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Summary

In this study, we aimed to evaluate the influence of diet-induced obesity on IL-6 deficiency-induced bone remodeling
abnormality. Seven-week-old IL-6" mice and their wild type (WT) littermates were fed a standard diet (SD) or high-
fat diet (HFD) for 25 weeks. Lipid formation and bone metabolism in mice tibiae were investigated by histochemical
analysis. Both IL-6” and WT mice fed the HFD showed notable body weight gain, thickened cortical bones, and adipose
accumulation in the bone marrow. Notably, the HFD normalized the bone phenotype of IL-6”" mice to that of their WT
counterpart, as characterized by a decrease in bone mass and the presence of an obliquely arranged, plate-like morphology
in the trabecular bone. Alkaline phosphatase and osteocalcin expressions were attenuated in both genotypes after HFD
feeding, especially for the IL-6” mice. Meanwhile, tartrate-resistant acid phosphatase staining was inhibited, osteoclast
apoptosis rate down-regulated (revealed by TUNEL assay), and the proportion of cathepsin K (CK)-positive osteoclasts
significantly increased in IL-6" mice on a HFD as compared with IL-6”" mice on standard chow. Our results demonstrate
that HFD-induced obesity reverses IL-6 deficiency-associated bone metabolic disorders by suppressing osteoblast activity,
upregulating osteoclastic activity, and inhibiting osteoclast apoptosis. (] Histochem Cytochem 64:42-53, 2016)
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Introduction Mechanical loading conferred by the increased body weight
stimulates bone formation by increasing the proliferation
and differentiation of local osteoblasts and osteocytes as
well as decreasing apoptosis of osteoblastic lineage cells
through the Wnt/B-catenin signaling pathway (Patsch et al.

Obesity and osteoporosis—commonly associated with a
sedentary lifestyle and malnutrition—are increasingly gain-
ing attention in modern society because both conditions
have the potential to cause serious health-related conse-
quences. Although usually considered separately, these two
disorders seem to be closely related (Goulding et al. 2005).
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2011). Clinical studies have shown that body weight or
body mass index (BMI) is positively correlated with bone
mineral density or bone mass, whereas low body weight or
a low BMI is a risk factor for low bone mass and bone loss
in humans (Felson et al. 1993; Ravn et al. 1999; Reid 2002).

Recent reports have demonstrated that high-fat diet-
induced obesity is a cause of bone loss and may be regarded
as a risk factor for osteoporosis (Jelcic 2010; Russell et al.
2010). A cross-sectional study of 200 young people aged 3
to 19 years showed that increased adiposity may be linked
to an increased risk of bone fracture (Goulding et al. 2001).
Another large cross-sectional study of 13,000 adult men
and women also indicated a positive association between
percentage body fat and osteopenia (Pollock et al. 2007). In
animal studies, high-fat diet-induced obese mice demon-
strated impaired bone microarchitecture and mechanical
properties along with enhanced bone resorption and osteo-
clast formation (Halade et al. 2010; Halade et al. 2011;
Patsch et al. 2011). Although several potential mechanisms
involved in obesity-related stimulation of osteoclastogene-
sis have been proposed, including accumulated adipocyte-
associated, low-grade inflammation (Halade et al. 2011)
and changes in adipose tissue-derived hormones (Ducy
et al. 2000; Wang et al. 2014), the precise mechanisms
underlying the association between obesity and bone are
still not well elucidated.

