [52]. In addition, we have also shown that a 3 kd fraction of the
L. reuteri can inhibit osteoclastogenesis in vitro [52]. Similarly, Ohlson et al. showed
that the probiotics could affect pro-inflammatory cytokines such as TNF-o and
IL-1pB, as well as increase osteoprotegerin levels, all of which will decrease osteo-
clastogenesis. Similar attenuation of bone loss was also demonstrated with soymilk
that was supplemented with L. paracasei subsp. paracasei NTU101 or L. plantarum



Probiotics in Gut-Bone Signaling 237

NTU 102 in ovariectomized mice [8]. Narva et al. have also demonstrated a similar
outcome with the use of fermented milk, valyl-prolyl-proline, and Lactobacillus
helveticus LBK-16H in ovariectomized rats [71]. Finally, Rodrigues et al. showed
that synbiotics, in this study a combination of prebiotics (Yacon flour) and probiot-
ics (Bifidobacterium longum), increased bone mineral content in rats [51]. Together,
these studies demonstrate an important role for oral probiotics in reversing estrogen
deficiency-induced bone loss.

Influence of Sex on Probiotic Effectiveness

Sex hormones are known to play a critical role in regulating bone density [72]. For
example, males have greater bone density than females mainly due to differences in
cortical bone expansion and greater trabecular bone volume [73, 74]. In addition,
studies indicate that some mouse models display gender differences in response to
hormones, such as PTH, which regulate bone [75]. Similarly, in one of the earliest
bone studies to identify sex-specific responses to probiotic use, our lab administered
Lactobacillus reuteri ATCC PTA 6475 (L. reuteri) to healthy male and healthy
female mice for 4 weeks [9]. L. reuteri increased bone volume fraction and bone
mineral density in healthy male mice, and this was associated with a suppression of
intestinal inflammation (Fig. 3) [9]. Surprisingly, these effects were not observed in
female mice, demonstrating that L. reuteri treatment influences bone (and gut) in a
sex-specific manner [9]. This is also consistent with studies that induce intestinal
inflammation by infecting mice with H. hepaticus; in these studies, the pathogenic
bacteria caused intestinal inflammation and bone loss in male mice but did not have
a significant effect in female mice [76]. Taken together the findings suggest that
female mice do not respond to either “bad” or “good” bacteria. In later studies, we
identified that intact female mice can respond to probiotic (L. reuteri) treatment, but
only when they are put into mild inflammatory state through dorsal surgical incision
[7], supporting a potential role for inflammatory cells and estrogen in regulating
female responses to luminal bacteria.

Probiotic Safetyc Throughout Life

The above studies indicate that probiotics hold great promise for supporting bone
health. While generally regarded as safe (GRAS), there are some situations where
probiotics need to be used cautiously. Patients with compromised immune systems,
with significant intestinal barrier dysfunction, or with severe/critical illness may be
susceptible to adverse effects such as sepsis, fungemia, and intestinal ischemia [77];
under these conditions the concern is that the load of intestinal bacteria, even though
beneficial, could lead to inflammation and crossover into the blood system where
immune cells may be compromised and unable to remove/kill the bacteria. Recent
tolerability studies for one probiotic, Lactobacillus rhamnosus GG (LGG), are very
positive. Children with Crohn’s disease, which involves a barrier break, tolerate
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orally supplemented LGG and displayed a side effect profile comparable with
placebo [78]. Similarly, elderly patients (66—80 years old) did not display serious
adverse effects in response to probiotic (LGG) treatment [79]. Mild symptoms that
can occur include bloating, gas, and nausea during the adaptation to probiotic inges-
tion. As with any new therapy, it is important to carry out these safety and tolerabil-
ity studies.

Mechanisms of Probiotic Prevention of Bone Pathophysiology

Effect of Probiotics in Dysbiosis-Induced Bone Loss

Dysbiosis is caused by an imbalance of gut microbiota composition/function
[80]. While primarily an ailment of the gut, dysbiosis can have systemic effects
due to increased permeability of the intestinal mucosa [81]. This can result in
bacterial products such as lipopolysaccharide to enter systemic circulation result-
ing in systemic and local tissue inflammation at distant sites including the bone
(Fig. 4) [82, 83]. Our lab has shown that dysbiosis caused by an infectious H.
hepaticus bacteria can induce gut inflammation as well as bone loss in male mice
[84]. Long-term antibiotic treatment can also induce dysbiosis and has been
shown to influence the bone. Specifically, male mice treated with antibiotics
(ampicillin and neomycin) from 4 to 16 weeks of age display decreased bone
strength and reduced B and T cell populations [85]. In a periodontal model of

Eubiosis Lumen
Inflammation e Barrier
& (= Probiotics —> 4 el

Fig. 4 Model of probiotic mechanistic signals regulating bone density. A disruption in gut micro-
biota homeostasis can lead to increased inflammation and gut permeability resulting in systemic
organ inflammation, including within the bone. Prevention of local gut inflammation and permea-
bility by promoting a healthy gut microflora (eubiosis) is one of the many ways probiotics can
benefit bone health
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dysbiosis, bone loss was observed [86]. Activation of nucleotide-binding
oligomerization domain containing 1 (NOD1), a receptor for immune function in
the gut, spared bone loss in these mice, indicating that it could have important
effects in similar cases in humans [86].

Probiotic treatment can benefit dysbiosis and gut health through maintaining
intestinal barrier function and thereby preventing toxins from entering systemic cir-
culation [87-91]. In a study causing enteropathogenic E.coli (EPEC)-induced dys-
biosis, administration of probiotic E.coli Nissle 1917 increased specific claudin
expression and prevented increases in intestinal permeability seen after infection
with EPEC (Fig. 4) [92]. While pathogenic dysbiosis can damage the intestinal bar-
rier, several studies have shown that this barrier can be rescued through the use of
specific probiotics [93-96]. These studies suggest that several conditions linked
with gut dysbiosis can be improved through the proper treatment with probiotics.
Along with treating the intestinal permeability observed in dysbiosis, probiotics
have also been shown to have positive effects on bone health in dysbiosis models.
Periodontal disease characterized by dysbiosis of the healthy oral bacterial flora
leading to increased inflammation and subsequent bone loss was prevented with
probiotic administration. Using this model, mice with periodontitis that were treated
with Lactobacillus brevis CD2 displayed decreased bone loss and lower expression
of pro-inflammatory cytokines such as tumor necrosis factor, interleukin-1p, and
interleukin-17A (Fig. 5). Similar studies in a rat model of periodontal disease indi-
cate that probiotics (Bacillus subtilis and Saccharomyces cerevisiae) can decrease
bone resorption, increased bone density, and decreased inflammation [97, 98]; dys-
biosis was also prevented by probiotic treatment [97].

