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Abstract

Type-1 diabetes (T1D) increases systemic inflammation, bone loss, and risk for bone fractures. 

Levels of the anti-inflammatory cytokine IL-10 are decreased in T1D, however their role in T1D-

induced osteoporosis is unknown. To address this, diabetes was induced in male IL-10 knockout 

(KO) and wild-type (WT) mice. Analyses of femur and vertebral trabecular bone volume fraction 

(BVF) identified bone loss in T1D-WT mice at 4- and 12-weeks which in T1D-IL-10-KO mice 

was further reduced at 4 but not 12 weeks. IL-10 deficiency also increased the negative effects of 

T1D on cortical bone. Osteoblast marker, osterix was decreased while osteoclast markers were 

unchanged, suggesting that IL-10 promotes anabolic processes. MC3T3-E1 osteoblasts cultured 

under high glucose conditions displayed a decrease in osterix which was prevented by addition of 

IL-10. Together, our results suggest that IL-10 is important for promoting osteoblast maturation 

and reducing bone loss during early stages of T1D.

Introduction

Diabetes mellitus is a chronic metabolic disease that occurs when the pancreatic β-cells do 

not produce sufficient insulin or when the body is unable to utilize the insulin. It affects 

millions of people in the US and worldwide and its prevalence is increasing at an alarming 

rate [Centers for Disease Control and Prevention, 2014]. While type 1 diabetes (T1D) is 

characterized by destruction of pancreatic β-cells by autoreactive T-cells, type 2 diabetes 

(T2D) is characterized by insulin resistance [Atkinson and Maclaren, 1994][Lebovitz, 1999]. 

The systemic hyperglycemia, metabolic derrangements and inflammation that occur in 
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diabetes lead to a number of complications including nephropathy, cardiomyopathy, 

neuropathy, retinopathy and osteoporosis. Bone loss is an increasing concern for diabetic 

patients, especially T1D, which has been reported to increase the risk of hip fracture by 2–8 

fold [Hofbauer et al., 2007][Shah et al., 2016][Weber and Schwartz, 2016][Miao et al., 

2005]. Male and female T1D animal models also display reduced bone formation and bone 

loss similar to humans [Eller-Vainicher et al., 2011][Coe et al., 2013][Bonds et al., 2006; 

Burghardt et al., 2010; Hanley et al., 2003; Petit et al., 2010; Strotmeyer et al., 2004][Martin 

and McCabe, 2007]. T1D-induced bone loss can be exacerbated by factors such as estrogen 

deficiency [Raehtz et al., 2017], drug therapies [Chen et al., 2015; Coe et al., 2015] and 

inflammation [Motyl et al., 2009].

Bone remodeling is a highly-regulated process that requires precise balance between 

osteoblasts (bone forming cells) and osteoclasts (bone resorbing cells). Imbalance in this 

process can lead to bone loss. We and others have shown that T1D bone loss is associated 

with an anabolic defect characterized by decreased osteoblast lineage selection and 

differentiation as well as increased osteoblast death [Motyl et al., 2009][Motyl and McCabe, 

2009][Coe et al., 2013]. Both T1D patients and mouse models exhibit decreased levels of 

serum osteocalcin (osteoblast marker). In addition, as a result of altered lineage selection 

and lower Wnt10B signaling, T1D mice display increased bone marrow adiposity [Botolin 

and McCabe, 2007; Zhang et al., 2015][Pietschmann et al., 1988][Motyl and McCabe, 2009]

[Zhang et al., 2015][McCabe, 2007]. T1D effect on osteoclast activity however, is less clear 

and dependent on the specific animal model used and disease severity [McCabe et al., 2011]

[Verhaeghe et al., 2000][Motyl and McCabe, 2009]. Bone remodeling is also modulated by 

many factors including cytokines [Raehtz et al., 2017][Chiang et al., 1999; Irwin et al., 

2013; Motyl et al., 2009; Zhang et al., 2001]. A role for inflammatory cytokines in T1D 

bone pathology has been suggested by systemic and local increases in cytokines during the 

pathogenesis of T1D [Erbagci et al., 2001][Snell-Bergeon et al., 2010][Motyl et al., 2009]

[Motyl et al., 2009][Schloot et al., 2002]. Circulating interferon gamma (IFN-γ) has been 

shown to be increased with age in the non-obese diabetic (NOD) animal model [Schloot et 

al., 2002]. However, IFN-γ deficient mice are not protected from T1D induced bone loss, 

suggesting potential compensation by, or role for other cytokines in T1D effects on bone 

density [Motyl et al., 2009]. Several studies including ours have shown that levels of tumor 

necrosis factor alpha (TNF-α) are increased and play an important role in diabetes induced 

bone loss [Qiao et al., 2017][Motyl et al., 2009][Raehtz et al., 2017][Ko et al., 2016]. 

Furthermore, we have also demonstrated an increase in expression of IFN-γ, interleukin-1 

(IL-1) and interleukin-6 (IL-6) in the bone of T1D male mice [Motyl et al., 2009]. Also, 

during estrogen deficiency along with T1D, high levels of TNF-α correlated with bone loss 

and osteoblast death [Raehtz et al., 2017]. Studies have also shown that inhibition of TNF-α 
during diabetes can prevent a decrease in callus bone formation induced by T1D [Ko et al., 

2016]. In contrast to increases in pro-inflammatory cytokines, the anti-inflammatory 

cytokine IL-10 has been shown to be markedly decreased prior to diabetic onset in the NOD 

mice [Schloot et al., 2002]. Interestingly, administration of IL-10 protected NOD mice from 

developing diabetes [Pennline et al., 1994]. Similar to NOD mice, diabetic patients exhibit 

significantly low serum IL-10 compared to non-diabetic subjects [Van Exel et al., 2002]. In 
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spite of these studies on IL-10 levels in diabetes, role of IL-10 in the bone during diabetes is 

not known.

