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Abstract  

Objective: We aimed to investigate the skeletal phenotype of Winnie mouse model of 

spontaneous chronic colitis, which carries a mutation in the Muc2 gene and closely replicates 

IBD symptoms and pathophysiology. These mice have a high level of gut-derived serotonin 

(GDS), a potent osteoblastogenesis inhibitor. We explored the underlying mechanisms of 

bone loss associated with chronic intestinal inflammation. 

Design: Winnie male and female mice prior to colitis onset (6 weeks old) and progression (14 

and 24 weeks) were compared to age- and sex-matched C57BL/6 controls. We assessed bone 

quality (static and dynamic histomorphometry, micro-CT, 3-point bending), intestinal 

inflammation (lipocalin-2), GDS levels, serum levels of calcium, phosphorus and vitamin D, 

ex vivo bone marrow analysis and molecular mechanisms inhibiting osteoblastogenesis.  

Results: Significant deterioration in trabecular and cortical microarchitecture, reductions in 

bone formation, mineral apposition rate, bone volume, osteoid volume and bone strength 

were observed in Winnie mice compared to C57BL/6 controls. Decreased osteoblast and 

increased osteoclast numbers were prominent in Winnie mice.  We report for the first time 

that elevated GDS cross-talks with molecular pathways to inhibit bone formation in Winnie 

mice. Increased expression of 5-HTR1B and FOXO1 mRNAs, dissociation of 

FOXO1/CREB1 complex and association of FOXO1 with ATF4, promoting the 

transcriptional activity of FOXO1, results in suppression of osteoblast proliferation in Winnie 

mice compared to controls.  

Conclusion: These findings open avenues for the development of targeted therapies for IBD-

related bone loss.   

Keywords: Inflammatory bowel disease; osteoporosis; gut-derived serotonin; Winnie mouse 

model  
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Significance of this study 

What is already known on this subject? 

- Osteoporosis is a common extraintestinal manifestation of inflammatory bowel 

disease (IBD).  

- Currently available treatments are not effective for IBD-associated bone loss.   

- The mechanisms of bone loss are poorly understood. A major limitation has been the 

lack of an appropriate animal model for IBD-associated bone loss. 

What are the new findings? 

- We report for the first-time the skeletal phenotype in Winnie mouse model of IBD 

- This study presents a novel mechanism of IBD-associated bone loss, involving 

elevated gut-derived serotonin crosstalk with molecular pathways inhibiting bone 

formation. 

How might it impact on clinical practice in the foreseeable future  

- These findings open avenues for the development of targeted therapies for IBD-

related bone loss. 
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Introduction 

Inflammatory bowel diseases (IBD) are chronic, relapsing and progressively debilitating 

disorders, including Crohn’s disease (CD) and ulcerative colitis (UC).1 Genetic susceptibility, 

immune system dysfunction, environmental factors and shifts in gut microbiota have been 

implicated with IBD development.2,3 IBD is a systemic disorder that affects many organs 

with musculoskeletal manifestations being the most common.4 It is estimated that 14–42% of 

IBD patients have osteoporosis and therefore, a considerably high incidence of fragility 

fractures (40%).5 This results in increased disability, reduced quality of life and risk of 

mortality, especially amongst older patients with spine and hip fractures.6,7Chronic 

inflammation, mainly mediated by tumor necrosis factor (TNF)-α, leads to bone loss via 

activation of the receptor activator of the nuclear factor (NF)-κB (RANK) ligand 

RANKL/RANK/osteoprotegerin (OPG) system, which promotes osteoclastogenesis.8 Other 

factors, such as malabsorption of essential nutrients like calcium and vitamin D and long-

term use of glucocorticoids (GCs), contribute to bone loss in IBD patients.9,10 Despite 

significant advances in uncovering the pathogenesis of IBD, the precise mechanisms 

underlying IBD-associated bone loss have not been fully elucidated.  

 

Mouse models have been widely used to understand pathophysiological mechanisms of IBD 

and IBD-associated co-morbidities. Skeletal deterioration has been previously reported in 

chemically-induced animal models of colitis (e.g. induced by 2,4,6-trinitrobenzene sulfonic 

acid (TNBS) or dextran sulfate sodium (DSS)).11,12 Drastic reductions in trabecular and 

cortical bone volumes were noticed during the acute phase of DSS-induced colitis. However, 

bone measurements restored to control when pro-inflammatory cytokines returned to normal 

levels.12 In a chronic model of DSS colitis, increase in bone TNF-α levels negatively 

correlated with bone mass, and was independent of weight loss.13 While TNBS or DSS-
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induced colitis models provided valuable information about bone loss, but inflammation 

lasted only 7–15 days after the induction. Therefore, the mechanisms involved in the long-

term association between chronic inflammation and skeletal health deterioration could not be 

validated in these models. In addition, correlation between the severity of colitis and bone 

loss was observed in a chronic colitis model, Helicobacter hepaticus-infected interleukin-10-

deficient male mice.14 However, colitis in this model only could be studied in male mice as 

Helicobacter hepaticus survival and virulence is gender-dependent.14 

Winnie mouse model of spontaneous chronic colitis corroborates as an in vivo and ex vivo 

human model system to study IBD.15 Winnie mice possess a missense mutation in the Muc2 

gene resulting in aberrant Muc2 mucin biosynthesis, reduction of mucin storage in goblet 

cells, and accumulation of non-glycosylated Muc2 precursor within goblet cells.15,16 In 

humans, reduced levels or absence of Muc2 gene expression occurs in CD, while in active 