Pro-osteoblast
Bone Formations

Wnt-10b
IGF-1

OPG

Probiotics : Pro-osteoclast
Bone Resporption
— CD 4+ T-Cells

Pro Inflammatory
Cytokines

= RANKL

Fig. 5 Mechanism of probiotics beneficial bone affects. Probiotic treatment can modulate the dif-
ferentiation and function of osteoblasts through changes in Wnt10b, insulin-like growth factor-1,
and OPG as well as osteoclasts through modulation of CD4+ T-cells, pro-inflammatory cytokines,
and RANKL)
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Effect of Probiotics in IBD-Induced Bone Loss

Inflammatory bowel disease (IBD) can have detrimental effects on bone health by
affecting the actions of osteoblasts and osteoclasts and promoting osteoporosis [99].
IBD is characterized by gut dysbiosis which generates an inflammatory response
both locally and systemically, including within the bone marrow and bone [84].
Thus, IBD-induced intestinal inflammation is the primary pathology that leads to
IBD-induced osteoporosis [99]. When the dysbiosis is recognized by the immune
system, an inflammatory response occurs that includes the release of many pro-
inflammatory cytokines such as TNF-a, IL-6, IL-11, and IL-17, as well as prosta-
glandin E, [100]. Cytokine expression is also elevated in bone [84, 101, 102]. The
elevation of pro-inflammatory cytokines promotes osteoclast activity and also sup-
presses osteoblast activity; the latter occurs by decreasing maturation and increasing
cell death. IBD also affects the RANK-RANKL-OPG pathway of bone metabolism
and promotes excessive bone loss [103]. Prostaglandin E, promotes RANKL and
inhibits OPG, which results in greater osteoclast activation. For a comprehensive
review of how IBD affects bone, please refer to the chapter by Dr. Sylvester.

Recent studies have shown the protective effects of probiotics on IBD-induced
gut inflammation and on bone. Administration of a commercially available probi-
otic VSL#3 in a mouse model of ulcerative colitis led to decreased gut permeability
and aided in treatment of inflammatory symptoms (Fig. 5) [89]. Using other probi-
otics, such as L. reuteri (R2LC), in IL-10-deficient colitis models attenuated disease
development, normalizing gut barrier function and reducing pro-inflammatory cyto-
kines and histological disease score [104]. Consistent with these studies, DSS-
induced colitis caused increases in gut permeability in female BALB/c mice which
was prevented with treatment of Bifidobacterium longum CCM 7952 (Bl) [105].
Additional studies indicate that the modulation of toll-like receptor 9 (TLR9) is
necessary for the beneficial effects of probiotics in ulcerative colitis treatment [106].

Although these studies did not look at the direct effect of probiotics on the bone,
they do indicate that probiotics can have beneficial effects on IBD-induced gut
inflammation), which is one of the main components of IBD-induced bone loss.
However, probiotics appear to have differential effects on bone inflammation.
Treatment of bone marrow-derived dendritic cells from mice with VSL#3 showed
increases in both pro- and anti-inflammatory cytokine levels [107]. Taken together
these studies show that probiotic treatment of IBD patients may be beneficial to cor-
rect the dysbiosis and reduce intestinal inflammation, but further studies are needed
to solidify the beneficial role of probiotics.

Effect of Probiotics in Type 1 Diabetes-Induced Bone Loss

Type 1 diabetes is a chronic autoimmune disease characterized by destruction of
insulin-producing pancreatic p-cells, resulting in the requirement for exogenous
insulin to control blood glucose levels. The consequent metabolic dysregulation has
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many deleterious consequences including bone loss. T1D-induced osteoporosis is
thought to result primarily from the dysregulation of osteoblastic activity. Given
that probiotics benefit bone health, probiotic treatment in this model has been exam-
ined. This is based on early studies indicating a role for the gut microbiome in T1D
development. One of the original studies in nonobese diabetic mice (NOD) showed
that NOD mice lacking MyD88 protein (adaptor for multiple innate immune recep-
tors that recognize bacterial stimuli) did not develop T1D [108]. This protection is
dependent on the commensal microbes because germ-free MyD88-negative NOD
mice develop severe diabetes, whereas bacterial colonization attenuates T1D [108].
Thus, commensal bacteria may be important to reduce disease susceptibility.
Consistent with these findings, another group showed that early life antibiotics alter
the gut microbiota and its metabolic capacities, intestinal gene expression, and T
cell populations leading to accelerated T1D in NOD mice [109]. In addition, our lab
has demonstrated that modulation of the gut microbiota with probiotic L. reuteri
6475 can prevent streptazotocin (STZ)-induced T1D-mediated bone loss in mice. In
this study, male (C57BL/6 14 weeks old) mice were given an STZ injection to
induce type 1 diabetes which displayed a 35 % reduction in bone volume fraction
4 weeks postinjection [10]. Treatment with L. reuteri 6475 prevented this bone loss.
This was further supported by trabecular bone data, which revealed that L. reuteri
6475 prevented the increase in trabecular spacing and reduction in trabecular num-
ber induced by T1D. STZ-induced T1D bone loss comes from reduced osteoblast
activity, which was consistent with decreased osteocalcin (bone formation) serum
markers and decreases in mineral apposition rate (MAR) compared to controls. L.
reuteri 6475 prevented decreases in both osteocalcin and MAR suggesting that pro-
biotics, specifically in this model, can have an anabolic effect on the bone [10].
Additionally, part of T1D’s bone pathology is an increase in bone marrow adiposity,
indicating an altered lineage commitment of bone marrow stromal cells toward the
adipocyte over osteoblast lineage [110, 111]. In this study, consistent with benefit-
ing bone health, L. reuteri 6475-treated T1D mice did not display increases in adi-
pocyte number [86]. Furthermore WntlOb signaling which in mesenchymal
precursor cells stimulates osteoblastogenesis and inhibits adipogenesis was
decreased in T1D mouse bone (Fig. 5). Treatment with probiotic L. reuteri 6475
fully restored whole bone Wntl0Ob gene expression back to normal levels [86].
These findings suggest that probiotic use can prevent T1D bone loss by modulation
of expression of Wnt10b in bone.