Interleukin-6 (IL-6) is a highly pleiotropic cytokine that
affects numerous biological events, including bone remod-
eling (Kamimura et al. 2003). In bone, IL-6 is initially
regarded as an osteoclastogenesis promoter because of its
capacity to induce the differentiation of osteoclast precursor
cells into mature and active osteoclasts both in vitro (Ishimi
et al. 1990; Yokota et al. 2014) and in vivo (Binkley et al.
1994; Wong et al. 2006). Elevated IL-6-induced inflamma-
tion is also shown to be responsible for obesity-associated
bone loss in mice (Halade et al. 2011). However, other
groups have ascribed an inhibitory role to IL-6 in osteoclast
formation and in bone resorption through a reduction in the
expression of osteoclastic markers (TRAP, cathepsin K, cal-
citonin receptor) and the inhibition RANKL signaling path-
ways (Duplomb et al. 2008; Yoshitake et al. 2008).
Meanwhile, the roles of IL-6 in osteoblastogenesis also
remain controversial, with both positive and negative
effects reported (Erices et al. 2002; Franchimont et al. 2005;
Peruzzi et al. 2012; Kaneshiro et al. 2014). Therefore, to
delineate whether IL-6 is anabolic or catabolic in bone
metabolism, we previously performed histological analyses
of tibiae using a middle-aged (32 weeks old) IL-6”" murine
model and demonstrated that IL-6-deficient middle-aged
mice show increased bone formation and increased osteo-
clast number, with a significant reduction in osteoclastic
bone resorption capacity and a high rate of apoptosis.
Collectively, these changes caused an immature phenotype
of the bone microstructure characterized by an increase in

trabecular bone volume, suggestive of an inhibitory effect
of IL-6 depletion on cell viability and bone resorptive abil-
ity of osteoclasts in mice (Liu et al. 2014).

Given the involvement of high-fat diet-induced obesity
in bone metabolism, we postulated that a high-fat diet could
alter, to some extent, the abnormalities associated with an
IL-6 deficiency-induced bone phenotype. To confirm this
speculation, we conducted a histological study on the tibiae
of IL-6 knockout mice fed a high-fat diet or normal diet.

Materials & Methods

Animals and Diets

The study was approved by the Institutional Animal Care
and Use Committee of Shandong University and Hokkaido
University. Seven-week-old, male, IL-67 mice and their
wild type (WT) littermates (The Jackson Laboratory; Bar
Harbor, ME) were used in these experiments. IL-6" mice
were backcrossed onto the C57BL/6 background for 10 gen-
erations and then intercrossed to produce homozygotes.
During the initial 7 days of acclimatization, all mice received
a standard diet (SD), the mice were divided into four groups
(n=8 each). WT mice that remained on the SD served as the
control group (WT & SD group), while other WT mice were
switched to high-fat diet (HFD) (WT & HFD group) for 25
weeks. Both diets were purchased from Oriental Yeast Co.
Ltd. (Tokyo, Japan). The IL-67 mice were also randomly
divided into two groups: mice in one group were received
the SD (IL-67 & SD group) and those in the other group
were fed a HFD (IL-6"" & HFD group) for the same period.
All mice were maintained in a temperature-controlled room
at 25°C under a 12-hr light/dark diurnal cycle, with free
access to food and water throughout the experiment. Body
weight was recorded weekly. After 25 weeks’ breeding, con-
trol and diet-induced obese mice were subjected to transcar-
diac perfusion with a fixative of 4% paraformaldehyde in a
0.1 M phosphate buffer (pH 7.4). Tibiae were removed and
immersed in the same fixative for additional 12 hr. Following
fixation, samples were decalcified with 10% EDTA-2Na
solution for 3 weeks at 4°C. After that, the specimens were
dehydrated through an ascending ethanol series and then
embedded in paraffin using standard procedures. For observ-
ing general morphology, 5-um-thick paraffin sections were
prepared, and dewaxed sections were stained with hema-
toxylin and eosin (H&E).

H&E Staining and Bone Histomorphormetry

H&E staining was performed to investigate the morphology
of the metaphyses in mice among the four groups. Stained
sections were observed and digital images were taken with a
light microscope (Olympus BX-53; Tokyo, Japan). Image-
Pro Plus software (version 6.2; Media Cybernetics, Rockville,
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MD) was used to measure bone histomorphometric parame-
ters, including trabecular bone volume (BV/TV, bone vol-
ume/tissue volume x 100%), trabecular number (Tb.N),
trabecular thickness (Tb.Th) and trabecular separation (Tb.
Sp). Eight slices for each sample were used for quantitative
histomorphometric analysis to obtain the mean value.

Visible adipocytes (>30 um in diameter) were also
counted within the trabecular region (i.e., from the growth
plate to 2 mm distally) using a light microscope (Olympus
BX-53).