UC, Muc2 production and secretion are reduced, leading to a thinner mucosal layer and 

increased intestinal permeability.17,18 The primary epithelial defect and mucosal barrier 

dysfunction in Winnie mice results in complex multi-cytokine mediated colitis involving both 

innate and adaptive immune components with a dominant IL-23/TH17 response similar to 

IBD patients.15 The similarities between Winnie mice and UC patients have been further 

confirmed by determining alterations in colon morphology, changes to colonic motility, 

transit time, fecal microbial and metabolomic profiles.19-21 

Mechanisms involved in IBD-associated bone pathology are not yet clear. Recent evidence 

implicates the role of tryptophan (TRP) and TRP metabolites in bone homeostasis and loss.22 

One of the TRP metabolites, picolinic acid, has an anabolic effect on bone23, while other TRP 

products have a contrary action on bone e.g. gut-derived serotonin (GDS), which can 

decrease bone mass via activation of receptors on pre-osteoblasts.24 To date, only one study 
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has reported a potential link between high GDS levels and bone deficits in DSS model.25 

However, in this study GDS-mediated effects on bone pathology have been revealed for 21 

days of colitis only. Interestingly, a high level of GDS is prominent in Winnie mice.26 Unlike 

studies in models of chemically-induced colitis, Winnie model permits long-term bone studies 

throughout the chronic disease course up to ~6-7 months mimicking the onset and 

progression of UC.  

 

In this study, we aimed to characterize the skeletal phenotype of Winnie mice compared to 

age and sex-matched control C57BL/6 mice and to investigate mechanisms of bone 

pathology by testing the role of increased GDS levels in the downstream bone formation 

pathways.  

 

Materials and Methods  

 

Animals 

Male and female Winnie mice (C57BL/6 background) were obtained from the University of 

Tasmania (Launceston, Australia) (animal ethics: AEC17/016). Age- and sex-matched 

control C57BL/6 mice were obtained from the Animal Resource Centre (Perth, Western 

Australia). All mice were acclimatized for one week in a temperature-controlled animal 

holding facility with a 12hr day/night cycle and ad libitum access to food/water. Mice were 

euthanized by a lethal dose of pentobarbital at 6, 14 and 24wk of age and tibiae and femora 

bones, blood and gastrointestinal tissues were collected.  

Micro-computed tomography (Micro-CT) 

Femora bones fixed with 4% paraformaldehyde (PFA) underwent Micro-CT scanning 
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(SkyScan 1272, Bruker, Belgium) with isotropic voxel size (resolution) of 5.4µm, (n=4-

8/group). All images were reconstructed and analyzed using manufacturers’ guidelines. 

The reported bone microstructure parameters are based on ASBMR guidelines.27 

Three-point bending test 

Mechanical testing of femora from C57BL/6 and Winnie mice (n=4-8/group) was performed 

by three-point bending tests as previously described.28 All mechanical testing was conducted 

with the observer being blinded to the genotype of the samples. 

Histology and histochemical analysis  

Following PFA fixation of tibiae from controls and Winnie mice from all 3 age groups 

(n=4-8/group) for 24hrs, bones were decalcified in 14% EDTA (pH 7.4) for 2wk. Bones 

were embedded in paraffin and 5µm sections were cut using a rotary microtome (Leica 

RM2255, Germany). Sections were stained with hematoxylin and eosin (H&E) for 

osteoblasts and tartrate-resistant acid phosphatase (TRAP) for osteoclasts as previously 

described.29  

Total collagen staining  

Tissue sections were deparaffinized, hydrated through xylenes and graded alcohol series 

and mounted with Kaiser's glycerol jelly (n=4-8/group) followed by incubation in 

picronitric acid-direct red solution for 0.5-1hr at room temperature (RT), washing, 

counterstaining with hematoxylin and rinsing in running water.29  

Immunostaining for type I collagen 

Sections were de-waxed and rehydrated with phosphate-buffered saline (PBS) (n=4-8/group), 

incubated with goat anti-type 1 collagen antibody (Ab) (1:100, ab34710, Abcam, UK) 

overnight at RT, washed, incubated with rabbit anti-goat IgG (1:100, BD349031, BD 

Biosciences, NJ, US) at 28°C for 1hr and washed. Sections were stained with Elite-ABC at 
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28°C for 1hr (Vector Elite ABC kit).29 Finally, staining was done using Diaminobenzidine 

(DAB) followed by counterstaining with haematoxylin. 

Plastic-embedded sectioning 

Tibiae bones were incubated with 100, 95, 90 and 70% ethanol for 24hrs each at 4°C (n=4-

8/group). Bones were rinsed with PBS and embedded in polymethyl methacrylate (MMA). 

Serial 4-6µm sections of MMA-embedded tissues were stained with Von Kossa 

histochemical staining for bone matrix. The primary histomorphometric data were obtained 

using Bioquant® image analysis software (OSTEO 19.6.6, US). 

Dynamic histomorphometry by calcein dual-labelling experiment 

The fluorochrome calcein (10mg/kg dissolved in 2.0% sodium bicarbonate, pH 7) was 

injected at 0.1mL/10g body weight 7 and 2 days prior to harvesting bones from mice. The 

tibia condyles were dissected and embedding, and ultra-thin sectioning were done in a dark 

room (n=4-8/group). Fresh tissue sections were observed and imaged under a ZEISS 

AxioImager2 fluorescence microscope, equipped with a Retiga 1300 camera (ZEISS®, 

Germany). 