Conclusions

There are many studies supporting the role for the microbiome in the regulation of
bone heath. Direct supplementation of beneficial probiotic bacteria can affect bone
health by regulating aspects of gut such as preventing dysbiosis and/or increases in
gut permeability and inflammation. However, more research is needed to under-
stand the signaling pathways that link the gut microbiome to bone. Future studies
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should focus on identifying mechanisms in which probiotics/microbiome are able to
regulate osteoblast/clast activities. These studies are important for developing future
treatments for osteoporosis.
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Bone Mechanical Function and the Gut
Microbiota

C.J. Hernandez

Introduction

The primary function of bone is to resist physical forces. Bones provide a stiff struc-
ture that supports the body and provides leverage points for muscle insertions to
enable locomotion. Additionally, bones provide mechanical protection to vital
organs. Failure of bone to serve its mechanical function leads to fracture. For this
reason, the mechanical performance of bone is perhaps the most clinically relevant
effect of gut-bone signaling.

Impaired bone mechanical performance can result in a clinical fracture during
activities of daily living. Fractures that occur from modest loads such as a fall from
standing height or loads associated with rising from a chair are known as fragility
fractures. Fragility fractures are often the result of osteoporosis, a condition in
which bone mass and density are reduced. A key clinical assay used to diagnose
osteoporosis is bone mineral density (BMD). Individuals with low bone mineral
density are more likely to experience a fragility fracture. Whether or not an indi-
vidual develops low bone mineral density characteristic of osteoporosis is deter-
mined by the amount of bone accrued during growth and maturation as well as rates
of bone loss later in life [1, 2]. While bone mineral density is a useful indicator of
the risk of fragility fracture, there are aspects of fracture risk that are not explained
by BMD. For example, risk of fragility fracture exceeds what is expected from
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Table 1 The terms used to describe mechanical performance at the whole bone are shown along
with the corresponding tissue-level terms

Whole bone mechanical properties

(units) Tissue mechanical properties (units)
Load (N) Stress (N/mm?)

Displacement (mm) Strain (mm/mm)

Stiffness (N/mm) Elastic modulus (N/mm?)

Ultimate load (N) Ultimate stress (N/mm?)

BMD in a number of clinical conditions including advanced age [3], diabetes and
obesity [4, 5], and inflammatory bowel disease [6, 7].

Over the last 10 years, improvements in high-throughput sequencing have led to
rapid improvements in our understanding of the human microbiome and its effect
on disease. The human microbiome consists of the microbial species and associated
molecular products that reside on the surfaces of the human body. The microbiome
of an individual consists of over 1,000 distinct microbial species including bacteria,
archaea, and single-celled eukaryotes. Alterations in the constituents and metabolic
activity of the human microbiome have been associated with a host of chronic dis-
eases including obesity, diabetes [8], and cardiovascular disease [9]. Interestingly,
many of the chronic conditions associated with an altered gut microbiome are also
risk factors for fragility fracture (Table 1) [10], suggesting a potential link between
the gut microbiome and bone fragility. An association between the gut microbiome
and bone would suggest that the microbiome could be used as a biomarker of frac-
ture risk or even a therapeutic target to prevent fractures.

The goal of this chapter is to summarize how gut-bone signaling may influence
the ability of bone to resist physical forces and avoid fragility fracture. I first review
bone biomechanics and then discuss links between the microbiome and bone.

Mechanical Properties of Bone

This section has two parts: a conceptual review of biomechanics targeted to readers
with little engineering background, followed by a more technical review of the
aspects of bone quality that determine whole bone strength and fracture risk.

Conceptual Review of Biomechanics: Mechanical Stress
and Strain and Material Failure

Most readers are familiar with mechanical failure in man-made devices. Mechanical
components of automobiles, buildings, and even office furniture fail from time to
time and must be replaced. Engineers prevent premature failure in man-made



Bone Mechanical Function and the Gut Microbiota 251

devices by applying well-established concepts that describe how forces are distrib-
uted throughout the structure and how the material from which the structure is made
resists failure. The same physical mechanisms that cause failure of man-made
devices also apply to the mechanical failure of bones. Here I review two concepts
that are fundamental to understanding the biomechanical performance of bone in
relation to fragility fractures: (1) The mechanical performance of the whole bone is
determined by bone morphology and density as well as the mechanical performance
of bone tissue material itself and (2) mechanical failure of a whole bone is not
always the result of impaired bone tissue strength but can also occur as a result of
changes in tissue mechanical properties other than strength.

The key aspects of mechanical function of a whole bone are stiffness and strength.
Stiffness is the relationship between the applied load and the resulting deformation.
Stiffness is the same parameter that is described in introductory physics textbooks
as a spring constant. The strength of a whole bone is the maximum load that can be
applied before failure (measured as the ultimate load; see Table 1). The ultimate
load expresses the functional strength of the bone but often doesn’t tell the complete
story regarding fragility fracture. For example, a whole bone may be weak due to
unusual morphology, poor internal structure, impaired bone tissue material proper-
ties, or a combination of all three. It is often useful to understand the causes for
variation whole bone strength by separating the effects of morphology from the
effects of tissue material properties. Tissue material properties are analogous to
whole bone mechanical properties (Table 1). The concentration of force at a point
within the bone structure is known as the tissue stress. Stress is expressed as force
per unit cross-sectional area (the same units as pressure). The amount of tissue
deformation at a location within the whole bone is expressed as strain. Strain is the
amount of deformation relative to the initial shape (a unitless parameter, sometimes
expressed as mm/mm or as a percent). The relationship between tissue stress and
strain is the elastic modulus. The elastic modulus is the stiffness of the tissue and is
independent of bone morphology. The strength of a material is expressed as the
ultimate stress. When a whole bone is loaded, the forces applied to the bone are
distributed throughout the structure creating a complex distribution of tissue stress
and strain.

