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Abstract

This study investigates the effects of peroxisome proliferatoractivated receptor gamma (PPARY) inhibition on bone and immune cell profiles in
aged female mice, as well as in vitro stromal stem cell osteogenic differentiation and inflammation gene expression. The hypothesis was that
inhibition of PPARy would increase bone mass and alter immune and other cellular functions. Our results showed that treatment with PPARy
antagonist GW9662 for 6 weeks reduced bone volume and trabecular number and increased trabecular spacing. However, inhibition of PPARy
had no significant effect on marrow and spleen immune cell composition in aged female mice. In vitro experiments indicated that G\W9662
treatment increased the expression of osteogenic genes but did not affect adipogenic genes. Additionally, GW9662 treatment decreased the
expression of several inflammation-related genes. Overall, these findings suggest that PPARy inhibition may have adverse effects on bone in

aged female mice.
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Aging is a complex process characterized by various physio-
logical changes that lead to a decline in overall health. Chronic
inflammation (1-3), impaired immune function (4-7), and
bone loss with marrow fat accumulation (8-10) are among the
hallmarks of aging. Peroxisome proliferator-activated receptor
gamma (PPARY) is a transcription factor that plays an essen-
tial role in adipocyte differentiation (11,12) and is involved
in inflammation, immune cell differentiation, and activation
(13-135). Targeting PPARY has been suggested as a potential
therapeutic approach for managing age-related bone loss due
to the reciprocal relationship between osteoblasts and adipo-
cytes (16-18) and the fact that bone marrow stromal stem cells
(SSCs) are a common precursor for these 2 cell lineages (19—
21). Although previous studies have shown that haploinsuffi-
ciency in PPARY results in high bone mass and low marrow
adipocytes (22), it is unclear whether PPARY in mesenchymal
lineage cells is critical for aging-induced bone loss. To address
this question, we and others generated mesenchymal lineage
cell PPARYy knockout mice (Dermo1-Cre:PPARy" and Prx1-
Cre:PPARY" mice) (23,24). Although our data showed that
deletion of PPARY in Dermol-expressing mesenchymal lin-
eage cells increased cortical bone thickness in aged mice (23),

deletion of PPARY in Prx1-expressing cells, unexpectedly, in-
creased cortical bone porosity (24). Both Dermo1- and Prx1-
Cre PPARY cKO mice showed no trabecular bone phenotype.
As a complementary approach, aged female C57BL/6 mice
were treated with a selective PPARy antagonist, GW9662,
and the effects on bone, immune cell composition, and the ex-
pression of inflammatory genes are reported here in this study.
Understanding the role of PPARY in bone, immune function,
and inflammation in aging may provide new insights into the
development of effective therapies for age-related bone loss
and associated complications. In this study, female mice are
included as subjects due to significant gender disparities in os-
teoporosis prevalence, etiology, and disease progression. Prior
research has predominantly concentrated on male mice, neces-
sitating a more balanced investigation of both sexes to achieve
a comprehensive understanding of the condition.

Materials and Methods

Animals

Female C57BL/6 mice were obtained from the National
Institute on Aging (NIA) aged rodent colonies. After a week
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of recovery, the mice were randomly divided into 2 groups
(n =10 mice per group): a control group (vehicle injection)
and a treatment group (GW9662, 1 mg/kg body weight, daily
IP injection for 6 weeks). The dosage and duration of treat-
ment were based on several studies investigating the effect
of GW9662 in mice (25,26). The mice were group housed
(4-5 mice per cage) in the Augusta University Laboratory
Animal Service facility under a 12-hour dark-light cycle and
fed with standard rodent chow (Teklad, cat# 2918) and water
ad libitum. One of the mice in the treatment group died unex-
pectedly soon after the initiation of the treatment (7 =9).
All animal procedures were performed in accordance with a
protocol (#2008 = 0302) approved by the Augusta University
Institutional Animal Care and Use Committee.

Microcomputed Tomography and Histology
Analysis

Bone density and structural parameters were measured by
microcomputed tomography (uCT) scan (nCT-40; Scanco
Medical AG, Bassersdorf, Switzerland) as previously described
(27,28). Bone tissues for histologic and histomorphometric
analyses were collected, processed, and analyzed following
our previously described procedures (27).