Previous studies have demonstrated an important role for IL-10 in bone homeostasis [Al-

Rasheed et al., 2004][Alayan et al., 2007][Al-Rasheed A, Scheerens H, Rennick DM, 

Fletcher HM, 2003][Claudino et al., 2010][Dresner-Pollak et al., 2004]. Studies have found 

that IL-10 KO mice, in addition to showing features of colitis, also demonstrate systemic 

skeletal disease with reduced bone mass, decreased bone formation and increased 

mechanical fragility [Al-Rasheed et al., 2004][Alayan et al., 2007][Al-Rasheed A, Scheerens 

H, Rennick DM, Fletcher HM, 2003] [Claudino et al., 2010][Dresner-Pollak et al., 2004]. 

Bone loss in IL-10 KO mice was more severe in mice with colitis compared to mice without 

colitis [Dresner-Pollak et al., 2004]. Similarly, 9-months old IL-10 KO mice have 

accelerated alveolar bone loss compared to age matched WT controls [Al-Rasheed et al., 

2004]. While the mechanisms by which IL-10 regulates bone health is not completely 

understood, IL-10 has been shown to have direct effects on both osteoblasts (increase in 

osteoblast differentiation) and osteoclasts (inhibit osteoclast differentiation) [Evans and Fox, 

2007][Hong et al., 2010][Xu et al., 1995][Dresner-Pollak et al., 2004]. Even though past 

studies have shown that IL-10 levels are decreased during T1D and that IL-10 has direct 

effects on osteoblasts and osteoclasts, the role of IL-10 in T1D-mediated bone pathology is 

not known. We demonstrate here that IL-10 regulation of osteoblasts plays an important role 

in T1D-induced bone loss during early but not later stages of disease.

Materials and Methods

Animals and Experimental Design

B6.129P2-Il10tm1Cgn/J mutant mice (IL-10−/−) and C57BL/6J male mice (6–7 weeks old) 

were purchased from Jackson Laboratories (Bar Harbor, Maine). Mice were allowed to 

acclimate to animal facility for 1-week prior to start of the experiment. After this period 

mice were randomly divided into four groups (8–10 per group): wild-type control, wild-type 

type 1 diabetes, IL-10−/− control and IL-10−/− type 1 diabetes. To induce diabetes, mice were 

injected (intraperitoneally) with 65 mg/kg body weight streptozotocin (STZ) for 5 

consecutive days. Control mice received 0.1 M sodium citrate buffer (vehicle) for the same 

time period. Insulin injections (0.1 unit) were given to mice that lost 15% of their body 

weight. Blood glucose was measured four weeks after the first injection with an AccuChek 

compact glucometer (Roche), by collecting a drop of blood from the pedal dorsal vein. Mice 

with a blood glucose of >250 mg/dL were considered diabetic. Mice (4 – 5 per cage) were 

maintained on a 12-hour light/dark cycle at 23°C and provided food and water ad libitum. 

Tissues were collected at 1- and 3-months after the first injection. All animal procedures 

were approved by the Michigan State University Institutional Animal Care and Use 

Committee and conformed to NIH guidelines.

μCT Bone Imaging

At harvest, femur and vertebrate bones were fixed in 10% formalin for 24 hours. After 24 

hours, bones were transferred to 70% ethanol and scanned using a GE Explore Locus 

microcomputed tomography (μCT) system at a voxel resolution of 20 μm obtained from 720 

Rios-Arce et al. Page 3

J Cell Physiol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



views. The beam angle of increment was 0.5, and beam strength was set at 80 peak kV and 

450 μA. Each run included bones from WT, KO (control and T1D groups), as well as a 

calibration phantom to standardize gray scale values and maintain consistency. Bone 

measurements were performed blind. On the basis of auto-threshold and isosurface analyses 

of multiple bone samples, a fixed threshold (799) was used to separate bone from bone 

marrow. Femur trabecular bone analyses were performed from ~ 1% of the total length 

proximal to the growth plate, extending 10% of bone length toward the diaphysis and 

excluding the cortical bone. Trabecular bone mineral content (BMC), bone mineral density 

(BMD), percent bone volume fraction (% BVF), trabecular thickness (Tb. Th), spacing (Tb. 

Sp), and number (Tb. N) were computed using GE Healthcare MicroView software. Femoral 

trabecular isosurface images were taken from a region in the femur where analyses were 

performed measuring 1.0 mm in length and 1.0 mm in diameter. For vertebral analysis, the 

third lumbar vertebrae were used. Cortical measurements were performed in a 2×2×2 mm 

cube centered midway down the length of the bone.