The distribution of tissue stress and strain within a whole bone is influenced by
external morphology as well as internal structure. A simple example of the effects
of internal structure on tissue stress and strain is the effect of cross-sectional geom-
etry on resistance to bending in a long bone such as a femur. When a long bone is
submitted to bending loads (a common loading mode), tissue stress and strain are
distributed in a pattern determined by cross-sectional geometry. The key geometric
factor describing how a bone resists bending is the second moment of area, also
known as the “moment of inertia” in the engineering literature. The moment of
inertia is directly proportional to whole bone stiffness and strength in bending.
Changes in cross-sectional geometry can have a large effect on whole bone stiffness
and strength even when the amount of material in the structure is not changed
(Table 2). Although the cross-section of the diaphysis of a long bone is used to illus-
trate the effect of geometry, similar effects of internal geometry are present in
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Table 2 The effect of cross-sectional geometry on the whole bone stiffness and strength in
bending is shown. All three of the example have the same cross-sectional area but differ in terms
of inner and outer radius. The bone with the larger outer radius has a strength 1.6 times greater even
though the cross-sectional area is identical

Parameter

Cross-sectional area 1 1 1
Outer radius 1 1.30 0.83
‘Whole bone bending 1 2.10 0.58
stiffness (flexural rigidity)

‘Whole bone bending strength 1 1.60 0.69

(onset of failure)

regions of the skeleton with both cancellous and cortical bone [11, 12]. Readers
interested in more detailed mathematical discussions of the moment of inertia are
referred to prior work [13].

Understanding the differences between whole bone mechanical function and tis-
sue material properties is necessary to understand the underlying causes of increased
bone fragility. A clinical parameter often associated with whole bone strength is
bone mineral density. Bone mineral density, measured using dual energy x-ray
absorptiometry or quantitative computed tomography, is a single numerical value
that summarizes the size and density of a whole bone but provides no information
about internal geometry or tissue material properties. It is therefore possible that a
bone can display high bone mineral density, but may still be prone to fragility frac-
ture due to impaired internal geometry or tissue strength. Understanding the under-
lying cause is important because some interventions are more effective at improving
internal geometry, while others may be more effective at improving tissue strength.

Mechanical failure of a whole bone is commonly attributed to excessive mechan-
ical loads such as those from a fall, but not all fractures occur during a single load-
ing event. For example, as many as 60% of vertebral fractures occur without a single
memorable loading event and are either spontaneous or incidental [14]. The idea
that a structure can fail through processes other than a single overload is not com-
monly discussed in the bone literature [15]. However, most readers are familiar with
the fact that mechanical failure is not always caused by a single event: a load carry-
ing part of an automobile may undergo mechanical failure following thousands of
cycles of low-magnitude loading during regular use. Clearly such a component did
not fail because it had insufficient strength (it survived many previous loads of the
same magnitude). Tissue strength, measured as the ultimate stress, describes tissue
failure under a single load (Table 1) but provides little information about failure that
is caused by multiple loads. Material properties that describe tissue failure but are
distinct from tissue strength include fracture toughness (resistance to failure caused
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by rapid crack growth) and fatigue strength (resistance to failure caused by thou-
sands to millions of cycles of loads well below the ultimate stress) [16]. Fracture
toughness and fatigue strength are associated with tissue brittleness. Fracture tough-
ness, in particular, has recently been identified as a tissue material property that can
greatly influence fracture risk and is modified in a number of different clinical con-
ditions/regions of the skeleton [17-19]. It is possible that bone tissue can display a
high bone strength (resistance to failure under a single load) and low fracture tough-
ness (resistance to rapid crack growth) [20]. The vast majority of research in bone
mechanics has examined whole bone and tissue strength, but relatively little is
known about whole bone failure caused by inadequate fracture toughness or fatigue
strength. It is likely that future advancements in fracture prevention will involve
improving material properties other than strength [15].

Hierarchical Nature of Bone Mechanical Performance

Bone is a hierarchical material, a term that means that bone structure is made up of
smaller, divisible parts. Whole bone mechanical function aggregates effect of the
mechanical performance of all of these smaller parts, each acting at a length scale
ranging from nanometers to centimeters (Fig. 1, Table 3). A clinical condition that
influences whole bone mechanical function does so by changing one or more of
these traits. Here I review the characteristics of bone at each length scale.

Whole bone size and density have long been associated with resistance to frac-
ture. Whole bone density is measured in vivo using dual energy x-ray absorptiom-
etry and/or quantitative computed tomography. Bone mineral density is strongly
correlated to whole bone strength as measured in the laboratory [12, 21, 22].
However, there are aspects of bone geometry and internal structure that are not
well described by bone mineral density but nevertheless influence whole bone
mechanical performance. Two aspects of bone internal structure that influence
whole bone mechanical performance are the relative amounts of cortical and can-
cellous bone and variability in cancellous bone density. Cortical bone is stiffer and
stronger than cancellous bone and is therefore much more influential in determin-
ing whole bone strength, although cancellous bone still plays an important role,
especially in bones such as the vertebrae that have relatively little cortical bone
tissue [23-25]. Variation in the density of cancellous bone within a whole bone can
also influence mechanical performance [26], and recent studies have shown that
increased heterogeneity of bone density at the millimeter scale influences the stiff-
ness and strength of vertebrae [27, 28].