Flow Cytometry

Blood was obtained by making a small incision at the tip of
the mouse tail and collected in heparinized capillary tubes.
Bone marrow cells were collected by flushing long bones with
RPMI 1640 medium + 10% fetal bovine serum (FBS) as pre-
viously described (29). Splenocytes were prepared by mashing
the spleen with plunger end through a cell strainer. After rins-
ing the strainer, cells were centrifuged at 800xg for 3 minutes,
resuspended in 1 mL ACK lysis buffer, and incubated at RT
for 5-10 minutes before adding 9 mL RPMI media with 10%
FBS and centrifuging again. The cell pellet was resuspended in
3 mL of media. The cells were then incubated with indicated
antibodies (CD3-FITC, CD4-APC, CDS-FITC, CD11b-APC,
Ly6c-PE, and Ly6g-FITC, all from Biolegend) and analyzed
on a 4-color flow cytometer (FACSCalibur, BD Biosciences,
San Diego, CA). Data were collected using CellQuest soft-
ware (BD Biosciences) as described previously (30). Cells
expressing specific markers were reported as a percentage of
the number of gated events.

Isolation of Bone Marrow Mesenchymal Stem Cells
and Differentiation

Bone marrow stromal stem cells (SSCs) were obtained from
the Mouse Stem Cell Core Facility, Augusta University.
Briefly, the SSCs were isolated from the long bones of 23-
month-old female C57BL/6 mice using a negative immunode-
pletion procedure (Lineage Cell Depletion Kit, Miltenyi Biotec)
with biotinylated CDS, CD45R/B220, CD11b, Ly-6G/C, 7-4,
and Ter-119 antibodies, followed by positive immunoselec-
tion with anti-Sca-1 beads, as previously described (31). The
purified cells were cultured in standard osteogenic differenti-
ation media for 7 to 15 days for ALP or alizarin red S stain-
ing assays. The stained plates were scanned, and results were
quantified using NIH Image J software.

Real-Time qRT-PCR Analysis

For qRT-PCR analysis, total cellular RNAs were collected
from cells treated with or without 5 pM GW9662 for 48

hours. An equal amount of RNA samples (0.5 pg) was reverse
transcribed (Bio-Rad iScript cDNA Synthesis Kit, Bio-Rad
Laboratories, Hercules, CA), and PCR reactions performed in
quintuplicate or sextuplicate using a StepOnePlus Real-Time
qPCR System (Thermo Fisher Scientific, Waltham, MA). The
mRNA levels were normalized to [-actin (internal controls).
Results are presented as fold changes (delta-delta CT) from 2
to 3 independent experiments. The primer sequences used in
qRT-PCR are listed in Supplementary Table 1.

Statistical Analysis

Data were analyzed by unpaired # test (Mann-Whitney) or
one-way ANOVA, where appropriate, using Prism GraphPad
software version 9.4.1. A p value less than .05 was considered
significant.

Results

Inhibition of PPARy on Bone in Aged Female Mice

To determine the effect of PPARYy inhibition on bone, we
injected aged (23.5 months) female C57BL/6 mice with a
selective PPARY antagonist GW9662 (1 mg/kg daily IP injec-
tion) for 6 weeks. At the end of treatment (aged 25 months),
mice were sacrificed, and bones were analyzed by microcom-
puted tomography (pCT). Results showed that GW9662
treatment significantly decreased vertebrae (L4) bone mineral
density (BMD), bone volume (BV/TV), trabecular number
(Tb.N) and increased trabecular spacing (Tb.Sp; Figure 1A).
The other bone parameters such as trabecular thickness (Tb.
Th), structure model index (SMI), trabecular pattern factor
(Tb.Pf), and degree of anisotropy (DA) showed no differ-
ence between the 2 groups. The connectivity density (Conn.
Dn) decreased but this decrease fell short to reach statisti-
cal significance (p =.0653). However, these adverse bone
effects were not observed in mature adult female mice (8-
month-old) treated with GW9662 (Supplementary Figure 1).
As expected, major bone architecture parameters indicative
of healthy bone (BMD, BV/TV, Tb.Th, Tb.N) are significantly
lower and the parameters indicative of unhealthy bone (Tb.
Sp and Conn.Dn) are significantly higher in aged mice than
that in young mice (Supplementary Figure 2). Hematoxylin
and eosin (H&E) staining of decalcified bone sections showed
that GW9662 treatment had no effects on osteoblast num-
bers (N. Ob/BS) or osteoblast surface (Ob. S/BS) compared
to control mice (Figure 1B). Quantitative results are shown
in graphs. Together, these results indicate that systemic inhi-
bition of PPARY may, in fact, have an adverse effect on bone
architecture in aged female mice.

