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Abstract

Synovitis resolution is critical for joint homeostasis and prevents the progression of os-
teoarthritis (OA). Treatments like NSAIDs and intra-articular corticosteroids relieve symp-
toms by blocking pro-inflammatory mediators, but also impair the production of pro-
resolving mediators, contributing to the likelihood of chronic synovitis. PPARγ signaling
is an essential mechanism of synovitis resolution, which is decreased in OA tissues. To
evaluate the potential of PPARγ agonists to promote pro-resolving pathways, equine
macrophages cultured in autologous, normal, or inflamed synovial fluid (n = 10 horses)
were treated with pioglitazone, geraniol, or both. Treatments modulated patterns of gene
expression, increasing the expression of early drivers of resolution RELB and IL6, followed
by increased NRF2 and PPARGC1A expression. Concentrations of TNF-α in conditioned
synovial fluid significantly decreased as an early response to treatment, while IL10 concen-
trations also declined over time, suggesting increased tolerance to inflammatory stimuli
and decreased compensatory feedback. Using an equine model of synovitis, intra-articular
delivery of pioglitazone (n = 3 horses) or geraniol (n = 4 horses) was associated with de-
creased markers of synovium inflammation (geraniol) and enhanced cartilage proteoglycan
preservation (geraniol and pioglitazone). In this small cohort of horses, no systemic or artic-
ular side effects were observed. Further studies optimizing treatment doses and regimens
for intra-articular PPARγ agonism as a pro-resolving OA therapy are warranted.

Keywords: joint disease; inflammation resolution; treatment; osteoarthritis

1. Introduction
Osteoarthritis (OA) is a debilitating condition that affects over 30% of the global popula-

tion and is the second-most costly health condition to the American Health Care system [1–3].
OA is also the leading cause of lameness and early retirement in equine athletes, translat-
ing into the leading cause of financial losses in the equine industry [4,5]. Chronic synovitis
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is a common feature of all arthritic conditions and eventually leads to OA [6–9]. Despite
therapeutic advances, there remains a need to identify more effective ways to treat synovitis,
restore joint homeostasis, and halt OA progression. Current therapies are largely based on
anti-inflammatory principles, thus blocking pro-inflammatory mediators such as PGE2 and
NF-κB signaling [10–13]. However, these same mediators are also required for the natural en-
dogenous resolution of inflammation [14,15]. Therefore, the use of anti-inflammatory drugs to
inhibit pro-inflammatory mediators can impair cellular mechanisms of timely resolution and
thereby increase the susceptibility to chronic low-grade synovitis seen in OA [16,17]. One way
to avoid these and other side effects from these medications, instead of blocking inflammation,
is to stimulate endogenous resolution. Orthobiological treatments offer pro-resolving benefits
compared to anti-inflammatory drugs; however, related improvements are inconsistent and
often short-lasting [18–23]. New therapies capable of resolving joint inflammation while
preserving homeostatic mechanisms are a critical need.

Successful treatment of OA is limited by a poor understanding of the central drivers
of synovial inflammation resolution—macrophages. While synovial macrophages can incite
inflammation, they are the cornerstone of resolution through a process that requires a fine bal-
ance of pro- and anti-inflammatory mechanisms counteracting damage, driving tissue repair
and recovery of joint health [24–28]. OA results, at least partially, from the impaired ability of
synovial macrophages to resolve inflammation [28]. We recently showed that injecting autolo-
gous macrophages from bone marrow mononuclear cells (BMNCs) into inflamed joints results
in marked inflammation resolution [27]. The clinical outcomes from horses and people with
OA treated with BMNCs are comparable to those of corticosteroids, yet the benefits are more
consistent and long-lasting, with the advantage of no side effects [29–31]. To uncover mecha-
nisms by which BMNCs induce resolution, we profiled the molecular response of BMNCs to
joint inflammation. BMNCs mediate resolution through a short pro-inflammatory response
that triggers macrophage proliferation and synthesis of biolipids from the mevalonate path-
way that enhance agonism of peroxisome proliferator-activated receptor gamma (PPARγ) [32].
PPARγ signaling is crucial to downregulate canonical NF-κB signaling, adjust mitochondria
metabolism to decrease inflammatory oxidative stress, and increase efferocytosis and the
production of pro-resolving cytokines and growth factors (e.g., IL10 and IGF1) [33]. Logically,
PPARγ signaling is vital for the metabolism of synovial macrophages and chondrocytes, but is
decreased in osteoarthritic tissues, further disrupting joint homeostasis [34–38]. As a matter of
fact, PPARγ knockout induces spontaneous premature OA, and PPARγ agonism has marked
cartilage-preserving effects [34–38].

Therapeutic enhancement of PPARγ signaling provides a unique opportunity to
induce resolution of synovial inflammation. Lipid mediators derived from the mevalonate
pathway are essential for effective homeostasis of the innate immunity, and some of them
are PPARγ agonists [39–42]. Overall, their lack or deficiency can cause severe inflammatory
conditions, but their supplementation reestablishes homeostasis [43,44]. Synthesis of
such lipids by synovial macrophages is decreased during joint inflammation [32]. The
use of geraniol, a mevalonate-derived isoprenoid, to treat arthropathies has just recently
been explored, with initial studies in mice with promising results [45]. Treatment with
thiazolidinediones, such as pioglitazone, to enhance PPARγ signaling provides remarkable
pro-resolving and cartilage-saving effects in dogs and rodents. However, the systemic
side effects of oral thiazolidinediones prevented further research in this field [35,36]. Intra-
articular delivery of either thiazolidinediones or mevalonate isoprenoids by joint injection
can reduce the potential systemic side effects. The aim of this pilot study was to assess
the pro-resolving effects of pioglitazone and geraniol in equine models of synovitis, both
in vitro and in vivo. We hypothesized that both molecules would induce a pro-resolving
response comparable to BMNCs.
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2. Materials and Methods
2.1. Study Design
2.1.1. In Vitro Study