 Ex vivo bone marrow analysis 

Bone marrow from Winnie and control mice tibiae (n=4-8 mice/group) was collected by 

flushing with α-modified essential medium (α-MEM, Sigma, Australia). Bone marrow-

derived mesenchymal stromal cells (BM-MSCs) were isolated by their adherence to 

plastic and cultured at a second passage. At day 7 of culture, osteoblast differentiation 

capacity was assessed by alkaline phosphatase (ALP) staining using SIGMAFAST™ p-

Nitrophenyl phosphate tablets (N1891, Sigma). Colonies with more than 10% of ALP-

positive cells were considered as colony-forming units–osteoblasts (CFU-OBs). Matrix 

mineralization was stained and quantified by extracting Alizarin red with 100mM 
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cetylpyridinium chloride at RT at day 14. The absorbance was measured at 562nm 

spectrophotometrically. 

 Serum analysis for calcium, phosphorus, and vitamin D 

Calcium, phosphorus, and vitamin D levels were assayed by ASAP Laboratory services 

(Melbourne, Australia) according to the manufacturer’s instructions (n=4-6/group). Calcium 

ions reacted precisely with Arsenazo III to form purple-colored calcium-arsenazo III 

complex. Absorbance was measured at 660/700nm. Inorganic phosphate reacted with 

molybdate to form a heteropolyacid complex. Absorbance was measured at 340/380nm, 

while vitamin D levels were measured by radioimmunoassay (Diagnostic Products). 

 Quantitative Real-time PCR 

Purified total RNA was extracted from fresh BM-MSCs at passage 2 using a Qiagen Minikit 

(Qiagen, Australia).  Quantitative RT-PCR was performed (n=3 mice/group, 2 repeats) as 

previously described.26 The mRNA levels of HTR1B, FOXO1, and reference gene GAPDH 

were detected using PrimePCR™ Assays (Bio-Rad, Australia). The mRNA level of each 

gene was normalized to GAPDH and expressed relative to C57BL/6 mice using the 2-ΔΔCt 

method. 

 Assessment of gut-derived serotonin (GDS)  

Electrochemical measurements of GDS at the mucosal surface of the colon was performed 

using a carbon fiber electrode to mechanically stimulate and oxidize GDS to generate a 

compression-evoked (peak) release of GDS which decays back to basal levels (steady state) 

in both control and Winnie mice (n=4-6/group) as previously described.26 

 Fecal analysis for Lipocalin-2 protein 

Quantitative measurement of fecal lipocalin-2 (neutrophil gelatinase-associated lipocalin, 
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NGAL) was performed using a SimpleStep ELISA® kit according to the manufacturer’s 

instructions (ab119601) (n=7-11/group). This method for non-invasive measurement of 

intestinal inflammation is routinely used in our lab.19  

 Double immunofluorescence analysis  

Double immunofluorescence labeling was performed in BM-MSCs (n=3-4 mice/group). BM-

MSCs at passage 2 were fixed in 4% PFA for 20min at RT and incubated with mouse 

monoclonal FOXO1 Ab (14952, Cell Signalling Technology, MA, US), rabbit polyclonal 

anti-phospho CREB1 conjugate (06-519-AF647, Merck, Germany) and rabbit polyclonal 

activating transcription factor-4 (ATF4) (ab23760, Abcam, UK) in Ab dilution buffer (1x 

PBS/1% BSA/0.3% Triton™ X-100) overnight at 4°C, and washed with PBS. Both types of 

primary Ab labelled BM-MSCs (CREB1:FOXO1) and (ATF4: FOXO1) were incubated with 

secondary antibodies, FITC-conjugated anti-mouse IgG (1:250), Cy3-conjugated rabbit anti-

mouse IgG (1:200) for 2hrs at RT in the dark. Labeled BM-MSCs were visualized and 

imaged with an Eclipse Ti confocal microscope (Nikon, Japan) using 60X objective. 

Statistical analysis  

Data were analysed by using Student’s t test (two-tailed) and two-way analysis of variance 

(ANOVA) when appropriate for multiple group comparisons followed by Tukey’s and 

Sidak’s post hoc tests using GraphPad Prism V.7. A p value of <0.05 was considered to 

indicate statistical significance. 

 

Results 

Alterations of microstructure and biomechanical competence in the femoral metaphysis of 

Winnie mice with spontaneous chronic colitis  

Bone microstructure, cellular activity and strength were assessed in female and male Winnie 
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mice with spontaneous chronic colitis at different age groups based on severity of colitis: 6wk 

(no colitis), 14wk (progressive colitis) and 24wk (severe colitis). Micro-CT data showed 

significant deterioration in trabecular and cortical microarchitecture in Winnie mice at 14wk 

and 24wk compared to age-matched controls. Indeed, significant decreases in bone volume to 

total volume ratio (BV/TV) were observed in female Winnie mice (-34% at 14wk, -41.5% at 

24wk) (Figure 1A) compared to age- and sex-matched controls and to 6wk female Winnie 

mice. While BV/TV in 6wk female Winnie was similar to age-matched female controls, the 

male Winnie mice showed lower BV/TV in all 3 age groups. We observed significantly lower 

trabecular thickness (Tb.Th) in both male and female Winnie mice at 24wk compared to age- 

and sex-matched controls (Figure 1A, 1B). No difference was found in trabecular separation 

(Tb.Sp) in female and male Winnie mice at any age. Lower trabecular number (Tb.N) was 

observed in male Winnie mice at 14wk compared to age-matched male controls. However, no 

detectable changes were seen in Tb.N in female Winnie mice at any age. Both female and 

male Winnie mice showed significant reduction in cortical thickness (Ct.Th) at 14wk and 

24wk. Both genders of Winnie and control mice at 6wk showed similar Ct.Th. 