Inhibition of PPARy on SSC Osteogenic
Differentiation

To confirm the in vivo results presented above, we induced
SSCs isolated from aged female mice (23-month-old
CS57BL/6) with osteogenic differentiation media supple-
mented with GW9662 (5 or 10 pM) and performed alkaline
phosphatase (ALP, Figure 2A) and alizarin red S (ARS, Figure
2B) assays. The results showed that inhibition of PPARY had
no effect on osteogenic differentiation of aged SSCs in vitro.
As expected, the osteogenic cocktail enhanced ALP and
induced mineralization compared with the cells cultured in
regular growth medium (Dulbecco’s Modified Eagle Medium
(DMEM)). The purified SSCs express high levels of ALP but
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Figure 1. (A) Microcomputed tomography (uCT) data showing bone mineral density (BMD) and bone structural parameters of vertebrae from
25-month-old female C57BL/6 mice treated without or with GW9662 for 6 weeks. Values are given as mean = SD; n = 9-10 mice per group.

Unpaired t test, p values are indicated. Symbols (dot and square, included in data set) denote outliers. BV/TV = bone volume/tissue volume; Th.N =
trabecular number; Th.Th = trabecular thickness; Tb.Sp = trabecular spacing; SMI = structure model index, a parameter indicating the plate- or rod-like
geometry of trabecular structures; Th.Pf = trabecular pattern factor; DA = degree of anisotropy; Conn.Dn. = connectivity density. (B) Histology and
histomorphometry analyses. Representative hematoxylin and eosin (H&E) stained vertebrae sections from 25-month-old female C57BL/6 mice treated
without or with GW9662 for 6 weeks. Quantitative results for osteoblast number and osteoblast-covered bone surface area are shown in graphs. Data
are shown as mean + SD, n = 7-9 mice per group. Unpaired t test and p values are indicated.

they do not mineralize without induction (top rows in A and
B). Quantitative results are shown in graphs.

Inhibition of PPARy on Gene Expression

We treated SSCs with GW9662 (5 pM for 48 hours) and
performed qRT-PCR analysis. The results showed that

GW9662 treatment significantly increased the expression
levels of osteogenic Osx and Alp, but not Runx2 or adipo-
genic Ppary and Clebpf (Figure 3A-E). However, despite
the increased expression of Osx and Alp, there was no
corresponding enhancement in osteogenic differentiation
(Figure 2). It is possible that the enhanced gene expression
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Figure 2. Effect of GW9662 on osteogenic differentiation of stromal
stem cells (SSCs). SSCs isolated from 23-month-old female mice were
cultured in standard osteogenic induction media supplemented with 5
or 10 uM GW9662 for 7 or 15 days. (A) After 7 days of treatment, cells
were fixed and stained with FAST BCIP/NBT buffered substrate to detect
ALP activity. (B) After 15 days of treatment, cells were fixed and stained
with alizarin red S to visualize mineralized nodules. Quantitative results
for A and B, performed using ImageJ software, are shown on the right.
Data are shown as mean + SD. Ordinary one-way ANOVA analysis.

n = number of wells per treatment (indicated). *p = .0171; ***p < .0006;
**#%pn < .0001. Symbols (square and triangle, included in data set) denote
outliers.
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by GW9662 seen in qPCR was outweighed by the presence
of strong osteoblast differentiation stimulating agents, such
as dexamethasone, pB-glycerophosphate, and ascorbic acid,
which are present in the osteogenic media in these in vitro
assays.

Previously, we demonstrated that deletion of PPARY in
mesenchymal lineage cells (Dermo1-Cre: PPARY" mice)
reduced expression of inflammation-associated genes in
cultured bone marrow cells, including a class of genes
involved in interferon signaling (23). To determine if inhi-
bition of PPARY would have the same effect on SSCs, we
also analyzed the expression of several of these genes in
GW9662-treated cells, including interferon regulatory fac-
tors (Irf1, -3, -7), interferon alpha-inducible protein 27-like
2A (Ifi2712a), and C-C motif chemokine ligand 5 (CclS).
Similar to PPARYy-deficient bone marrow stromal cells
(23), results showed that the expression levels of all these
genes were significantly decreased in GW9662-treated SSCs
(Figure 3F-]).