Bone and Intestine RNA analysis

Immediately after euthanasia, bone samples were cleaned of all muscle and connective 

tissue, snap frozen in liquid nitrogen and stored at −80°C until RNA extraction [Raehtz et 

al., 2017]. Intestinal samples were flushed of their contents with 1X PBS and frozen in 

liquid nitrogen and stored at −80 C until further processing [Lee et al., 2013]. Frozen tissues 

were crushed under liquid nitrogen conditions using the Bessman Tissue Pulverizer 

(Spectrum Laboratories, Rancho Dominguez, CA). TriReagent (Molecular Research Center, 

Cincinnati, OH) was used to isolate RNA and RNA integrity was verified by agarose-gel 

electrophoresis. cDNA was synthesized by reverse transcription using Superscript II Reverse 

Transcriptase Kit and oligo dT primers (Invitrogen, Carlsbad, CA). Complementary DNA 

was amplified by PCR using iQ SYBR Green supermix (Bio-Rad Laboratories, Hercules, 

CA). Real time PCR was carried out for 40 cycles (95° C for 15 seconds, 60° C for 30 

seconds, and 72° C for 30 seconds) using an iCycler thermal cycler and data evaluated using 

the iCycler software. Negative controls included primers without cDNA. RNA levels of the 

housekeeping gene hypoxanthine guanine phosphoribosyl transferase (HPRT) did not 

fluctuate with treatment and were used as an internal control. Primers used for real-time 

polymerase chain reaction are listed in Table 1.

In vitro cell culture system

Preosteoblast MC3T3-E1 cells (CRL-2593; ATCC, Manassas, VA) (passages between 18 to 

24) were plated at a density of 3.9 × 103 cm2 with α–minimal essential media (α-MEM) 

containing 10% fetal bovine serum (FBS) (Invitrogen and Atlanta Biologicals, Atlanta, GA) 

and 1% Penicillin-Streptomycin (Life Technologies). Cell media was changed every other 

day. After confluency, cells were treated with α-MEM with low (5 mM) and high (30mM) 

glucose for 3 days. Cells were then treated with 50 ng/ml recombinant murine IL-10 

(Peprotech) for 24 hours. Cells were harvested with TriReagent (Molecular Research Center 

Inc.) and RNA extracted and analyzed as previously described.
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In vitro cell protein extraction and Western blotting

Preosteoblast MC3T3-E1 cells (CRL-2593; ATCC, Manassas, VA) (passages between 18 to 

24) were treated with low (5 mM) and high (30 mM) glucose for 3 days. Cells were then 

stimulated with 50 ng/ml recombinant murine IL-10 (Peprotech) for the indicated time 

points. Cells were lysed with lysis buffer containing 1% Triton X-100, protease and 

phosphatase inhibitors. Protein concentrations were determined using Bradford and 

equivalent protein (50 μg) was loaded into the wells of SDS-PAGE gels for western blot 

analysis. Blots were probed with antibodies diluted in LiCor blocking buffer (LiCor) or 5% 

BSA. Primary antibodies were against pERK1/2, p-JNK1/2, JNK1/2, and p-P38 (Cell 

Signaling Technology Inc. (Danvers, MA), ERK-2 and tubulin (Santa Cruz). For 

immunoblotting, the secondary1/2 antibodies were IR-dye or HRP conjugated and analyzed 

by Licor’s Odyssey or chemiluminescence respectively. The bands were quantified using 

Lico1/2r’s Odyssey program (for IR dye) or densitometry (Image J for chemiluminescence).

Statistical Analysis

Data are presented as mean ± standard error or as box-plots (5–95 percentile) as indicated. 

Statistical analysis was performed using Student’s t-test (two group comparisons) or 

ANOVA (more than 2 groups) with GraphPad Prism software version 7 (GraphPad, San 

Diego, CA, USA). Significant outliers (if present and indicated in figure legend) were 

removed using the ROUT test for outliers. A p-value < 0.05 was considered statistically 

significant.

Results

Wild type and IL-10 knockout mice exhibit similar blood glucose levels

To induce T1D hyperglycemic conditions in mice, we used streptozotocin (STZ) a 

pharmacological compound (derived from Streptomyces achromogenes) that causes 

pancreatic β cell destruction and consequent marked hypoinsulinemia and hyperglycemia 

[Szkudelski, 2001]. Male mice, 7 to 8-week-old wild type (WT) and IL-10 knockout (KO) 

(both in C57BL/6J background), were injected with 65 mg of STZ per kilogram body weight 

for 5 consecutives days. Control mice received equal volume of vehicle (sodium citrate 

buffer). To confirm diabetes, blood glucose was measured 1 month after the first STZ 

injection. Blood glucose was significantly increased in both WT and KO groups (p<0.0001), 

whereas WT and KO control mice maintained normal blood glucose levels <200 mg/dL. No 

differences in blood glucose levels were observed between T1D WT and KO groups (Figure 

1A). As expected, T1D WT mice had decreased body weight compared to corresponding 

control mice (p< 0.0001) [Motyl and McCabe, 2009]. Although control WT and KO groups 

did not differ in body weight, T1D KO mice lost significantly more weight compared to T1D 

WT mice at this time point (p< 0.05) (Figure 1B).

IL-10 deficiency enhances T1D-induced trabecular and cortical bone loss.

Bone density and structural parameters at the 1 month time point were assessed using 

microcomputed tomography (μCT). Distal femoral trabecular bone (Figure 2) and 

diaphyseal cortical bone (Figure 3) showed no significant differences between control WT 
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and KO groups, suggesting that IL-10 is not essential for normal bone homeostasis in this 

age group. However, femur trabecular bone volume fraction (BVF corrected to body weight) 

was significantly decrease in T1D WT mice compared to control WT mice (p<0.01). 

Similarly, the KO diabetic group also displayed significant trabecular bone loss compared to 

KO control mice (p<0.01). When analyzed against the respective WT cohorts, trabecular 

bone loss in the T1D KO mice was significantly greater compared to the T1D WT mice 

(p<0.05; Figure 2C). These results suggest that IL-10 plays an important role in preventing 

femur trabecular bone loss during diabetes and that loss of IL-10 exacerbates T1D bone loss. 