Furthermore, we investigated the bone mechanical properties by 3-point bending. We found 

significantly increased failure force (load) (N) in both female and male Winnie mice at 14wk 

and 24wk compared to age- and sex-matched controls. No difference in failure force was 

observed between genotypes at 6wk. However, females were significantly lower than males 

in both genotypes (Figure 1C, 1D). Ultimate force (N) decreased significantly in both female 

and male Winnie mice at 14wk and 24wk compared to age- and sex-matched controls. 

Toughness and elastic modulus were not significantly different between Winnie and controls 

at all ages in both genders. While toughness was reduced at 14wk and 24wk compared to 

6wk in both genders and genotypes, elastic modulus was increased significantly in female 

Winnie mice at 14wk and 24wk and in female controls at 24wk (Figure 1C, 1D).  
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Histomorphometric analysis showed reduction in osteoblast numbers and collagen I, with 

simultaneous increase in osteoclast numbers  

The apparent catabolic effect of colitis on bone was further examined by quantifying the 

number of osteoblasts, collagen, and osteoclasts in situ. After normalization to the bone 

surface (B.S), a significant decrease in osteoblast numbers (Ob/B.S) was observed in all age 

groups in both genders of Winnie mice (Figure 2A). In female Winnie mice, Ob/B.S were 

decreased by -61% at 6wk, -41.5% at 14wk and -54% at 24wk compared to controls. In male 

Winnie mice, Ob/B.S were decreased by -41.8% at 6wk, -39.2% at 14wk and -38.8% at 24wk 

compared to age- and sex-matched controls. Collagen-I was significantly reduced in female 

Winnie mice by -8.2% at 6wk, -52.6% at 14wk, -61.2% at 24wk. Similarly, in male Winnie 

mice collagen-I was reduced by -7.1% at 6wk, -80.8% at 14wk, -78.5% at 24wk compared to 

male controls (Figure 2B). Concomitant to the effect observed in the osteoblast numbers and 

marked elevation in osteoclast numbers after normalization to the bone surface (Oc/B.S.) was 

prominent in Winnie mice. Increases in Oc/B.S. in female Winnie mice were +51% at 14wk 

and +31% at 24wk compared to age-and sex-matched controls. In male Winnie mice, there 

were increases in Oc/B.S. by +60% at 14wk, +38% at 24wk. No difference in Oc/B.S. was 

observed at 6wk in both genders (Figure 2C).  

 

Static and dynamic histomorphometry analyses showed low bone formation, mineral 

apposition rate, and differentiation capacity of BM-MSCs in Winnie mice 

Noteworthy reduction in BV/TV (total collagen) was observed in 3 Winnie age groups (both 

females and males) compared to age- and sex-matched controls. BV/TV (T-Col) was reduced 

in female (-11.5% at 6wk, -58% at 14wk, -61% at 24wk) and male (-10% at 6wk, -47% at 
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14wk, -63.5% at 24wk) Winnie mice compared to age-and sex-matched controls. The ratio of 

the osteoid volume to the bone volume (OV/BV) was significantly reduced in female (-21.5% 

at 14wk, -23.2% at 24wk) and male (-22.3% at 14wk, -24.5% at 24wk) Winnie mice 

compared to controls. Although no significant decrease in OV/BV was observed in 6wk 

Winnie mice compared to controls, OV/BV was significantly lower at 14wk and 24wk 

compared to 6wk Winnie mice of both genders.   

In addition, quantitative dynamic histomorphometry performed on dual-labelled sections 

revealed decreased mineral apposition rates (MAR) in trabecular bone in Winnie mice 

compared to controls. Winnie mice represented lower MAR in females (-31.6%, -29.5%) and 

males (-18% and -24%) at 14 and 24wk compared to controls and 6wk Winnie. Furthermore, 

undecalcified histology showed evidence of decreased trabecular bone formation rate 

(BFR/BV) in Winnie females at 14wk (-29%) and 24wk (-36.5%) and males at 14wk (-34%) 

and 24wk (-35%) (Figure 3E, 3F). In both male and female Winnie mice, BFR/BV 

progressively reduced with age. Mineralization capacity was significantly decreased in 

Winnie mice at 14wk and 24wk in both females and males compared to age and sex-matched 

controls, but not at 6wk (Figure 3G, 3H). The number of colony-forming unit osteoblasts 

(CFU-OBs) were significantly reduced in female and tend to decrease in male Winnie mice at 

14wk compared to controls, while reduced in both genders at 24wk. No differences in CFU-

OBs were observed at 6wk male and female Winnie mice compared to age-matched controls 

(Figure 3I, 3J).  

 

Increased HTR1B and FOXO1 expression in response to elevated GDS levels and its 

correlation with the changing partners of FOXO1  

To investigate relationship between higher GDS levels and bone pathology, we analyzed 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 28, 2020. ; https://doi.org/10.1101/2020.09.28.317495doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.28.317495
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

downstream molecular players of GDS on bone by qRT-PCR. The gene expression analysis 

of BM-MSCs at passage 2 revealed significantly higher levels of 5-HTR1B and FOXO1 

genes relative to GAPDH reference genes at 14wk Winnie (females and males) compared to 

age- and sex-matched controls (2-ΔΔCt=1.00) (Figure 4A, 4B). However, relative gene 

expression levels of 5-HTR1B and FOXO1 in BM-MSCs of Winnie mice at 6wk (females and 

males) was similar to age and sex-matched controls.  