Bone tissue at the scale of 3-5 mm is the next smallest hierarchical scale of bone.
Examination of bone mechanical properties at the scale of 3-5 mm is popular
because at this scale: (1) It is possible to dissect specimens of uniform size for
experimental analysis, thereby separating the effects of whole bone morphology
and internal architecture; (2) the size scale is large enough so that the microstructure
can be summarized by a single number (e.g., bone volume fraction); and (3) the
scale is similar to the resolution of common clinical imaging modalities such as a
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Fig. 1 The mechanical performance of a whole bone is determined by factors affecting bone at
multiple length scales (Adapted from Hernandez and Keaveny [53] with permission)

quantitative computed tomography and can therefore be directly applied to finite
element models to estimate whole bone stiffness and strength [29]. Bone volume
fraction is the single most important contributor to elastic modulus and strength at
the scale of 3—5 mm [30]. Average tissue degree of mineralization can also influence
elastic modulus and strength by the following empirical relationship [31]:

E(GPa)(BV/TV)"™" ™,
oo (MPa)(BV/TV)™ a?”,
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Table 3 Characteristics of Scale
bone that influence bone (m) Bone characteristics
mechanical performance are >10-3 ‘Whole bone morphology (size and
shown shape)
Bone density distribution
Relative proportion of cortical/
cancellous bone
10— Bone volume fraction
107 Microarchitecture
Average degree of mineralization
10— Remodeling cavity number, size, and
10-° distribution
Tissue heterogeneity
<10~ Collagen structure and cross-linking
Mineral type and crystal alignment
Non-collagenous proteins
Matrix-bound water

Adapted from Hernandez and Keaveny [53]

where E is the elastic modulus, oy is the ultimate stress in compression, BV/TV
is the bone volume fraction, and « is the degree of mineralization (ash mass/total
mass).

Microarchitecture also influences bone mechanical performance, but the effects
are complicated. The mechanical properties of bone at the millimeter scale are
anisotropic, a term that means that tissue material properties depend on the orienta-
tion of loads. The anisotropy of bone tissue mechanical properties is primarily due
to the fact that microstructures (trabeculae in cancellous bone and Haversian canals
in cortical bone) are preferentially oriented in the same direction as stresses caused
by habitual loading in vivo [32, 33]. The mechanical properties of bone tissue at the
millimeter scale are different in directions transverse to the microstructural orienta-
tion. However, if we consider only the mechanical properties oriented with the
microstructure, detailed measures of microarchitecture (trabecular thickness, tra-
becular separation, etc. [34]) explain little of the variation in bone stiffness and
strength beyond what can be inferred from bone volume fraction (see above) [30].

At the scale of 10-100 s micrometers, bone tissue mechanical performance is
influenced by microscale porosity and tissue heterogeneity. Pores in bone tissue
caused by bone remodeling such as resorption cavities (also referred to as resorption
lacunae or osteoclast lacunae, in humans typically 30 pm in depth and 80,000 pm?
in area [35]) can cause localized stress concentrations in bone tissue. Extensive
examination of the effects of resorption cavities on cancellous bone, however, has
failed to observe an effect of resorption cavities on elastic modulus, ultimate stress,
or fatigue life at the scale of 3-5 mm [19, 36, 37]. Microscale porosity in cortical
bone has recently become a topic of great interest because it may impair the
mechanical properties of cortical bone in ways that are not apparent from clinical
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measures of bone mineral density [38, 39]. Heterogeneity of bone tissue at the scale
of 10-100 pum is also believed to influence the mechanical properties of bone tissue
[40]. Heterogeneity in bone tissue at this scale is a result of bone remodeling (see
below). Tissue heterogeneity at the scale of 10—100 pm results from slight varia-
tions among prior locations of bone remodeling (bone structural units) and can alter
the elastic modulus of cancellous bone at the scale of 3—5 mm [41-43]. The effect
of tissue heterogeneity on other mechanical properties of bone such as ultimate
stress remains poorly understood.

Mechanically relevant changes in bone tissue also occur at the scale of microm-
eters or nanometers and include alterations in mineral content and quality, the rela-
tive amounts of collagen and non-collagenous proteins and matrix-bound water.
Characteristics of bone mineral at scales below 10 pm that influence bone tissue
mechanical properties include the mineral-to-matrix ratio and crystallinity.
Crystallinity has a profound effect on bone tissue elastic modulus and strength [44,
45]. Collagen is the primary organic component of bone tissue, but there are also a
number of non-collagenous proteins including osteocalcin and osteopontin that may
also influence tissue mechanical performance. Bone tissue that is deficient in osteo-
calcin or osteopontin is more brittle and therefore more likely to fail [18]. Type I
collagen in bone is synthesized by osteoblasts but can undergo posttranslational
modifications resulting in cross-links with neighboring molecules. Collagen cross-
links may be enzymatic or nonenzymatic. Nonenzymantic cross-links such as pen-
tosidine can make the collagen network more rigid resulting in a bone tissue that is
more brittle [46, 47]. In addition, matrix-bound water has recently been shown to
have a profound effect on bone mechanical properties including tissue strength and
brittleness [48-51].

The characteristics of bone that have been discussed so far have been studied for
some time, but there is still much we do not know about how these characteristics
contribute to fragility fracture. First, most of our understanding of bone mechanical
performance is based on evaluation of elastic modulus and strength. While these
two tissue material properties are extremely important, mechanical failure can also
occur through mechanisms dominated by other material properties such as fracture
toughness [17] or fatigue strength [16]. A characteristic of bone may improve one
mechanical property while impairing another [15]. For example, increased bone
tissue degree of mineralization is associated with increased elastic modulus and
ultimate stress (see above) but has also been associated with impaired bone tissue
brittleness [52] and increased risk of tissue failure through mechanisms dominated
by fracture toughness or fatigue strength. Second, there is much we do not yet
understand about micro- and nanoscale properties of bone tissue and their effect on
whole bone mechanical performance. It is possible for a characteristic of bone to be
extremely influential in determining mechanical performance of bone tissue at the
scale of 100 pm but have no net effects at larger scales, either because the charac-
teristic is too small to influence failure at larger scales or because of compensatory
changes in other characteristics of bone [53]. This limitation in our understanding is
compounded by the fact that changes in tissue fracture toughness and fatigue
strength often originate at scales smaller than 100 pm.
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Lastly, it is not always clear how some characteristics of bone tissue are modified
in vivo. In some cases, genetic deficiencies can impair bone tissue mechanical prop-
erties. However, after a bone is initially formed, there are only two ways that bone
structure can be modified: bone remodeling and bone modeling. Bone remodeling
is a process in which bone resorption occurs at a location, followed soon after by
bone formation that replaces some or all of the resorbed bone tissue. One function
of bone remodeling is to remove older bone tissue and replace it with new tissue
[54]. Imbalances in the volume of bone resorbed and formed at each remodeling
event can cause net changes in bone volume that, over time, can lead to considerable
changes in whole bone density. Bone modeling involves either formation or resorp-
tion at a location. Bone remodeling and modeling cause changes in local bone vol-
ume that can, over time, lead to changes in internal structure and whole bone
morphology.