Further analyses of bone trabecular micro-architecture indicated a decrease in bone mineral 

density, trabecular thickness, number and an increase in trabecular spacing in the WT 

diabetic group compared to WT control mice. These parameters were exacerbated in the KO 

diabetic compared to WT diabetic mice. (Figure 2 D–H). Deficiency of IL-10 also increased 

the negative effects of T1D on cortical bone. Specifically, KO mice displayed less cortical 

area (p<0.05; Figure 3C), bone mineral content (p<0.001), density (p<0.001, and thickness 

(p<0.05) when compared to the T1D WT group (Figure 3 A–I). To assess if these effects are 

bone site-specific we examined trabecular bone of the 3rd lumbar vertebrae using μCT 

analysis. Vertebrae from T1D WT mice showed a modest decrease in BVF compared to the 

WT controls (Figure 4 A–B). Importantly, the KO diabetic group exhibited a significant 

decrease in vertebral BVF compared to control KO mice vertebrae (Figure 4 A–B). When 

analyzed relative to the respective WT mouse groups, vertebral trabecular bone loss was 

significantly greater in the KO diabetic mice (Figure 4C). Together, these data demonstrate 

that lack of IL-10 can exacerbate T1D bone loss in femur and vertebrae.

Long term T1D effects on bone density are not affected by IL-10 deficiency

To determine if IL-10 KO diabetic mice continue to have excessive bone loss over-time 

(compared to WT diabetic mice), we examined mice 3 months after the first STZ injection. 

As seen in the 1 month experiments, blood glucose was similarly elevated in both T1D WT 

and KO mice (p<0.0001) (Figure 5 A). Compared to genotype controls, body weight was 

decreased in both WT and KO T1D mice (p<0.0001); however, unlike the 1 month time 

point, body weights were similar between the two genotypes (Figure 5 B). MicroCT analysis 

revealed that femur trabecular BVF was significantly decreased in the WT diabetic 

(p<0.0001) compared to WT control mice (Figure 5 C–D). Consistent with this, trabecular 

thickness (p<0.0001) and number (p<0.0001) were decreased and trabecular space 

(p<0.0001) increased markedly in the WT diabetic compared to WT control mice (Figure 5 

D–J). Unlike the 1 month time point, when analyzed against the WT cohorts, KO diabetic 

showed similar trabecular bone loss compared to WT mice at the 3 months time point 

(Figure 5E). In the cortical bone, T1D significantly decreased cortical area, bone mineral 

density and content, thickness and outer perimeter measures in both WT and KO diabetic 

mice compared to the respective control groups (Figure 6 A–I). When analyzed against the 

WT cohorts, IL-10 deficiency did not exacerbate T1D effects on cortical thickness (Figure 6 

A–C). Measurment of vertebral trabecular BVF demonstrated no significant difference 

between any of the groups at this time point (Figure 7). Our results suggest that IL-10 plays 

an important role in inhibiting trabecular and cortical bone loss only during early diabetic 

time point but not at the later time point.
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T1D effects on osteoblast gene expression are exacerbated in IL-10 knockout mice

To understand the mechanisms by which IL-10 regulates T1D bone loss, especially during 

early stages of T1D (4 weeks), we examined mRNA markers of bone formation (osteoblasts) 

and bone resorption (osteoclasts). For this, we extracted RNA from tibia of the two 

genotypes under control and diabetic conditions and then examined the expression of bone 

formation markers (osteocalcin and osterix) and bone resorption markers (tartrate-resistant 

acid phosphatase, TRAP). As shown in Figure 8A, expression of both osteocalcin 

(osteoblast differentiation marker) and osterix (osteoblast transcription factor) were 

significantly decreased in WT T1D mice (p <0.05). Importantly, the KO diabetic mice 

displayed a significantly greater decrease in osterix than WT diabetic mice (Figure 8A, 

p<0.05). KO diabetic mice also had lower osteocalcin levels compared to WT diabetic mice, 

however the difference did not reach statistical significance. Together, these results suggest 

that the presence of IL-10 reduces the negative effects of T1D on anabolic bone responses. 

In contrast, expression of TRAP was variable and did not significantly differ between the 

various groups suggesting that IL-10 likely does not regulate bone resorption in T1D mice 

(Figure 8A).

Previous studies have shown that T1D can affect osteoblast lineage selection [Botolin and 

McCabe, 2007][Coe et al., 2013]. Therefore, we examined the expression of Wnt10b, a 

major enhancer of osteoblast differentiation [Bennett et al., 2007]. In addition, we assessed 

expression of aP2, a fatty acid adipocyte protein whose expression in bone is indicative of 

increase in marrow adiposity [Shan et al., 2013]. In previous studies we identified that bone 

Wnt10b is decreased while aP2 is increased in T1D mice [Raehtz et al., 2017][Zhang et al., 

2015]. Similarly, in the current study, we found Wnt10b expression was significantly 

decreased in the WT diabetic (p<0.05) compared to WT control mice. In contrast to the WT, 

there was no significant difference between the KO control and KO diabetic mice. Note 

however, that Wnt10b expression was already significantly decreased in the KO control 

compared to the WT control bones (Figure 8A). Expression of aP2, on the other hand, was 

significantly enhanced in both T1D WT and KO mice compared to their respective control 

genotype mice (Figure 8A, p<0.05). These data suggest that under T1D conditions IL-10 

effects on bone density are likely independent of Wnt10b and adipocyte lineage selection.