In order to find FOXO1 transcriptional partners that differentially regulate its activity in the 

presence and absence of high GDS levels, we investigated interactions of downstream target 

molecules, FOXO1 association with activating transcription factor 4 (ATF4) and cAMP-

responsive element binding protein 1 (CREB1). BM-MSCs from 14wk female Winnie mice 

showed enhanced association of ATF4 with FOXO1 (ATF4-FOXO1) compared to 14wk 

female controls (Figure 4C), but not in males (Figure 4D). ATF4-FOXO1 complex 

formation seen in 6wk Winnie mice (females and males) was similar to age-matched controls. 

Analysis of CREB1 association with FOXO1 showed inhibition of CREB1-FOXO1 complex 

formation in male Winnie mice at 14wk compared to age-matched male controls (Figure 4F), 

but not in 14wk female Winnie mice compared to 14wk female controls (Figure 4E). No 

significant difference in CREB1-FOXO1 complex formation was seen in Winnie mice at 6wk 

(females and males). 

 

Winnie mice with chronic colitis exhibit increased release of GDS from the mucosa of the 

distal colon 

To further investigate mechanisms of bone pathology at 6wk and 14wk Winnie mice, we 

examined their GDS and inflammation levels. Our results showed that GDS levels in both 

peak state and steady state (SS) were significantly higher in female and male Winnie mice at 
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6wk and 14wk compared to age- and sex-matched controls (Figure 5A-D). Evidently, Winnie 

and control mice at 14wk (females and males) showed higher levels of GDS than at 6wk. 

Lipocalin-2 concentration was similar in Winnie mice and controls at 6wk (both females and 

males) (Figure 5E, 5F) and increased significantly in Winnie mice at 14wk (females and 

males) (Figure 5G, 5H) as colitis advances.  

 

Serum analysis for calcium, phosphorus, and vitamin D levels 

Serum calcium and phosphorus levels were similar in Winnie mice at 6wk, 14wk and 24wk in 

both genders compared to age- and sex-matched controls (Figure 6A-D). Vitamin D levels 

were not different at 6wk in Winnie mice compared to controls. However, vitamin D levels 

were significantly reduced at 14wk and 24wk in females and males in both Winnie and 

controls compared to 6wk (Figure 6E, 6F). 

 

Discussion 

IBD associates with significantly high risk of developing skeletal disease, such as 

osteoporosis and osteopenia.30 However, the mechanisms underlying intestinal inflammation-

associated bone loss remain elusive. In this study, we analyzed the phenotypic and functional 

characteristics of cortical and trabecular bone as well as the cellular and functional 

mechanisms underlying bone loss in a Winnie model of spontaneous chronic colitis. We 

found significant and reproducible alterations in bone structure, formation, and mechanical 

properties. Our results demonstrate that Winnie mice have lower volumetric bone mineral 

densities and deteriorated bone microstructure leading to fewer, thin, and more separated 

trabeculae, and reduced cortical thickness. To the best of our knowledge, this is the first real-
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time study in which the bone pathology throughout the onset and progression of chronic 

colitis in Winnie mice in both genders has been addressed. We observed skeletal deterioration 

with advancing age starting from the onset of colitis symptoms after 6wk, and gradually 

increasing from 14wk (progressive) to 24wk (severe colitis) in females and males. We have 

established that osteopenic phenotype in Winnie mice is a consequence of increased bone 

resorption and decreased bone formation. Paradoxically, we observed loss of some bone 

parameters in Winnie mice at 6wk without any clinical symptoms of colitis. Male Winnie 

mice at 14wk and 24wk were more susceptible to bone loss. This was evidenced by more 

significant deterioration of some bone parameters (trabecular thickness, elastic modulus) in 

male compared to female Winnie mice at 14wk and 24wk. Our results demonstrated elevated 

GDS levels starting from 6wk and progressively increasing in older mice. This might be one 

of the underlying causative factors of bone loss. Our study provides evidence that elevated 

GDS binding to its receptor on bone (5-HTR1B) initiates association/dissociation of 

downstream molecular regulators and contributes to decreased bone formation in colitis. 

Our data showed disease severity-dependent alteration of bone microarchitecture in the 

Winnie mice model of colitis. This significant alteration in bone micro-architecture is in 

agreement with an earlier report on a model of DSS colitis, which was conducted only in 

male mice and sustained for short duration of 2wk.11  

Biomechanical studies have demonstrated that the structural properties of whole�bone 

specimens is highly determined by the contribution of cortical bone.31 To understand quality 

and strength of cortical bone compartments, we subjected bones from Winnie and controls to 

a 3-point bending test to determine ultimate force (maximum force that breaks the bone), 

surrogate of intrinsic cortical bone strength and quality. The ultimate force was significantly 

decreased in Winnie mice (females and males) compared to age and sex-matched controls. 

We identified that age has a substantial effect on femur bone toughness (amount of energy 
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that bone can absorb before fracture) and elastic modulus (measure of stiffness) in both 

genotypes.  

Our study also incorporates histomorphometry, which made it possible to attribute the 

observed changes in bone morphology to underlying biologic processes. Significant reduction 

in collagen-I synthesis is present in Winnie mice (females and males) compared to controls. 