Immunohistochemistry for Alkaline Phosphatase,
Osteocalcin, Cathepsin K and Tartrate-resistant
Acid Phosphatase Staining

Paraffin sections were dewaxed in xylene and rehydrated in
an ethanol series for immunohistochemical staining for tis-
sue nonspecific alkaline phosphatase (ALP), osteocalcin
(OCN), and cathepsin K (CK). Endogenous peroxidases
were blocked by incubating sections in 0.3% hydrogen per-
oxide for 30 min at room temperature. Then, dewaxed par-
affin sections were pre-incubated with 1% bovine serum
albumin in phosphate-buffered saline (BSA-PBS) for 20
min to reduce non-specific binding. Sections were incu-
bated with (1) rabbit anti-serum against rat tissue-nonspe-
cific ALP at a dilution of 1:200, (2) goat anti-rat OCN
antibody at a dilution of 1:150, or (3) goat anti-rat CK anti-
body at a dilution of 1:100, all diluted in BSA-PBS at room
temperature for 2 hr. After rinsing with PBS, the sections
were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Chemicon International
Inc.; Temecula, CA) at a dilution of 1:100 for 1 hr at room
temperature. All immunoreactions were visualized with
diaminobenzidine (DAB) staining. Tartrate-resistant acid
phosphatase (TRAP) staining for osteoclast visualization
was performed as previously reported (Liu et al. 2014).
Staining results were observed by light microscopy and all
sections were slightly counterstained with methyl green.
The mean optical density of ALP and OCN were measured
in three randomly selected, non-overlapping microscopic
fields from each section using Image-Pro Plus 6.2 software.
Area of interest (AOI) was manually selected in a histo-
gram-based manner.

Cell Apoptosis Assay

Cell apoptosis was determined using terminal deoxynucleo-
tidyl transferase-mediated deoxyuridine triphosphate nick
end labeling (TUNEL) method using the TACS 2TdT-Blue
Label In Situ Apoptosis Detection Kit (Trevigen Inc.;
Gaithersburg, MD). Dewaxed sections were incubated with
1% proteinase K (Trevigen Inc.) diluted 1:200 at 37°C for
15 min, followed by inhibition of the endogenous peroxi-
dases at room temperature for 5 min. After treatment with
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Figure I. Body weight alterations of WT and IL-6™ mice fed
a standard diet (SD) or high-fat diet (HFD). Comparing within
the same genotypes, the HFD significantly increased the body
weight of WT and IL-6"" mice, especially those in the WT groups,
as compared with their respective counterparts fed a SD. Data
are the mean + SD, *p<0.05, **p<0.001, comparing the same
genotype.

TdT enzyme at a dilution of 1:50 at 37°C for 1 hr, sections
were incubated with HRP-conjugated streptavidin at room
temperature for 15 min. The reaction was made visible with
the blue label solution provided in the kit. Apoptotic osteo-
clasts were identified as being both TUNEL and TRAP
positive in the same field of view on serial sections.

Statistical Analysis

Bone structure parameters and integrated optical density of
ALP, OCN and CK as well as the number of osteoclasts/
field were assessed with Image-Pro Plus software. All val-
ues are presented as the mean + standard deviation. One-
way ANOVA was used for multiple groups’ comparison,
and the mean value of each group was compared using the
Student-Newman-Keuls (SNK) test. p<0.05 was considered
to be statistical significant.

Results

Changes in Body Weight and Effect of High-fat
Diet on Bone Marrow Adiposity

In this study, we found that 25 weeks of feeding on a HFD
significantly increased the body weights of mice as com-
pared with those fed a SD, especially between the WT
groups (28.75 = 1.06 g vs 50.86 + 2.42 g for WT mice fed
with SD and HFD, p<0.001; 40.76 + 4.75 g vs 47.72 + 2.08
g for IL-6” mice fed with SD and HFD, p<0.05, respec-
tively; Fig. 1). To confirm the effect of a HFD on adipogen-
esis within the bone marrow microenvironment, bone
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Figure 2. Histological images of the bone marrow and quantification of adipocyte numbers. Few adipocytes were observed in the (A)
WT & SD (standard diet) and (C) IL-6™ & SD groups. When fed a high-fat diet (HFD), both WT mice (B) and IL-6" mice (D) displayed
a significant increase in the number of adipocytes. (E) Statistical analysis of the number of adipocytes in each group. Data are the mean