Inhibition of PPARy on Immune Cell Reconstitution

The immune function declines with aging due to the decline of
hematopoietic stem cells (HSCs) and progenitor cells, as well
as the shifting of the HSC compartment from a predominant
lymphoid-biased (Ly-bi) to a myeloid-biased (My-bi) propor-
tion (4-6,30,32-34). To determine if inhibition of PPARY can
alter this shift or change the composition within the myeloid
and lymphoid subpopulation, we examined bone marrow
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Figure 3. gRT-PCR analysis of gene expression. Stromal stem cells isolated from 23-month-old female mice were treated without or with 5 uM
GW9662 for 48 hours and harvested for total RNA isolation. The mRNA levels of indicated genes were analyzed. Data are shown as mean + SD from
2-3 independent experiments. PCR reactions were performed in quadruplicate or sextuplicate for each sample, and data presented as fold changes.
Unpaired t test, sample size (number of wells) and p values are indicated. Symbols (dots and squares, included in data set) represent outliers.
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and splenocytes by Fluorescence-activated cell sorting (FACS)
analysis. The results showed that GW9662 treatment signifi-
cantly reduced the population of lymphoid lineage (CD3*)
cells but also slightly reduced myeloid lineage (CD11b*) cells,
as a result it did not alter the balance (CD11b/CD3 ratio)
between these 2 lineage cells (Figure 4A). To further delineate
the changes within the lymphoid and myeloid compartments,
we analyzed CD4 and CDS8 (lymphoid) and Ly6c and Lyé6g
(myeloid) subpopulations. The results showed that GW9662
treatment had no effects on these subpopulations or changed
the ratio of CD4/CD8 and Ly6C/Ly6G (Figure 4C and E).
Representative flow cytometry dot plots are shown (Figure
4B, D, and F). As the spleen is a site for the activation and
proliferation of immune cells, we also examined the compo-
sition of these cells. Like in bone marrow, the results from
splenocytes showed no differences between control and
GW9662 treatment groups in lymphoid (CD3) or myeloid
(CD11b) populations, or in the composition of subpopula-
tions (Supplementary Figure 3). These findings suggest that
systemic inhibition of PPARYy has no or very limited effect
on immune cell production or proliferation in aged female
mice. However, upon monitoring the blood 3 weeks into the
treatment for the drug effect, the data indicated that GW9662
treatment resulted in a significant increase in CD11b and
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CD4 cells, while reducing Ly6G cells. This led to an imbal-
ance between the lymphoid and myeloid (CD11b/CD3 ratio)
lineage cells, as well as subpopulations (CD4/CD8 and Ly6C/
Ly6G ratios) within each lineage (Figure 5). These results
indicated that systemic inhibition of PPARy may have certain
effects on the balance of lymphoid and myeloid cells as well
as on the subpopulations within each lineage in peripheral
blood, but these changes seemed to have no influence on bone
in aged female mice. Clearly, the hematopoietic skew occurs
in peripheral blood with age as demonstrated by significantly
decreased CD3 and CD4 cell populations and resulted in
an imbalance between lymphoid and myeloid cells (CD11b/
CD3 ratio) when compared with young mice (Supplementary
Figure 4).

Discussion

We previously reported that mice lacking PPARY in mesenchy-
mal lineage cells (Dermo1-Cre:PPARM) exhibited increased
cortical bone thickness while displaying no alterations in tra-
becular bone in aged mice (23). In concurrence with our find-
ings, a study by Almeida et al. using Prx1-Cre:PPARM mice
demonstrated that PPARY deficiency led to an augmented
cortical bone area in young mice (6-month-old). Intriguingly,
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Figure 4. FACS analysis showing changes in bone marrow cells in 25-month-old female C57BL/6 mice treated without or with GW9662 for 6 weeks.
(A, C, E) Bar graphs showing percentages of immune cells positive for indicated cell surface makers. (B, D, F) Representative flow cytometry dot plots
show the distribution of cells positive for the markers detected. Values are given as mean + SD; n = 9-10 mice per group. Unpaired t test, p values are

indicated. Symbols (dots and squares, included in data set) denote outliers.
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Figure 5. FACS analysis of blood in 25-month-old female C57BL/6 mice treated without or with GW9662 for 3 weeks. The experiment was performed
as described in Figure 4. Values are given as mean + SD; n = 9-10 mice per group. Unpaired t test and p values are indicated. Symbols (dots and

squares, included in data set) denote outliers.