Furthermore, analysis of the cellular mechanisms of bone loss revealed that the number of 

osteoblasts was reduced (all ages and genders) with a concomitant elevation in osteoclasts 

relative to the bone volume. These results are in concordance with bone studies performed in 

IL-2-deficient and CD4+CD45RBHi T cells transfer colitis models.32,33 Our findings in the 

Winnie mouse model of colitis demonstrate that an increasingly complex network of 

interactions leads to increased bone turnover, with bone resorption exceeding formation, 

which accelerates the rate of bone loss concomitant to colitis. This is consistent with the 

earlier study performed in an acute colitis model.11 

Furthermore, the osteoid volume and total bone volume were significantly reduced in all 3 

age groups and genders compared to age- and sex-matched controls indicating low rate of 

bone mineralization. Consistent to this data, our ex vivo analysis of bone marrow showed that 

Winnie mice had low calcium deposition, which is characteristic of matrix formation. 

Reduction in bone mineralization is in concordance to in vitro studies in which organ cultures 

of fetal rat parietal bones showed reduction of minerals and osteoid when treated with sera of 

CD patients.34 

Our dynamic histomorphometry studies established lower rates of bone formation (BFR) and 

mineral apposition (MAR) (activity of the average osteoblasts, representative of new bone 

deposition) in Winnie mice compared to controls. Low BFR is consistent with earlier studies 

in a DSS-colitis model which demonstrate decreased BFR, but not MAR, during the acute 

phase of colitis12. However, our mouse model showed depletion in both BFR and MAR. 
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Furthermore, our ex vivo bone marrow results confirmed that low BFR and MAR due to 

decreased differentiation ability of BM-MSCs down the osteoblast lineage in Winnie mice 

compared to controls. 

The consistent feature of chronic colitis is increased GDS availability, which could have a 

negative impact on osteoblastogenesis in this model. Our earlier study in Winnie mice reports 

that GDS is at the maximum high level after 14wk, and ceases to rise after 24wk.26 High 

GDS levels have also been evident in TNBS and DSS-induced colitis in mice and guinea-

pigs.35 Serotonin transporter (SERT) mRNA and protein levels were reduced in the colon of 

UC patients36 adding assurance to these findings. 

Using Winnie mouse model of spontaneous chronic colitis, we showed for the first time that 

elevated GDS cross talks with molecular pathways involved in bone formation. GDS can 

interact  with FOXO1 to regulate bone metabolism.37 GDS binding to serotonin receptor 5-

HTR1B facilitates the proliferation of osteoblasts by maintaining the interaction of FOXO1 

with CREB and ATF4, whereas an increase in GDS levels disrupts the interaction between 

FOXO1 and CREB and thereby inhibits the osteoblast proliferation.37 Consistently, our study 

reports that high levels of peripheral GDS in Winnie mice bind to 5-HTR1B on BM-MSCs to 

regulate transcriptional activity of FOXO1 which was also confirmed by qPCR. To elucidate 

downstream molecular mediators of GDS in bone, immunohistochemical analysis unveiled 

dissociation of FOXO1 and CREB1 complex in 14wk Winnie male mice. This relieves the 

suppressive effect of CREB on FOXO1, resulting in decreased osteoblast proliferation 

compared to a strong association of CREB and FOXO1 in the control group. Additionally, 

FOXO1 (CREB-free) association with ATF4 was observed in 14wk Winnie female mice, in 

which ATF4 promotes the transcriptional activity of FOXO1, contributing to suppression of 

osteoblast proliferation (Figure 7). In contrast, 6wk Winnie mice showed no significant 
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change in association/dissociation of complexes with FOXO1 compared to 6wk controls. 

This is agreeable with similar 5-HTR1B expression levels in 6wk Winnie mice and age-

matched controls.  

These findings identify FOXO1 as the molecular node of an intricate transcriptional 

machinery that confers the signaling of high GDS levels to inhibit bone formation. These data 

indicate that, in high GDS levels, there is a shift in FOXO1 target genes from CREB- to 

ATF4-dependent responses. As there is no direct proportion of increment of dissociation of 

CREB-FOXO1 and association of ATF4-FOXO1 complex, we can implicate that GDS-

activated FOXO1 may interact in BM-MSCs with a set of proteins distinct from those used 

under physiological conditions, especially in 14wk Winnie mice, where CREB-free FOXO1 

is more available but ATF4-FOXO1 association is not significant compared to 14wk 

controls.37 Our findings indicate that the interaction of FOXO1 with ATF4 or CREB under 

the control of GDS can alter the outcome on osteoblast proliferation by shifting to ATF4-

dependent responses. In conclusion, findings reported here strongly support the hypothesis 

that changes in GDS signaling can contribute to the bone loss associated with colitis. 