+ SD, *#p<0.001, compared within the same genotype. Scale, 50 ym.

marrow adiposity was evaluated via H&E staining. On the
SD, mice showed no significant differences in the number
or size of adipocytes between IL-6"" and WT mice (Fig. 2A,
2C and 2E). On the HFD, the number and size of adipocytes
were significantly increased as compared with the respec-
tive control mice fed a SD (Fig. 2B, 2D and 2E). This indi-
cates that the HFD enhances adipogenesis within the bone
marrow microenvironment.

Histological Manifestation in the Tibiae and
Statistical Analysis

Histological tibial changes showed that 32-week-old WT
mice fed a SD had sparse and dispersed, island-shaped,
trabecular bone, whereas the age-matched HFD-fed WT
mice showed thickened cortical bone and obliquely
arranged plate-like trabecular in the same areas (Fig. 3A,
3B, 3E). Compared with their WT counterparts, tibiae
from IL-67 & SD mice displayed significantly increased
trabecular bone volume fraction (p<0.001, Tb.BV/TV),
trabecular number (p<0.001, Tb.N), trabecular thickness
(p<0.05, Tb.Th) and trabecular separation (p<0.001,
Tb.Sp) in the metaphysis, whereas HFD feeding dramati-
cally reduced the aforesaid bone histomorphometric
parameters and transformed the abnormal bone morphol-
ogy of IL-6"" & SD mice to resemble that of WT & HFD
mice (Fig. 3C, 3D; Table 1). However, there were no sig-
nificant differences in the morphology or architecture of
the bone metaphysis between WT and IL-6"" mice on a
HFD (Fig. 3B, 3D).

Effects of High-fat Diet on Osteogenesis

In WT & HFD mice, ALP expression at the trabecula surface
of the tibiae was slightly decreased as compared with that
measured in the SD-fed littermates (Fig. 4A, 4B and 4E). In
contrast, ALP expression in IL-6"" & SD mice was signifi-
cantly enhanced as compared with that in the other groups,
with HFD feeding remarkably attenuating the degree of ALP
staining in IL-6"" mice to the level of that seen in the WT &
HFD mice (Fig. 4C, 4D and 4E). OCN, another critical osteo-
genic marker expressed in the bone matrix, was similarly
reduced by feeding on the HFD, especially for mice in the
IL-6" & HFD group (OCN immunostaining not shown; sta-
tistical analysis for mean optical density is shown in Fig. 4F).

Effects of High-fat Diet on Osteoclastogenesis
and Cathepsin K Expression

Osteoblast-mediated bone formation and osteoclast-medi-
ated bone resorption are functionally interrelated in bone
remodeling. To gain insight into the changes to osteoclasto-
genesis after HFD feeding, we used TRAP staining to visu-
alize osteoclasts in the metaphyses of tibiae and score the
number of TRAP-positive multinucleated cells (MNCs).
We found that WT mice fed a HFD showed a similar num-
ber of TRAP-positive osteoclasts as mice on a standard diet
(WT & SD group; Fig. 5A, 5B), indicating that the HFD
exerted no significant effect on osteoclastogenesis in WT
mice. Intriguingly, the number of osteoclasts per field for
mice in the IL-67 & SD group was 3-fold higher than that



46

Feng et al.

2501 *

n
(=]
e

150+

1004

Cortical thickness (upm)
W
i

o
1

Figure 3. Histological appearance of mesial tibiae and statistical analysis for the thickness of cortical bone. H&E staining for mesial tibiae
of (A) WT & SD, (B) WT & HFD, (C) IL-6" & SD and (D) IL-6™ & HFD groups. Trabecular bone in WT & SD mice (A) was sparse and
irregularly arranged, whereas dramatically increased trabecular bone was observed in IL-6”" & SD mice (C). Feeding on the HFD caused
a marked increase in cortical bone thickness and transformed the trabecular bone to an obliquely arranged, plate-like morphology in
both WT mice (B) and IL-6™ mice (D). (E) Statistical analysis of cortical bone thickness for the mice in each group. Data are the mean %
SD; *p<0.05, *¥p<0.001, compared with other groups. SD, standard diet; HFD, high-fat diet. Scale, 125 pym.