in contrast to its negligible impact on trabecular bone,
PPARY deficiency resulted in elevated cortical bone porosity
in aged female mice within the same study (24). Almeida et
al. also established that enhanced marrow adipogenesis did
not contribute to age-related bone loss in female mice (24).
Furthermore, a study authored by Beekman et al. demon-
strated that administration of GW9662 (at a dosage of 1 mg/
kg per day for 3 weeks) yielded no discernible impact on bone
marrow adipose tissue or bone volume. This outcome was evi-
dent in female C3H/HeJ mice, both those subjected to a sham
procedure and those undergoing ovariectomy, at 16 weeks of
age upon experiment conclusion (26). Our pCT data echoed
the findings of Beekman et al., revealing analogous trends:
reduced BV/TV and Tb.N, alongside elevated Tb.Sp within
the GW9662-treated group. However, these changes did not
attain statistical significance in the context of C3H/He]J mice.
Moreover, other parameters pertinent to bone health, such as
MAR, BFR/BS, Oc.S/BS, and MS/BS, exhibited no substantial
alterations in GW-treated C3H/He]J mice.

Activation of PPARY by its agonist rosiglitazone is known
to induce bone loss and marrow adipocyte accumulation (35—
37). Thus, the counterintuitive findings of bone deterioration

following PPARY deletion (24) or systemic inhibition (as
indicated in the present study) raise questions regarding the
widely accepted hypothesis regarding PPARY’s role in bone
formation or its protective effects against age-related bone
loss (38). Presently, the reasons behind the inability of PPARY
deletion in bone progenitor cells to shield mice from age-
associated bone loss remain elusive.

It is worth noting that our result is inconsistent with a previ-
ous study on mature male mice that showed that inhibition of
PPARY with bisphenol-A-diglycidyl ether (BADGE), another
PPARY antagonist, increased bone volume, and improved
bone quality in 9-month-old male C57BL/6 mice (39). This
discrepancy appears to stem from variations in the age and sex
of the mice under scrutiny (young males vs old females), both
of which significantly influence bone density and quality (40),
as well as discrepancies in the administered drugs and dosages
(30 mg/kg per day BADGE vs 1 mg/kg per day GW9662).

To summarize, the function of PPARY in the skeletal sys-
tem is intricate, displaying diverse outcomes contingent
upon the specific experimental model employed, as well as
the gender and age of the subjects under investigation. Our
previous research findings highlighted that the removal of
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PPARY from type I collagen-expressing cells (PPAR¥":Col3.6-
Cre) resulted in a moderate bone mass alteration, varying by
skeletal site, observed in 6-month-old mice (41). In a paral-
lel study, He et al. demonstrated that the absence of PPARYy
(PPARY":Sox2-Cre) led to augmented BMD solely in ver-
tebrae, without affecting long bones (42). A separate study
by Sun et al. uncovered yet another dimension. Their work,
centered on the ablation of PPARY in osteoblasts through an
inducible Osx promoter-driven Cre (PPARY":Sp7-tTA, tetO-
EGFP/Cre), yielded increased Tb.N and decreased Tb.Sp in
6-month-old mice (43). Intriguingly, this effect did not extend
to femur BMD, which pertains to long bones. The authors
of this study concluded that PPARYy suppression fosters
osteogenesis through the activation of mTOR signaling (43).
Furthermore, the investigation by Baroi et al. contributed
another layer of insight. Their study involving the deletion
of PPARY in osteocytes (DMP1-Cre:PPARY™), demonstrated
an increase in bone mass, attributed to a reduction in SOST
expression (44).

The precise function of PPARY in osteoclasts remains con-
tentious: while one study showed that PPARYy deletion by
Tie2Cre in myeloid lineage cells impeded osteoclast differ-
entiation, culminating in osteopetrosis (45), another study
demonstrated that PPARYy deletion by LysM-Cre exerted no
discernible influence on osteoclastogenesis or skeletal archi-
tecture (46).

To conclude, the role of PPARY in the skeleton is complex,
with outcomes shaped by specific circumstances and cellu-
lar contexts. Exploring the potential effects of PPARY inhi-
bition at earlier stages of aging, when accelerated bone loss
commences, could offer valuable insights. This could extend
to evaluating its impact on bone health, the equilibrium of
marrow immune cells, and inflammatory processes. As age-
related bone loss is influenced by a myriad of factors, these
considerations merit attention, given their known contribu-
tions to this process (47-49).
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