Bone remodeling and modeling may also regulate the material properties of bone
tissue at the micro- and nanoscale. After the organic component of bone tissue is
synthesized, it begins to mineralize, starting with a rapid primary phase of mineral-
ization followed by an extended secondary phase of mineralization that lasts months
or even years [55-57]. Hence, there are small differences in tissue degree of miner-
alization among regions of bone tissue depending on the time at which the bone was
formed [56]. As mentioned above, tissue degree of mineralization can influence
bone tissue elastic modulus, ultimate stress, and potentially fracture toughness. In
addition to alterations in tissue degree of mineralization, bone tissue accumulates
advanced glycation end products (AGEs) over time [47]. The rate of accumulation
of AGEs in bone is slow but not yet well understood and may be influenced by sys-
temic factors such as increased serum glucose [47]. The accumulation of AGEs is
associated with the formation of collagen cross-links which can promote tissue
brittleness [18, 46]. Both secondary mineralization and collagen cross-linking pro-
cesses occur over time without active cell activity and suggest that the mechanical
properties of bone tissue are influenced by the length of time the tissue has been
present in the body, a parameter referred to as “tissue age.” Differences in tissue age
among bone structural units (regions of bone tissue formed during a single remodel-
ing event, 20—100 pm in characteristic size; see above) result in tissue heterogeneity
that can influence bone mechanical performance. To date, the only proposed process
for altering bone tissue mechanical properties is to remove and replace tissue
through bone remodeling. Bone remodeling is a surface-based process, however,
and bone tissue is only remodeled if it is sufficiently close to a bone surface that is
accessible to osteoclasts and osteoblasts. Such regions include the surfaces of a
trabecula and the surfaces of Haversian or Volkmann’s canals or a newly forming
osteon/Haversian canal (a “cutting cone”). The fact that bone remodeling only
occurs at surfaces limits the ability to turn over bone tissue; hence, there are some
regions of bone tissue that never remodel during an individual’s lifespan [56].
Additionally, the fact that bone remodeling is constrained to surfaces means that
changes in bone tissue material properties that are caused by aging are very difficult
to reverse; computational models suggest that increases in tissue age associated
with antiresorptive treatments may remain for more than a decade after treatment is
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suspended [58]. Hence, impairment of bone morphology and bone density is readily
reversed by bone remodeling and modeling, but changes in tissue material proper-
ties, once established, are not easily modified.

Mechanisms Linking the Microbiome to Bone Strength

The human microbiome is the community of microbial species and their molecular
products that reside on the human body. The vast majority of commensal microbes
in the human body are in the gut. Changes in the gut microbiota have been associ-
ated with inflammatory bowel diseases [59], obesity [8], metabolic disease [60],
malnutrition [61], neurological disorders [62], cancer [63], and cardiovascular dis-
ease [9]. The effects of the microbiome on physiology have been studied since the
advent of antibiotics but have traditionally been difficult to study because the vast
majority of species within the microbiome are not readily grown under laboratory
conditions (so-called unculturable organisms) [64]. Advancements in high-
throughput sequencing in the past decade have made it possible to identify many of
these organisms, resulting in increased interest in the role of the gut microbiome in
health. This chapter includes a conceptual review of the microbiome for nonexperts
in the topic followed by a more technical review of the effects of the microbiome on
bone. The review of the effects of the gut microbiome on bone concentrates on the
potential effect on bone mechanical performance, and the interested reader is
referred to other chapters in this book for alterations in bone cell physiology.

Conceptual Review: What Is the Gut Microbiota?

The gut microbiota of an individual consists of over 1,000 distinct species of bacte-
ria, archaea, viruses, and single-celled eukaryotes. The current approach for charac-
terizing the constituents of the gut microbiota is through sequencing of the 16S
rRNA gene. The resulting analysis provides the relative abundance of prokaryotic
organisms present and can be analyzed at different phylogenetic levels (phyla, class,
etc.). Here we review two concepts that are fundamental for understanding the
microbiome: (1) The microbiome is a complex network of interdependent species
and (2) the organisms within the microbiome maintain a relatively robust dynamic
equilibrium that resists the introduction of new species.

Each species within the microbiome interacts with the others in a complex net-
work that involves competition for resources, predatory and parasitic interactions,
as well as symbiotic-like interdependencies [65]. The interactions among organisms
within the gut flora make it difficult to identify a single species as the cause of a
disease process. Even when a single organism is associated with a disease-like phe-
notype, one cannot ignore the possibility that the identified organism is not the
cause of the disease but is simply part of an interdependent network with other
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organisms that are the direct cause [66]. Additionally, most of what we know about
the contents of the microbiome is based on phylogenetic characterization of the spe-
cies that are present; this tells us what organisms are present but does not describe
how the organisms participate in the community. The functional capacity met by
each species within the interacting network may be more important to understand-
ing the relationship of the microbiome to disease [67, 68].

The network of species within a microbiome helps a healthy gut flora resist the
introduction of new species [68]. A new organism introduced into the community
must compete with established organisms and the network of interdependent spe-
cies. In order to survive and populate the community, the newly introduced organ-
ism must have some competitive advantage (uses a different food resource, generates
an antibiotic to hinder competitors, etc.). The ability of the commensal flora to limit
the introduction of new species is called resistance and is useful to prevent coloniza-
tion by pathogenic species. However, resistance in the microbial community can
also make it difficult to repair an unhealthy gut flora. The commensal population of
a mature gut flora fluctuates daily based on host diet and activity patterns [67, 69].
Although the gut microbiota fluctuates, the microbial community within the gut is
robust to transient disruptions such as short-term alterations in diet, a trait called
resilience. Extreme stimuli such as antibiotic treatment can cause long-lasting
changes to some components of the gut flora even if the majority of the microbiota
returns to its initial state [67, 70]. Even when changes in microbial composition
occur, they may simply involve replacement of a species with another organism that
fills the same functional role. The ability of the microbiome to recover function after
a disruption is known as functional redundancy [68].