Table I. Histomorphometric Parameters of Tibiae after High-Fat Diet Feeding.

Treatment Groups

Parameters WT & SD WT & HFD IL-6" & SD IL-6" & HFD
Tb.BV/TV (%) 153 +4.2 195+6.1" 36.7 + 8.7 214+57"
Tb.N (mm-1) 2.03 £ 0.51 2.23 +0.68 415+ 1.34™ 2.14 £ 046"
Tb.Th (um) 23.6 £3.2 24849 322+58" 264+55
Tb.Sp (um) 321 £49 298 + 37 182 + 31% 302 £ 537

Data are the mean + SD (n=8 for each group); Abbreviations: Tb, trabecular; BV, bone volume; TV, total volume; Tb.N, trabecular number; Tb.Th,
trabecular thickness; Tb.Sp, trabecular separation; WT, wild type; IL-6", IL-6 knockout; SD, standard diet; HFD, high-fat diet. *p<0.05, %p<0.00 l,

comparing the same genotype; #p<0.05, #p<0.001, comparing the same diet.

seen for mice in the WT & HFD group (42 + 8 vs 148 + 36
for WT & SD and IL-6"" & SD mice, respectively; Fig. 5A,
5C and 5E), and this increase was abrogated after feeding
on the HFD (Fig. 5C, 5D and 5E).

Cathepsin K is one of the most important enzymes
secreted by osteoclasts for the degradation of bone matrix.
In this study, CK expression was used as an indicator of
osteoclast activity. In WT mice, the number of CK-positive
osteoclasts was comparable with that of TRAP-positive
cells (Fig. 6A—6D, 6I). But, when compared with the
IL-6" & SD group, the percentage of CK-positive osteo-
clasts as a function of the total number of TRAP-positive
cells dramatically dropped (Fig. 6E, 6F and 61), indicat-
ing that IL-6 knockout suppressed the activity of osteo-
clasts. However, feeding on the HFD in IL-6" mice
changed this discrepancy in the proportions of CK-positive

and TRAP-positive cells to approximate that of WT mice
(Fig. 6G, 6H and 6]).

Effects of High-fat Diet on Apoptosis of
Osteoclasts

Our previous study showed that IL-6 depletion promoted
osteoclastogenesis with a concomitant increase in apoptosis
of osteoclasts in mouse tibiae, and we believed that this
could be partly explained by the increase in osteoclast cell
number and asymmetric bone resorption activity (Liu et al.
2014). In the present study, our results showed that there
was almost no or only a small amount of visible apoptotic
bodies in the micro-vision field in WT mice fed either a SD
or HFD (Fig. 7A—7D). In contrast, in IL-6"" & SD mice, the
number of apoptotic bodies significantly increased as
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Figure 4. Effect of the high-fat diet (HFD) on the expression of osteogenic markers. Immunohistochemistry for alkaline phosphatase
(ALP) (A-D) in mesial tibiae of each group. The expression of ALP was dramatically increased in IL-6”" & SD (standard diet) group (C),
whereas IL-6" mice fed a HFD showed significantly inhibited expression of ALP (D). Additionally, HFD feeding slightly reduced the
expression of ALP in WT mice (B) as compared with their SD-fed littermates (A). (E) Statistical analysis of ALP immunostaining intensity.
(F) Osteocalcin (OCN) exhibited a similar expression profile relative to ALP (OCN immunohistochemistry not shown) Data are the
mean * SD, ¥p<0.05, **p<0.001, compared with the other groups. Scale, 25 pm.

compared with that in the WT groups, especially at sites
where TRAP-positive multinucleated cells were located, as
observed in serial slices (Fig. 7E, 7F and 71). Feeding with
a HFD significantly reduced this apoptosis in bone marrow
cells, including the number of TRAP-positive multinucle-
ated osteoclasts, in IL-6"" mice (Fig. 7G, 7H and 7I).