Since IL-10 is an important anti-inflammatory cytokine we next investigated the expression 

patterns of cytokines previously associated with T1D bone loss such as IFN-γ, TNF-α, and 

IL-6. Interestingly, our results showed no significant differences in expression of 

inflammatory cytokines in the bone between any of the groups (Figure 8A). Unlike the bone, 

intestinal expression of TNFα was significantly enhanced in the KO group (Fig 8B; p<0.01) 

(as expected [Rennick and Fort, 2000]), suggesting an enhanced pro-inflammatory 

environment in the gut but likely not the bone. To examine the effect of IL-10 on intestinal 

Ca uptake, we analyzed small intestinal expression of genes involved in calcium transport: 

TRPV5, TRPV6, CABPD9K and CABPD28K (Fig 8C). Levels of expression were not 

significantly different between the control WT and KO mice or between control KO and 

diabetic KO mice. Interestingly expression of TRPV6 and CABPD9K was different between 

diabetic WT and diabetic KO mice; this occurs as a result of T1D increasing expression of 
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TRPV6 (significantly) and CABPD9K (trend) in WT mice but not KO mice. The impact of 

this on calcium absorption and bone health in T1D will be addressed in future studies.

IL-10 regulates osterix gene expression in osteoblasts via MAPK pathway

To further understand the mechanisms by which IL-10 regulates osteoblast markers under 

diabetic conditions, we used MC3T3-E1 osteoblasts treated with or without IL-10, under 

normal and high glucose conditions. Previous studies have shown in vitro that high glucose 

treatment of osteoblasts inhibits expression of anabolic genes [Zayzafoon et al., 2002]

[Zayzafoon et al., 2000][Balint et al., 2001][Terada et al., 1998]. Since our in vivo studies 

suggest a role for IL-10 in osterix gene expression in the tibia, we focused on regulation of 

expression of osterix in vitro. MC3T3-E1 cells were treated with normal (5 mM) or high 

glucose (30 mM) for 72 hours followed by stimulation without or with IL-10 for 24 hours. 

As expected, osterix gene expression was significantly reduced under high glucose in the 

absence of IL-10 (p<0.05). However, in the presence of IL-10 under high glucose conditions, 

osterix expression reversed to control levels. Interestingly, IL-10 did not significantly affect 

osterix expression in cells grown under normal glucose conditions (Figure 9A).

To understand the signaling mechanisms by which IL-10 regulates osterix gene expression, 

we focused on the MAPK pathways (JNK, p38 and ERK). Previous studies have shown that 

osterix expression is regulated by JNK, p38 or ERK depending on the stimulus [Lu et al., 

2006][Barbuto and Mitchell, 2013]. To understand the relationship between high glucose 

conditions and osterix in the context of these MAPK pathways, we first tested the effect of 

high glucose on the phosphorylation status of these three kinases. High glucose enhanced 

phosphorylation of JNK and p38 (as we have shown before [Zayzafoon et al., 2002]). 

Interestingly, high glucose decreased ERK phosphorylation (Figure 9B, p<0.05). The ERK 

pathway is known to be a key stimulator of osteoblast differentiation. Consequently, we 

examined if IL-10 treatment prevents the high glucose suppression of ERK signaling. As 

expected, treatment with IL-10 prevented high glucose suppression of ERK phosphorylation 

(Figure 9B p=0.05). These results indicate that IL-10 likely sustains osteoblast ERK 

signaling and osterix expression under T1D conditions.

Discussion

Studies in human and diabetic murine models have demonstrated changes in the levels of pro 

and anti-inflammatory cytokines with unmanaged diabetes [Erbagci et al., 2001][Snell-

Bergeon et al., 2010][Lee et al., 2008][Motyl and McCabe, 2009][Motyl et al., 2009]. 

Several proinflammatory cytokines have been reported to be elevated in T1D patients and 

animal models. For example, serum IFN-y is increased with age in the non-obese diabetic 

mice (NOD) and it reaches the highest levels at the onset of diabetes [Schloot et al., 2002]. 

T1D patients also present with elevated TNF-α serum levels [Qiao et al., 2017]. Other 

cytokines such as IL-6 and interleukin 1 beta (IL-1β)are also elevated under diabetic 

conditions [Senn et al., 2002]. Interestingly, not only are these cytokines increased in the 

serum of diabetic mice, they are also expressed at high levels in the bone (e.g. IFN-y and 

TNF-α [Motyl and McCabe, 2009][Motyl et al., 2009]), providing a link between 

inflammatory cytokines and T1D-induced bone loss. Furthermore, proinflammatory 
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cytokines such as TNFα, IL-1β and prostaglandin E2 have been shown to play an important 

role in diabetes-induced periodontal bone loss [Liu et al., 2006][Salvi et al., 1997a][Salvi et 

al., 1997b]. Inhibition of cytokine activity/levels, especially TNFα, has been shown to 

decrease osteoclast numbers and increase osteoblast and periodontal bone formation in a 

diabetes-induced periodontal bone loss model [Pacios et al., 2012].