Mechanisms Linking the Gut Microbiota to Bone

The association between the gut microbiome and organs distant from the gut is not
immediately obvious. I have found it useful to classify mechanisms that link gut
microbiota to bone into three groups [10]: (1) regulation of nutritional absorption,
(2) stimulation of the immune system, and (3) translocation of microbes or microbe-
associated molecular patterns (MAMPs) across the endothelial barrier (Fig. 2).

The gut microbiota can have a profound influence on nutritional absorption in
the gut. Low-dose antibiotics have long been known to increase rates of animal
growth and do so primarily by altering the population of the gut flora in a way that
enhances caloric absorption [71-73]. The gut microbiota also synthesize a number
of vitamins useful to the body including pyridoxal phosphate, thiamine (B1), niacin
(B3), pantothenic acid (B5), biotin (B7), cobalamin (B12), folate, vitamin K, and
tetrahydrofolate [74, 75]. Vitamins synthesized by the gut flora are absorbed at the
gut endothelium and distributed through the systemic circulation.

The gut microbiota interacts directly with the host immune system. The micro-
biota may come into direct contact with immune cells, in particular dendritic cell
processes that extend into the mucosa. Additionally metabolites released from the
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Fig. 2 Proposed mechanisms linking the gut microbiome to bone are illustrated. Mechanisms are
divided into microbiome-derived regulation of nutrients and vitamins, microbiome-derived regula-
tion of the host immune system, and translocation of microbes and microbe-associated molecular
pattern (MAMP) molecules. Abbreviations: DC dendritic Cell, EC endothelial cell, MAMPs
microbe-associated molecular patterns (From Hernandez et al. [10] used with permission)

gut microbiota may pass the endothelial barrier and initiate responses in resident
dendrites and T cells [76]. Short chain fatty acids are a type of well-recognized
bacterial product known to stimulate the immune system [76—80]. The immune
cells may then release inflammatory or anti-inflammatory molecules that enter the
systemic circulation and eventually reach bone where they can alter bone cell physi-
ology. Additionally, immune cells simulated by gut flora may migrate to the bone
marrow and directly regulate bone cells through expression of RANKL or other
molecules [81, 82].

Lastly, microbes from the gut flora may migrate through the gut endothelial bar-
rier, a process known as bacterial translocation. Live bacteria that penetrate the
endothelial barrier are exposed to a broader array of immune cells and trigger dif-
ferent immune responses than bacteria within the intestinal lumen. Additionally,
some live bacteria populate the epithelial as well as lymphoid tissue near the
epithelium [83]. Live bacteria may be phagocytosed by immune cells and trans-
ported to regions of the body distant from the gut [84]. Additionally, microbe-asso-
ciated molecular patterns (MAMPs) including flagellin, peptidoglycan, and
lipopolysaccharide may translocate across the endothelium and into the systemic
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circulation where they can be transported to regions such as bone and activate innate
immune receptors in local cell populations. Many bone cells and their precursors
express receptors that are sensitive to bacterial products including TLR2 (which
responds to peptidoglycan), TLR4 (which responds to lipopolysaccharide), and
TLRS (which responds to flagellin) [8§5-90].

The Gut Microbiota Influences Bone Morphology and Density

To date there are no clinical data directly associating the microbiome with bone
disease. However, alterations in the gut microbiota have been observed in a number
of conditions that are risk factors for fracture including advanced age [91] and clini-
cal indices of frailty in the elderly [92] (see also Table 2). As there are no clinical
data to report on the topic, the discussion here will concentrate on preclinical stud-
ies in mice.

Studies in mice demonstrate that the microbiome can influence bone morphol-
ogy and density. Mice receiving gut microbiota from humans with poor nutritional
history experience impaired bone growth, an effect that is mediated to some degree
by treatment with probiotics [93, 94]. Additionally, the gut microbiota can influence
rates of bone loss following depletion of sex hormones; germ-free mice are pro-
tected from bone loss following chemically induced ovariectomy [95], while the
application of antibiotics or probiotics to rodents has also been shown to mediate
bone loss following ovariectomy [95-99]. Germ-free mice (never exposed to a live
microbe; see description below) have been reported to have increased bone mass
[100] as well as decreased bone mass [94] as compared to mice with a normal
microbiome. Disruption of the gut microbiota through antibiotic treatment can also
lead to changes in bone morphology and density, but again it is not clear if the effect
promotes denser bones or less dense bones [101-104].

The reasons for the conflicting findings in studies with germ-free and antibiotic-
treated mice are not yet understood but may be due to the fact that the studies varied
in terms of mouse genetic background, sex, and age at which the bone was exam-
ined (see below). Differences in genetic background can alter the microbiome by
changing host-microbe interactions. It is possible that the genetic background of
one mouse leads to a microbiome that promotes increased bone mass, while in
another mouse, the microbiome promotes impaired bone mass. Modification of the
microbiome may therefore result in very different findings in different mouse strains
[10]. Sex hormones may also influence the contents of the microbiome and lead to
differential effects when the microbiota are altered. Animal age is another factor
that has been poorly controlled in prior work. Prior reports overwhelmingly exam-
ined bone structure in growing mice (less than 12 weeks of age). Rates of bone
growth in young animals are rapid, and a condition such as altered microbiome may
slow or delay bone growth without changing the final bone phenotype achieved at
skeletal maturity. Hence, it is likely that some of the conflicting findings regarding
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the effects of the microbiome are due to slight variations in rates of bone growth.
Another factor that may contribute to differences among studies is differences in
imaging modality. Many studies have relied on mouse DXA, which is a low-
resolution imaging approach and may not detect important differences in bone
among mouse strains.

In addition to differences in methodologies, there are a few key components
missing from recent studies of the microbiome and bone. First, few of the studies
listed above provided an analysis of the constituents of the gut flora in experimental
animals, and those that did report microbiota provided only the most rudimentary
assessment of bone phenotype. As a result, detailed assessment of the morphologic
changes in bone associated with alteration in the gut flora cannot yet be linked to
microbial phyla or species. Lastly, perhaps the greatest limitation of these studies is
that none of them report bone mechanical properties.