Discussion

Our previous study demonstrated that middle-aged IL-6"
mice showed abnormal bone microstructure in their tibiae,
including delayed development of the tibial metaphysis and
the presence of a more abundant, thicker but immature tra-
becular bone, which was perhaps caused by a down-regula-
tion in osteoclast activity and an increase in their rate of
apoptosis (Liu et al. 2014). In the present study, HFD-
induced obesity was established in IL-6" mice to investi-
gate the effect of long-term consumption of a HFD on IL-6
deficiency-induced abnormal bone microstructure. In addi-
tion to the markedly increased body weight gain, feeding on
a HFD normalized the bone phenotype of IL-6” mice to

that of the WT control, as characterized by a thickened cor-
tical bone and an obliquely arranged plate-like trabecular
bone. Specifically, the significantly attenuated bone resorp-
tion activity and survival capacity of osteoclasts in the IL-6""
mice were restored by feeding on a HFD, which may
account for the higher extent to which the abnormal bone
microstructure was restored.

HFD is found to be positively correlated with an increase
in body mass and fat accumulation (Ghibaudi et al. 2002;
Hariri and Thibault 2010). As expected, mice on the HFD
for 25 weeks showed significantly higher body weights and
bone marrow adiposity than mice fed a standard chow.
Although recent reports have shown that excessive fat mass
is associated with decreased bone mineral density and may
be a risk factor for osteoporosis (Halade et al. 2011;
Fehrendt et al. 2014), obesity is also thought to be benefi-
cial to bone and prevent bone loss and osteoporosis (Douchi
et al. 1997; Kopelman 2000), with the mechanical loading
conferred by this increased body weight thought to stimu-
late bone formation by decreasing apoptosis and increasing
the proliferation and differentiation of osteoblasts and
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Figure 5. Effect of a high-fat diet (HFD) on osteoclastogenesis. Tartrate-resistant acid phosphatase (TRAP) staining of mesial tibiae
(A-D) and osteoclast quantification (E) were performed. Arrows indicate TRAP-positive multinucleated cells (purple), identified as
osteoclasts. The TRAP-positive osteoclasts were scarce in the WT & SD (standard diet) group (A) and in the WT & HFD group (B).
IL-6™ & SD mice showed dramatically increased numbers of osteoclasts (C) and this was reduced to the level of that seen in the WT
groups when the mice were fed a HFD (D). (E) Statistical analysis of the number of osteoclasts per field from each group. Data are the

mean * SD; **p<0.001 compared among the groups. Scale, 50 um.

osteocytes (Ehrlich and Lanyon 2002) through Wnt/B-
catenin signaling (Sawakami et al. 2006; Bonewald and
Johnson 2008). In the present study, tibial histological sec-
tions from HFD mice showed obliquely arranged plate-like
trabeculae, as well as increased cortical thickness and bone
mass, as demonstrated by the increased BV/TV ratio; these
findings are in agreement with the profitable effect of body
weight gain on bone mass and this change may be associ-
ated with increased gravity induced-adaptation of bone
microstructure. It is suggested that conflicting results in
reports that examine the relationship between HFD induced-
obesity and bone mass may be attributable to differences in
the ages of animals examined. Animal studies as well as
clinical observations have revealed that obesity in younger
animals, including adolescents and children, is associated
with reduced bone quality and increased bone fracture inci-
dence (Taylor et al. 2006; Ionova-Martin et al. 2010),
whereas obesity in adults or aged animals is postulated to
cause an increase in bone size and a reduction in fracture
incidence (Albala et al. 1996; Nguyen et al. 2005; Reid
2008). We note that the mice in this study were middle-aged
by the completion of the study, and this may explain why
we observed an increase in bone mass rather than bone loss
after HFD feeding. Moreover, the fatty acid profiles of the
different chows might affect the outcome of the HFD-
induced changes in bone metabolism (Watkins et al. 2000;
Weiss et al. 2005); indeed, HFDs from different manufac-
turers are composed of varied components, especially the

ratio of (n-6)/(n-3) fatty acids, and this may result in distinct
bone phenotypes among the various studies.