Consistently, Lavoie et al (2019) demonstrated deleterious effect on bone caused by high 

GDS levels in the DSS model of colitis.25 

It has been speculated that GDS triggers immune cells for the production of pro-

inflammatory mediators in the context of intestinal inflammation and inflammatory joint 

diseases.24,38 Likewise, GDS may have a pro-inflammatory role in causing bone loss in 

colitis. Inflammation-independent studies conducted in knock-out mouse models (LRP5-/-, 

FOXO1-/-) also revealed elevated GDS as a causative agent for low bone phenotypes.37 

Therefore, our study provides evidence that bone loss associated with colitis involves the 

anti-anabolic effect of GDS, at least in part, along with inflammation. 
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We observed changes in few bone parameters (osteoblast number, collagen-1, total collagen) 

in 6wk Winnie mice compared to age-matched controls, although no clinical symptoms of 

colitis were present at this age consistent with previous studies.15 Electrochemical 

measurements revealed elevated GDS levels at 6wk in Winnie mice; qRT-PCR analysis 

showed non-significant increase in 5-HTR1B levels at 6wk (females and males) Winnie mice 

compared to controls suggesting a non 5-HTR1B dependent mechanism.39 These findings 

suggest that bone loss observed in 6wk Winnie mice might be attributed to elevated GDS 

levels. Unlike 6wk Winnie mice, significantly higher levels of inflammation correlated 

positively with severe bone loss at 14wk and 24wk. 

We also explored the relative contribution of malabsorption to bone mass and structure. 

Similar serum levels of calcium and phosphorus in control and Winnie mice in all age groups 

(females and males) rule out the possibility of malabsorption of these minerals. Similarly, 

studies in humans have concluded that nutritional factors, vitamin deficiency, and 

malabsorption are not major contributing factors to bone mineral density loss.40,41 Also, 

multiple animal models of colitis, including DSS, HLA-B27 transgenic rats and IL10−/− 

knockout mice display reduced bone mass, bone volume fraction and bone strength,11,12 and 

the effects cannot be explained solely by impaired nutritional absorption.42 Consistently, we 

also found in this study that all mice consumed, on average, the same amount of food or 

water over the course of the study (our unpublished observations), and hence decreased food 

intake was not a causative agent.  

 

Conclusion 

Taken together, our results indicate that the onset and severity of intestinal inflammation 

parallels the bone loss phenotype, characterized by decreased cortical and trabecular bone 
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morphometry, osteoid, osteoblast numbers, collagen-I, and dynamic measures of bone 

formation. Bone loss in Winnie mice is a consequence of elevated bone turnover, with a 

higher rate of osteoclastogenesis than osteoblastic bone formation. Bone loss affects both 

female and male Winnie mice although the magnitude of bone loss differs by gender. Higher 

skeletal deterioration in male Winnie mice is concordant to higher GDS levels. Collectively, 

our findings support the hypothesis that Winnie mice are osteopenic and can be used to 

explore the mechanisms and pharmacological interventions for bone loss in IBD. Our 

findings support the concept that elevated GDS can have a negative impact on bone growth 

concomitant to colitis. A potential pitfall of our study is not demonstrating IBD-related bone 

effects after blocking serotonin. Therefore, future studies are warranted to investigate the 

relative roles of therapeutics to mitigate the risk of this extraintestinal manifestation of IBD.  
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Figure legends: 

Figure 1: Quantitative analysis of microcomputed tomographic (µCT) images and three-

point bending analysis of femoral bones from Winnie mice compared to C57BL/6 controls. 

A, B) Representative longitudinal and cross-sectional images of three-dimensional 

reconstructed distal ends and diaphysis of femora from female (A) and male (B) control and 

Winnie mice at 6wk, 14wk and 24wk of age utilizing microcomputed tomography. 

Parameters analyzed: Bone Volume (BV)/ Total Volume (TV), Trabecular Thickness 

(Tb.Th), Trabecular Separation (Tb.Sp), Trabecular Number (Tb.N), Cortical Thickness 

(Ct.Th). C, D) Three-point bending analysis of femora from female (C) and male (D) Winnie 

mice compared to C57BL/6 controls at 6wk, 14wk and 24wk of age. Parameters analysed: 

Failure Force (N), Ultimate Force (N), Toughness (J/mm*3) and Elastic Modules (E). Each 

value is the mean±SEM, n=4-8/group. *p<.05; **p<.01; ***p<.001 Winnie mice compared to 

C57BL/6. #p<.05 differences between age groups of Winnie mice. +p<.05 differences 

between age groups of C57BL/6 mice. 

 

Figure 2: Bone niche cells in Winnie mice compared to C57BL/6 controls. 

Representative micrographs of paraffin-embedded sections of tibial metaphyseal regions 

from 6wk, 14wk and 24wk of age C57BL/6 and Winnie mice. A) Hematoxylin and Eosin 

staining (H&E) to show active osteoblast, osteoblast numbers (N.Ob) relative to bone surface 

(B.S) (N.Ob/B.S, #/mm), scale bars represent 100�μm; B) Representative micrographs of 

tibial sections stained for type I collagen (Col-I) to stain Col-I positive immunoreactive areas, 

scale bars represent 100μm; C) Tartrate-resistant acid phosphatase (TRAP) staining for 

osteoclast number relative to bone surface (N.Oc/B.S, #/mm), scale bars represent 100μm. 

Each value is the mean�±�SEM, n=4-8/group. *p<.05; **p<.01; ***p<.001 Winnie mice 
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compared to C57BL/6. #p<.05 differences between age groups of Winnie mice. +p<.05 

differences between age groups of C57BL/6 mice. 

 

Figure 3: Analysis of bone formation and differentiation of bone marrow mesenchymal 

stem cells (BM-MSCs) in Winnie mice compared to C57BL/6 controls. 

A, C) Histochemical staining for total collagen of paraffin�embedded sections of tibiae from 

female (A) and male (C) Winnie and control C57BL/6 mice at 6wk, 14wk, 24wk of age; 

analysis of total collagen (T-Col) utilizing Bone Volume/Total volume (BV/TV) ratio. Scale 

bars represent 500μm. B, D) Von Kossa staining of plastic�embedded sections of tibiae from 

female (B) and male (D) Winnie and control C57BL/6 mice at 6, 14, 24 weeks of age; 

mineralization level is analysed utilizing Osteoid Volume/Bone Volume (OV/BV) ratio. 