Compared to pro-inflammatory cytokines, levels of the anti-inflammatory cytokine IL-10 

has been shown to be decreased in the serum and pancreas during diabetes progression in 

NOD mice [Schloot et al., 2002]. Remarkably, administration of recombinant IL-10 via 

daily subcutaneous injections or non-viral gene delivery protects NOD mice against the 

development of insulinitis and diabetes [Pennline et al., 1994][Lee et al., 2006]. Similar to 

NOD mice, diabetic patients also exhibit lower IL-10 serum levels compared to non-diabetic 

subjects [Van Exel et al., 2002]. Given that other studies have shown a beneficial effect of 

IL-10 on bone mass [Zhang et al., 2014][Claudino et al., 2010] and that IL-10 levels are 

decreased during T1D [Van Exel et al., 2002] [Schloot et al., 2002], in the current report we 

investigated the importance of IL-10 in T1D-induced bone loss. Our results clearly 

demonstrate that during early stages of T1D-induced bone loss, IL-10 deficiency exacerbates 

bone loss in mice. Specifically, T1D IL-10-KO mice display a 60% decrease in bone volume 

fraction compared to only a 39% decrease in T1D wild type mice. Thus, reduced IL-10 

levels during T1D in human patients may contribute to bone loss early on. However, our data 

also suggest that over time, IL-10 levels are not crucial to regulate bone density since by 6 

months of age, diabetic IL-10 KO and WT mice exhibit similar levels of bone loss, 

suggesting that bone loss in the IL-10 KO diabetic group reaches a set point that is achieved 

by T1D WT mice at a later timepoint. Consistent with this, a progressive decline, over a 12-

week period, in trabecular bone density, has been shown in T1D WT rats [Silva et al., 2009]. 

It should also be noted that our studies were performed in male mice. While both male and 

female T1D mice lose similar amounts of femoral and vertebral trabecular bone [Martin and 

McCabe, 2007], we do not know if IL-10 influences T1D bone loss in a sex dependent 

manner. Future studies are needed to assess the influence of sex hormones in the response.

Consistent with our findings that IL-10 can play a role in bone density, many studies have 

demonstrated the importance of IL-10 in regulating bone health in non-diabetic models. 

IL-10 has been shown to regulate alveolar bone loss in aged mice (~9 month) compared to 

younger mice (3 months old) [Al-Rasheed A, Scheerens H, Rennick DM, Fletcher HM, 

2003][Al-Rasheed et al., 2004]. In these studies, changes in bone density in the aged IL-10 

KO mice were associated with down-regulation of osteoblast and osteocyte markers in the 

periodontal tissue [Claudino et al., 2010]. Another study looking at bone metabolism in 

IL-10 KO mice in the context of colitis development demonstrated a decrease in cancellous 

bone mass of the tibia as well as the trabecular bone surface and number, in the IL-10 KO 

mice compared to the WT group. Interestingly, these changes were most striking in IL-10 

KO animals that showed colitis [Dresner-Pollak et al., 2004]. Although these authors 

demonstrated this phenotype in 8 to 12 week old mice, in our studies we did not observe any 

signs of colitis in IL-10 KO mice (as demonstrated by equivalent body weight in control WT 

and KO mice at both time points tested). In addition, IL-10 KO mice in our facility did not 

display any overt clinical signs of colitis (such as diarrhea, bleeding etc). Because IL-10 KO 

mice in our study did not display overt colitis, it is not surprising that non-diabetic IL-10 KO 
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mice did not exhibit any bone pathology. It is important to note that a trend towards a lower 

femoral trabecular bone density in the IL-10 KO group was noted at the later time point (12 

week treatment time @ which they are 6 months old). Even though we did not observe any 

clinical signs of colitis, colons from the IL-10 KO mice (non-diabetic and diabetic) showed 

markedly higher TNFα gene expression suggesting that the intestinal environment of these 

mice are skewed towards a pro-inflammatory state. This however, did not likely influence 

bone inflammatory environment since expression of inflammatory genes in the bone were 

similar between groups. These results suggest that the bone phenotype in the IL-10 KO 

diabetic group in this study is independent of changes in bone inflammation. Similar to our 

results, an increase in alveolar bone loss in IL-10 deficient mice was shown to be 

independent of changes in the inflammatory cytokines TNFα, IL1β, IL-6 and transforming 

growth factor beta (TGFβ) [Claudino et al., 2010].

We and others have shown that T1D-induced bone loss is associated with suppression of 

osteoblast and an increase in adipogenesis [Botolin and McCabe, 2007; Zhang et al., 2015]. 

Similarly, we show here that T1D decreased markers of osteoblast maturation and increased 

markers of adipogenesis in the WT mice. In the IL-10 KO diabetic mice, although osteoblast 

markers were suppressed even further compared to the WT diabetic mice, expression of 

adipogenic markers were similar to that of the WT mice. A previous study using an in vitro 
model has shown that IL-10 can suppress lipid accumulation and adipogenesis in 3T3-L1 

fibroblasts [Kim and Pyo, 2019]. However, in our in vivo T1D model, it appears that IL-10 

deficiency does not significantly influence T1D-induced adipogenesis markers. Thus, our 

results suggest that the effect of diabetes on bone density in the absence of IL-10 is likely 

independent of changes in adipocytes.

IL-10 can also negatively influence osteoclastogenesis [Claudino et al., 2010][Hong et al., 

2010][Xu et al., 1995][Zhang et al., 2016][Zhang et al., 2014]. Specifically, IL-10 prevents 

the differentiation of osteoclast progenitors to preosteoclasts [Evans and Fox, 2007][Xu et 

al., 1995]. In a co-culture system of mouse bone marrow cells and primary osteoblastic cells, 

IL-10 treatment for 7 days prevented osteoclast differentiation [Hong et al., 2010]. In 

contrast, in IL-10 deficient mice (8 and 12 weeks old) osteoclast cell number were not 

affected [Dresner-Pollak et al., 2004]. Our results on TRAP (a marker of osteoclast) gene 

expression, suggests that neither T1D nor IL-10 significantly influence osteoclastogenesis. 