In our previous study, IL-6 deficient mice presented with
significantly enhanced osteoblastogenesis and bone forma-
tion, as IL-6 inhibits osteoblast differentiation (Franchimont
et al. 2005) and has been shown to decrease the expression
of differentiation markers in osteoblasts (Yang et al. 2007).
In the present study, immunohistochemical staining for
markers of osteogenesis showed that the expressions of two
critical osteoblast differentiation markers, ALP and OCN,
were attenuated after HFD feeding as compared with litter-
mates fed a SD. This was particularly the case for IL-67
groups, in which the staining intensity for both osteogenic
markers was reduced to that of the WT & SD group, indicat-
ing an inhibition of bone formation by HFD-induced obe-
sity. It is well known that adipocytes and osteoblasts are
derived from a common multipotent mesenchymal stem
cell and that obesity may increase adipogenesis while
decreasing osteoblastogenesis (Rosen and Bouxsein 2006).
However, our results demonstrated that bone mass was
increased in WT mice fed a HFD, and this result did not
reflect the impaired osteogenic ability that is caused by
exaggerated adipogenesis. This discrepancy could be
explained by the fact that increased body weight associated
with obesity may counteract the detrimental effects of obe-
sity on bone metabolism, as body weight or body mass
index (BMI) is reported to be positively correlated with
bone mass (Felson et al. 1993; Reid 2002) and low body
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Figure 6. Immunolocalization of cathepsin K (CK) and statistical analysis. Arrows indicate TRAP-positive (purple) and CK-positive
(brown) osteoclasts in serial sections. (A, C, E, G) The distribution of TRAP-positive osteoclasts located at the border of trabecular
bone in (A) WT & SD, (C) WT & HFD, (E) IL-6"" & SD, and (G) IL-6" & HFD groups. (B, D, F, H) Staining of CK at the same areas among
(B) WT & SD, (D) WT & HFD, (F) IL-6™ & SD, (H) IL-6" & HFD groups. (I) Statistical analysis of CK-positive osteoclasts account for
total TRAP-positive osteoclasts (No.Oc (CK+)/No.Oc). Data are the mean + SD; **p<0.001, compared among the groups. SD, standard

diet; HFD, high-fat diet. Scale, 10 pym.

weight or BMI may be a risk factor for low bone mass in
humans (Ravn et al. 1999).

Regarding the osteoclastogenesis, TRAP staining showed
no significant change in the number of osteoclasts in the WT
groups, which differs from the results of several other stud-
ies that fat deposition in the bone marrow microenvironment
stimulates osteoclast formation and bone resorption (Cao
et al. 2010; Halade et al. 2011). This inconsistency may be
caused by differences in the study animals in terms of age,
dietary fat levels, and time or duration of HFD feeding.
Interestingly, the elevated osteoclastogenesis for mice in the
IL-6"" & SD group (as evidenced by the increased number of
TRAP-positive osteoclasts) was significantly reduced after a
HFD. This phenomenon may be attributable to the inhibited
osteoblastogenesis of IL-6”" mice by the HFD, which attenu-

ates osteoclastogenesis via the RANKL/RANK/OPG path-
way (Lacey et al. 1998; Yasuda et al. 1998).