Scale bars represent 500μm. E, F) Representative images of bone formation visualized in the 

femur trabecular bone from female (E) and male (F) Winnie mice at 6wk, 14wk, 24wk of age 

compared to age-matching control C57BL/6 mice by dual-labelling for Calcium. Scale bars 

represent 20μm. Bone formation was analyzed utilizing Mineral Apposition Rate (MAR, 

µm/day) and Bone Formation Rate (BFR)/Bone volume (BV) (%/day). G, H) Primary BM-

MSCs from Winnie and control C57BL/6 mice at 6wk, 14wk, 24wk of age were cultured ex 

vivo in osteogenic differentiation medium for 21 days. Resulting cultures were stained with 

Alizarin Red to show mineralization of BM-MSCs from female (G) and male (H) mice 

(absorbance at 562nm) and alkaline phosphatase (ALP) to show colony-forming unit 

osteoblasts (CFU-OBs) of BM-MSCs from female (I) and male (J) mice. Each value is the 

mean�±�SEM, n=4-8/group. *p<.05; **p<.01; ***p<.001 Winnie mice compared to 

C57BL/6. #p<.05 differences between age groups of Winnie mice. +p<.05 differences 

between age groups of C57BL/6 mice. 
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Figure 4. Mechanisms of decreased osteoblastogenesis in Winnie compared to C57BL/6 

controls. 

A, B) Quantitative 5-HTR1B and FOXO1 genes expression analysis in bone marrow stromal 

cells in Winnie mice and C57BL/6 controls in 6wk and 14wk females (A) and males (B) 

normalized to GAPDH reference gene; n=3 mice/group. (C, D) Confocal Microscopy of 

subcellular compartments for testing colocalization of FOXO1-ATF4 was performed in 

female BM-MSCs (C) and males (D). (E, F) Confocal Microscopy of subcellular 

compartments for testing colocalization of FOXO1-CREB1 was performed in BM-MSCs 

from female (E) and male (F) mice. Representative confocal microscopy images at 60X. 

Scale bar: 50µm, n=3-4 mice/ group. Statistical significance, *p<.05 **p<.01 and ***p<.001 

vs. control. 

 

Figure 5: Assessment of GDS and colonic inflammation with fecal lipocalin-2. 

Electrochemical measurements of GDS at the mucosal surface of the colon. GDS was 

measured using an electrochemical technique where carbon fiber electrodes mechanically 

stimulate and oxidize GDS to generate a compression-evoked (peak) release of GDS which 

decayed back to basal levels (steady state) in both control and Winnie mice. (A) Comparison 

of the peak and steady state GDS levels in females Winnie mice and C57BL/6 and (B) in 

males at 6wk. (C) Comparison of the peak and steady state GDS levels in female Winnie 

mice and C57BL/6 and (D) in males at 14wk. Lipocalin-2 level quantified in fecal samples 

from females (E) and males (F) in Winnie mice and C57BL/6 at 6wk. (G) Average fecal 

lipocalin-2 protein levels at 14wk females and males (H) Winnie mice compared to C57BL/6. 

*p<.05, **p<.01, ***p<.001; six replicates/sample; C57BL/6: n=4-6 animals/group, Winnie: 

n=7 animals/group. 
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Figure 6. Serum levels of Calcium, phosphorus and Vitamin D in Winnie mice compared 

to C57BL/6 controls. A, B) Calcium levels in Winnie mice compared to C57BL/6 controls in 

6wk, 14wk and 24wk in females (A) and males (B). C, D) phosphorus levels in Winnie mice 

compared to C57BL/6 controls in 6wk, 14wk and 24wk in females (C) and males (D). E, F) 

Vitamin D levels in Winnie mice compared to C57BL/6 controls in 6wk, 14wk and 24wk in 

females (E) and males (F). n=4-10 mice/ group. Statistical significance, #p<.05 differences 

between age groups of Winnie mice. +p<.05 differences between age groups of C57BL/6 

mice. 

Figure 7. Model of mechanisms for decreased bone formation in IBD compared to healthy 

subjects. Gut derived serotonin (GDS) synthesis begins with its precursor amino acid L-

tryptophan (Trp) converted by the rate-limiting enzyme tryptophan hydroxylase (Tph1), to 5-

hydroxytryptophan (HTP). HTP is then converted by aromatic L-amino acid decarboxylase to 

circulating GDS and carried by vesicular transporter (VMAT1) inside the entero-chromaffin 

cells in the gut epithelium. Under normal physiological conditions, there are very low levels 

of circulating GDS to bind HTR1B receptors as most of GDS is transported intracellularly by 

plasmalemmal serotonin transporter and thereby gets inactivated by monoamine oxidases into 

5-hydroxyindoleacetic acid. Nevertheless, under pathological conditions of colitis, GDS 

inhibits osteoblast proliferation as higher levels of 5HT enter the circulation because of 

decreased SERT expression by intestinal cells, leading to a greater activation of HTR1B 

receptors in bone, which has a negative impact on bone mass. CREB1 is necessary for 

optimal expression of cyclin D1 and for normal osteoblast proliferation. HTR1B signaling 

inhibits both expression and phosphorylation dependent activation of the transcription factor 

CREB. 
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