Although previous studies have demonstrated that proinflammatory cytokines can promote 

and enhance osteoclastogenesis [Kobayashi et al., 2000][Ries et al., 989][Azuma et al., 

2000][Gao et al., 2007], deficiency of IL-10 did not upregulate pro-inflammatory cytokines 

in the bone. Accordingly, IL-10 deficiency did not affect TRAP gene expression in the 

control or diabetic mice. Together, these results are consistent with our previous studies 

showing that T1D does not influence osteoclast markers and further adds that IL-10 is not an 

important regulator of osteoclastogenesis in T1D model [Botolin and McCabe, 2007; Zhang 

et al., 2015].

To understand the direct mechanisms by which IL-10 regulates osteoblasts, we examined the 

effects of IL-10 in osteoblasts cultured under normal and high glucose conditions. While 

studies looking at the role of IL-10 on osteoblast cells is limited, our results demonstrate a 

direct role for IL-10 in regulating osterix gene expression in osteoblasts especially under 
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high glucose conditions. Previous studies have shown that high glucose can negatively 

influence osteoblast differentiation [García-Hernández et al., 2012] and can decrease 

osteocalcin and osteoprotegerin gene expression is differentiated osteoblasts [Zayzafoon et 

al., 2000] [Shao et al., 2014]. Similarly, we found that high glucose exposure of pre-

osteoblasts markedly decreases osterix gene expression. Osterix is an osteoblast-specific 

transcriptor factor that is required to induce preosteoblasts differentiation into mature 

osteoblasts [Sinha and Zhou, 2013]. The importance of osterix physiologically is 

underscored by osterix null mice which lack bone formation and have no trabeculae 

[Nakashima et al., 2002]. Consistent with our findings, gene expression analysis of human 

osteoblastic cells, isolated from diabetic patients with osteoporotic fractures express 

significantly low levels of osterix [Miranda et al., 2016]. Our studies further demonstrate 

that IL-10 can directly reverse high glucose-mediated suppression of osterix expression. In 

an effort to identify signaling mechanisms, our studies further show that IL-10 increases in 

osterix expression via regulation of the ERK pathway. Regulation of ERK pathway by IL-10 

have been shown in different models [Hovsepian et al., 2013][Pereira et al., 2015]. In 

addition, previous studies using parathyroid hormone (PTH) and TNF-α have shown 

regulation of osterix gene expression via regulation of MAPK pathway [Barbuto and 

Mitchell, 2013][Lu et al., 2006]. Thus, consistent with these studies, our findings support a 

role for the ERK pathway in contributing to the regulation of osterix under high glucose 

conditions in the presence of IL-10.

In summary, the present study demonstrates that IL-10 knockout mice are more susceptible 

to T1D bone loss, especially during the early disease process and therefore, decreases in 

IL-10 observed in animal models and human patients with T1D may have a detrimental role 

to bone health. We identified that IL-10 is able to regulate osterix gene expression and 

influence bone effects during T1D primarily through the regulation of osteoblasts. Together, 

our studies suggest that IL-10 and its signaling pathways are potential therapeutic targets for 

T1D bone loss.
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Figure 1. Induction of Type 1 diabetes with streptozotocin (STZ) in WT and IL-10 knockout 
mice.
C57BL/6 (WT) and IL-10 knockout (KO) mice were treated with citrate buffer (vehicle 

control) or STZ (diabetic) for 5 consecutives days. (A) Blood glucose levels (mg/dL) and 

(B) body weight in grams (g) were measured 4 weeks after the first STZ injection. Whiskers 

in the box plot represent 5–95 percentile values; n= 9–10 per group. *p<0.05, 

****p<0.0001. Statistical analysis performed by One-way ANOVA followed by Fisher’s 

LSD post-test. WT=wild type, KO= IL-10 knockout mice.
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Figure 2. IL-10 knockout exacerbates trabecular bone loss 1 month after diabetes induction.
Control and STZ treated WT and IL-10 knockout mice were euthanized 4 weeks after the 

first STZ injection. Femoral bones were collected and trabecular bone analyzed by uCT. (A) 
Representative micro-computed tomography isosurface images. (B) Bone volume fraction 

(corrected for weight loss). (C) Bone volume fraction (corrected for weight loss) from the 

KO group normalized to respective WT groups. * represent p<0.05 by T-test against WT 

diabetic group. (D) Bone mineral content (mg). (E) Bone mineral density (mg/cc). (F) 
Trabecular number (Tb. N, 1/mm). (G) Trabecular space (Tb. Sp, mm). (H) Trabecular 

thickness (Tb. Th, um). Bar graphs values are averages ± standard error; Whiskers in box 

plots represent 5–95 percentile values; n= 7–9 per group. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Statistical analysis performed by One-way ANOVA followed by Fisher’s 

LSD post-test. WT=wild type, KO= IL-10 knockout mice.
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Figure 3. IL-10 deficiency exacerbates T1D-induced cortical bone loss 1 month after diabetes 
induction.
Cortical bone analysis were performed using μCT, on femoral bones described in Figure 2. 

(A) Representative micro-computed tomography isosurface images. (B) Cortical area (mm2). 