An evaluation of the osteoclastic ability of osteoclasts
using CK expression showed that the discrepancy between
increased osteoclast number and decreased osteoclastic abil-
ity for mice in the IL-6" & SD group was eliminated after
they were fed a HFD. Meanwhile, the TUNEL assay showed
that the IL-6 deficiency-induced increase in osteoclast apop-
tosis was also strongly inhibited by the HFD. Others have
shown that a HFD-induced fat accumulation may affect the
biological activity of osteoclasts through obesity-associated
inflammation and adipocyte-derived hormones. Obesity is
traditionally considered a state of low-grade inflammation
associated with increased levels of pro-inflammatory cyto-
kines, such as TNF-a, IL-1 and IL-6, which can exert both
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Figure 7. TUNEL assay of osteoclasts in tibial sections and statistical analysis. (A, C, E, G) Distribution of TRAP-positive multinucleated
cells located at the border of trabecular bone in mice from (A) WT & SD, (C) WT & HFD, (E) IL-6” & SD, (G) IL-6™ & HFD groups.
(B, D, F, H) TUNEL assay indicating apoptotic bodies (blue) within the same areas for (B) WT & SD, (D) WT & HFD, (F) IL-6" & SD,
(H) IL-6™ & HFD groups. Arrows indicate the apoptotic osteoclasts identified when comparing serial sections. (I) Statistical analysis of
the number of osteoclasts (apoptotic) as a function of the total number of osteoclasts. Data are the mean * SD; *p<0.001 compared
among the groups. SD, standard diet; HFD, high-fat diet. Scale, 10 pm.

direct and indirect effects on bone metabolism (Shoelson
et al. 2007; Halade et al. 2011). These cytokines have been
shown to increase osteoclastogenesis (Khosla 2001), acti-
vate osteoclastic ability, and inhibit osteoclast apoptosis
(Mundy 2007; Sutherland et al. 2009). Despite the absence
of IL-6, the IL-6" mice showed a relatively normal bone
architecture and osteoclastogenesis as well as restored osteo-
clast survival when fed a HFD, which raises the possibility
that the up-regulation of other inflammatory cytokines
(TNF-a, monocyte chemotactic protein-1, IL-1, among oth-
ers) may compensate the loss of IL-6 in these mice, as these
cytokines have been shown to have intricate and overlap-
ping functions with IL-6. Another potential mechanism of
note to account for this fat—osteoclast interaction is the pro-
duction of hormones and adipokines, such as leptin and

adiponectin, by adipose tissue, which may influence bone
mineral density (BMD) (Reid 2002). Leptin may inhibit
bone formation in trabecular bone through the sympathetic
nervous system (Takeda et al. 2002). Cao et al. (2010)
found that serum leptin levels of mice fed a HFD increased
by more than 4-fold, which may inhibit bone formation, as
reported in genetic- and diet-induced mouse models of
obesity (Fujita et al. 2012). Adiponectin—a member of the
adipokine family and possessing anti-inflammation prop-
erties—is thought to increase bone mass by suppressing
osteoclastogenesis and activating osteoblastogenesis
(Williams et al. 2009). Plasma adiponectin levels have
been reported to decrease in obese mice as compared with
that in non-obese mice (Bullen et al. 2007). Therefore, the
aforementioned fat tissue-derived adipokines may be
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Figure 8. Schematic model showing the roles of HFD-induced obesity and IL-6 knockout in mouse bone remodeling. IL-6 deficiency
enhances bone formation by promoting osteoblastogenesis and suppressing bone resorption through an inhibition of osteoclastic ability
and viability. In this process, the increase in osteoclastogenesis associated with enhanced osteoblastogenesis through the RANKL/OPG
pathway cannot compensate for the reduced bone resorption that results from the decreased osteoclast activity; this, together, leads
to the bone abnormalities observed in IL-6" mice. HFD-induced obesity restores the changes that occur in response to IL-6 deficiency
through an inhibition of osteoblastogenesis and an increase in osteoclast action, such as osteoclastic resorptive ability and improved cell
viability. These changes counteract the effects of IL-6 deficiency and thereby lead to the appearance of a relatively normal phenotype in

tibial microstructure in IL-6” mice.

implicated in HFD-induced bone microstructure normaliza-
tion in IL-6” mice.

In conclusion, our results show that IL-6 deficiency-
induced bone microstructure abnormalities are partially
reversed by the long-term consumption of a HFD. This reha-
bilitation of bone metabolism may be achieved by means of
HFD-induced suppression of osteoblastogenesis, an upregu-
lation of osteoclastic activity, as well as an inhibition of
osteoclast apoptosis (Fig. 8). Further research is required to
focus on the mechanism of synaptic effect of IL-6 deficiency
combined with a HFD on altered bone metabolism.
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