Challenges in Understanding the Effects of the Gut Microbiota
on Bone

Further study of the effects of the microbiome on bone will require experimental
investigations in live animals. Animal studies of the microbiome, however, can be
sensitive to factors rarely controlled or reported in the bone literature including
animal chow (including vendor and lot number), bedding in animal cages, housing
facility (specific pathogen-free v. conventional), and the vendor supplying experi-
mental animals (or even the housing facility in the vendor’s network). Here I discuss
some approaches that must be considered when examining the effects of the micro-
biome on bone.

The gut microbial community is shaped by environmental exposure and diet.
Animals raised in specific pathogen-free facility may be exposed to very different
microbes than animals raised in conventional housing. Subtle differences in the
microbiota that influences phenotype may occur when mice are raised under specific
pathogen-free conditions as compared to conventional housing [105]. Additionally, it
is not uncommon for there to be slight differences in gut microbiota from cage to
cage within the same room. However, variation of the microbiota within a cage is
rare because the gut flora are readily transferred among cohoused mice through
coprophagy. Diet also influences the microbiome and should be controlled through-
out an experiment. However, commercial animal chow is sometimes modified by
vendors in response to changes in their suppliers, leading to differences in diet over
time. The bedding within animal cages may also influence the microbiome. Some
beddings are ingested by mice (corncob bedding) leading to changes in the gut envi-
ronment and the microbiota. Lastly, there are recognized differences in the microbi-
ome among animal suppliers. Some organisms known to regulate host-microbe
interactions are endemic in the facilities of some vendors but not others [106]. Even
different cohorts of mice received from the same vendor may harbor distinct gut flora
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that can greatly influence the effects of treatments [107]. As a result of the environ-
mental effects on the microbiome, it is recommended that investigators studying the
effect of the microbiome on bone raise experimental and control groups in the same
facility, with the same chow, bedding, and housing, preferably at the same time to
limit random variations in the microbiota that could influence results.

As mentioned above, the microbiome of an individual is relatively robust to tran-
sient disruptions. As a result, one cannot simply add or subtract individual species
from an established gut flora. There are only a few established experimental
approaches for altering the gut flora in a controlled manner. Available approaches
include the use of germ-free animals, transfer of gut flora into germ-free animals,
chronic treatment with oral antibiotics, and genetic models [108, 109]. Germ-free
animals are raised in sterile incubators to ensure that the animals never experience
a live microbe. Germ-free animals are therefore an extreme example of the effects
of the microbiome on a phenotype. However, a major limitation of the use of germ-
free animals is that failure to experience live microbes impairs development of the
immune system. Germ-free animals are useful, however, because the absence of the
microbiota makes it possible to populate the animals with an entirely new commen-
sal population, either with select microbes or with an entire microbial community
from a donor. A limitation of transferring the gut flora to a germ-free mouse is that
not all microbial species from a donor can survive in a new host, and as a result, the
constituents of the commensal flora may change as the microbial community adjusts
to the new host. Changes in the gut flora over time may occur faster than alterations
in bone, making it difficult to attribute changes in bone to the contents of the gut
flora. Chronic oral antibiotics are another means of regulating the gut flora.
Antibiotics with poor oral bioavailability can be used so that their effect is limited
to the gut flora. Antibiotic treatment decimates some populations of the gut micro-
biota and enriches the population of others. Antibiotic treatment can be applied to
animals with established commensal flora and active immune systems, thereby
avoiding some of the limitations of germ-free mice, but the investigator has rela-
tively little control of the final contents of the gut flora after treatment. Lastly, dif-
ferences in genetic background can greatly influence the contents of the gut
microbiota by changing host-microbe interactions. Profound differences in the gut
microbiota have been observed among inbred mouse strains [110]. The use of
genetic models is perhaps the most natural manner of modulating the gut microbiota
but also provides the least control over the resulting changes in the gut microbial
population.

Conclusions

Over the last 40 years, the field of bone and mineral research has developed robust
experimental approaches for controlling factors that regulate bone metabolism and
bone structure such as circulating hormones and mechanical force. The microbiome
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presents a new and challenging factor to control in experiments. A recent study
found that the effect of alterations in the microbiome on bone remodeling depends
on the duration of the stimulus [101], highlighting the complexity of the microbi-
ome and the need for preclinical studies of bone that revisit some of the factors that
are assumed to be consistent in most bone research (diet, animal vendor source,
etc.). Additionally, although the primary function of bone in the body is mechanical,
a major limitation to our understanding of the role of the microbiome on bone dis-
ease is the lack of studies relating the mechanical performance of whole bones or
bone tissue to alterations in the gut microbiome.

Clinical studies relating the microbiome to bone morphology and bone mineral
density achieved in adulthood have not yet been reported. Large studies of human
populations have been quite useful for identifying the effects of the microbiome on
other diseases such as obesity [66], and it is likely that such large studies will pro-
vide information regarding bone mineral density and other risk factors for fracture.
The ability of the microbiome to regulate bone in humans may have considerable
clinical significance because, while there are effective treatments for osteoporosis,
these treatments cannot be applied indefinitely [111]. Hence, there limitations to our
ability to reverse established osteoporosis and a need for preventive strategies. The
degree to which the microbiome can be modulated to prevent the development of
osteoporosis remains to be seen (Table 4).

Table 4 Alterations in the gut microbiota have been associated with many of the factors that alter
bone mass, bone mineral density (BMD), and fracture risk

Contributor to osteoporosis Reported alterations in gut microbiota

Poor acquisition of bone mass Absence of gut microbiota associated with altered bone
during growth leading to low BMD | mass in mice [94, 100, 101]
in adulthood

Alterations in circulating sex Chemically induced estrogen depletion does not result in

hormones bone loss in germ-free animals [95]
Probiotic treatment reduces ovariectomy associated bone
loss [95, 96]

Diet/nutrition Gut microbiota regulate production/absorption of vitamins
[74]

Aging Gut microbiota composition is correlated with indices of

frailty in the elderly (Barthel index, functional
independence measures) [92, 112]

Obesity/diabetes Gut microbiota influence caloric intake and the
development of obesity [8, 66]

Gastrointestinal disease Inflammatory bowel disease is related to the microbiome
and leads to osteopenia independent of its effects on
nutrition [6-8]

Adapted from Hernandez et al. [10], used with permission
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