(C) Cortical area from the KO groups normalized to respective WT groups. * represent 

p<0.05 by T-test against WT diabetic group. (D) Marrow area (mm2). (E) Bone mineral 

content (mg). (F) Bone mineral density (mg/cc). (G) Cortical thickness (mm). (H) Inner 

perimeter (mm). (I) Outer perimeter. Bar graphs values are averages ± standard error; 

Whiskers in box plots represent 5–95 percentile values; n= 7–9 per group. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. Statistical analysis performed by One-way ANOVA 

followed by Fisher’s LSD post-test. WT=wild type, KO= IL-10 knockout mice.
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Figure 4. IL-10 knockout exacerbates vertebral trabecular bone loss 1 month after diabetes 
induction.
Vertebral bones were collected from mice groups described in Fig 2 and μCT analysis 

performed from the third lumbar vertebral body to assess trabecular bone. (A) 
Representative micro-computed tomography isosurface images. (B) Percent bone volume 

fraction and (C) bone volume fraction from the KO groups normalized to respective WT 

groups. * represent p<0.05 by T-test against WT diabetic group. Bar graphs values are 

averages ± standard error; n= 5–7 per group. *p<0.05, **p<0.01. Statistical analysis 

performed by One-way ANOVA followed by Fisher’s LSD post-test. WT=wild type, 

KO=IL-10 knockout mice.
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Figure 5. IL-10 knockout does not affect trabecular bone loss 3 months after diabetes induction.
Control and STZ treated WT and IL-10 knockout mice were euthanized 12 weeks after the 

first STZ injection. Femoral bones were collected and trabecular bone analyzed by uCT. (A) 
Blood glucose levels (mg/dL) and (B) body weight in grams (g); n=9–10. (C) Representative 

micro-computed tomography isosurface images. (D) Bone volume fraction (corrected for 

weight loss). (E) Bone volume fraction (corrected for weight loss) from the KO group 

normalized to respective WT groups. (F) Bone mineral content (mg). (G) Bone mineral 

density (mg/cc). (H) Trabecular number (Tb.N, 1/mm). (I) Trabecular space (Tb.Sp, mm). 

(J) Trabecular thickness (Tb.Th, um). Bar graphs values are averages ± standard error; 

Whiskers in box plots represent 5–95 percentile values; n= 5–9 per group. **p<0.01, 

****p<0.0001. Statistical analysis performed by One-way ANOVA followed by Fisher’s 

LSD post-test. WT=wild type, KO=IL-10 knockout mice.
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Figure 6. IL-10 knockout does not exacerbate T1D-induced cortical bone loss 3 months after 
diabetes induction.
Control and STZ treated WT and IL-10 knockout mice were euthanized 12 weeks after the 

first STZ injection. Femoral cortical bone analysis were performed using μCT. (A) 
Representative micro-computed tomography isosurface images. (B) Cortical area (mm2). (C) 
Cortical area from the KO groups normalized to respective WT groups. (D) Marrow area 

(mm2). (E) Bone mineral content (mg). (F) Bone mineral density (mg/cc). (G) Cortical 

thickness (mm). (H) Inner perimeter (mm). (I) Outer perimeter. Bar graphs values are 

averages ± standard error; Whiskers in box plots represent 5–95 percentile values; n= 5–9 

per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical analysis performed by 

One-way ANOVA followed by Fisher’s LSD post-test. WT=wild type, KO= IL-10 knockout 

mice.
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Figure 7. IL-10 knockout does not exacerbate vertebral trabecular bone loss 3 months after 
diabetes induction.
After 12 weeks of treatment vertebral bone was collected and the third lumbar vertebrae was 

analyzed via uCT. (A) Representative micro-computed tomography isosurface images. (B) 
Percentage bone volume fraction and (C) bone volume fraction from the KO groups 

normalized to respective WT groups. Bar graphs values are averages ± standard error; n= 5–

7 per group. *p<0.05, **p<0.01. Statistical analysis performed by One-way ANOVA 

followed by Fisher’s LSD post-test. WT=wild type, KO=IL-10 knockout mice.
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Figure 8. Relative gene expression in the tibia and intestine from WT and IL-10 knockout mice.
Control and STZ treated WT and IL-10 knockout mice were euthanized 4 weeks after the 

first STZ injection. Tibia (A), colon (B) and jejunum (C) were collected, RNA extracted and 

mRNA analysis of indicated genes assessed by Q-RT-PCR. Genes were normalized to 

HPRT. Values are averages ± standard error; n= 8–10 per group. *p<0.05, **p<0.01, 

****p<0.0001. Statistical analysis performed by One-way ANOVA followed by Fisher’s 

LSD post-test. Outliers removed: OSX (1 outlier in the KO-C and WT-D),Wnt10b (1 outlier 

in the WT-D), RUNX2 (1 outlier in the WT-C and KO-D), TRAP (1 outlier in the WT-D), 

TNFA(1 outlier in the WT-C and WT-D), IL-6 (1 outlier in all of the groups), IFNY (1 

outlier in the WT-C, WT-D, and KO-D), TNFA colon (2 outliers in the WT-control, 1 outlier 

in the KO-control).
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Figure 9. IL-10 prevents high glucose-mediated suppression of osterix expression via the ERK 
pathway.
(A) MC3T3-E1 cells were treated with high glucose (72 hours) +/− IL-10 for 24 hours. RNA 

extracted and mRNA analysis of osterix (OSX) gene assessed by Q-RT-PCR and normalized 

to HPRT. (B) MC3T3-E1 cells were treated with high glucose (72 hours) +/− IL-10 for 15 

minutes. Representative blots show protein levels analyzed by Western Blot as well as 

loading controls (ERK and Tubulin). Quantification of western blots for p-ERK/ERK, p-p38, 

and p-JNK. Values are averages ± standard error; n= 4–5 per group, *p<0.05, **p<0.01. 

Statistical analysis performed by One-way ANOVA followed by Fisher’s LSD post-test.
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