Ten skeletally mature thoroughbred horses (3–7 years old, median 4 years, 8 castrated
males, 2 females) free of systemic inflammation or OA in the studied joints were used
under IACUC (2022-3992) approval and oversight. General and musculoskeletal health
was confirmed by clinical, hematological, and orthopedic evaluations, including diagnostic
imaging. Sternal bone marrow aspirates were obtained for bone marrow mononuclear cell
(BMNC) isolation and culture of bone marrow-derived macrophages (BMDMs). BMDMs
were assayed in autologous normal (SF) or inflamed synovial fluid (ISF) following native
cell depletion (Figure 1). To produce ISF with more homogeneous inflammation than
could be acquired from naturally occurring OA at varying stages of disease, ISF was
produced by a model of lipopolysaccharide (LPS)-induced synovitis in both radiocarpal
and middle-carpal joints [46] (n = 6 horses) or treatment of SF with LPS and cytokines,
as detailed below (n = 4 horses—see details and rationale below). SF was collected from
healthy joints (metacarpophalangeal, metatarsophalangeal, and/or femorotibial joints).
After reaching 70% confluence in culture media, BMDMs from each horse were assayed
independently in neat (100%) autologous SF or ISF with or without the PPARγ agonists
geraniol (G), pioglitazone (P), or a combination of both (GP) and harvested at 24, 48, 96,
and 144 h. Controls included SF, ISF with no treatment, and ISF with a dose of BMNCs
known to induce inflammation resolution [27,47]. At each time point, macrophages were
assayed for gene expression and flow cytometry to characterize treatment responses. Real-
time quantitative PCR (qPCR) was used to assess the expression of genes previously
associated with inflammation and inflammation resolution and PPARγ signaling, including
mitochondrial function and biogenesis. Flow cytometry was used to assess mitochondrial
biogenesis and production of reactive oxygen species (ROS). At the same time points,
cytokine and growth factor secretion were quantified in conditioned synovial fluid.

2.1.2. In Vivo Study

To assess the effects of these PPARγ agonists in vivo, seven skeletally mature Thor-
oughbred horses (3–9 years old, median 6 years, 3 castrated males, 4 females) free of
systemic inflammation or OA in the studied joints were subjected to the same model of
LPS-induced synovitis in both radiocarpal joints. After 8 h, at peak inflammation, for
each horse one radiocarpal joint was treated with geraniol (n = 4 horses, 2 males, and
2 females) or pioglitazone (n = 3 horses, 1 male, and 2 females), while the contralateral
joint was treated with DPBS as control. Synovial fluid was collected at 24, 96, and 144 h
following treatment. After obtaining the last synovial fluid sample, horses were humanely
euthanized. Macroscopic assessment of the joints was performed, and synovial membrane
and cartilage samples were subjected to histology.
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Figure 1. (A) In vitro study design. Bone marrow was harvested from 10 horses and cultured
for 5–6 days in culture media. Synovitis was induced with lipopolysaccharide (LPS) (0.5 ng/joint,
n = 6 horses), and inflamed synovial fluid (ISF) was collected after 8 h at the peak of the inflammatory
reaction. Alternatively, normal synovial fluid (SF) was spiked with TNF-α, IL1β, and LPS (see
Methods) to create an ISF equivalent. A schematic denoting the culture plate setup with different
treatments (G, P, and GP) and controls (SF, ISF and BMNCs). Cells and conditioned media (ISF/SF)
were harvested and assayed at 24 h, 48 h, 96 h, and 144 h. (B) In vivo study design. Study design
showing the timing of LPS injections, treatment with PPARγ agonists (geraniol or pioglitazone). and
sample collection. SF = normal synovial fluid, ISF = inflamed synovial fluid, G = geraniol (17 ng/mL)
in ISF, P = pioglitazone (20 ng/mL) in ISF, GP = combination of geraniol and pioglitazone in ISF,
BMNCs = bone-marrow mononuclear cells in ISF.
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2.2. BMNC Isolation and Macrophage Culture

Two bone marrow aspirates (25 mL/each) were collected from the 4th and 5th sternebrae
of each horse. Using an aseptic technique, bone marrow was aspirated into 60 mL syringes
prefilled with 15,000 IU heparin (083259, Covetrus, Lexingotn, KY, USA) in 25 mL sterile
DPBS [27,48]. BMNCs were isolated by density gradient centrifugation with Ficoll-Paque (GE
Healthcare, Waukesha, WI, USA) medium and washed with DPBS twice before removing
the remaining red blood cells with a red cell lysis buffer for 20 min [27]. After centrifugation,
the BMNC pellet was washed twice with DPBS and assessed for concentration and viability
using trypan blue staining. Peripheral blood (300 mL/horse) was collected from jugular
venipuncture to isolate autologous serum for cell cultures.

For the generation of BMDMs, BMNCs were seeded in 24-well culture plates
(1.5 × 106 viable cells/50 µL DPBS/well) to generate duplicate samples for each of the six ex-
perimental groups (Figure 1). Each well was covered with IMDM (Corning, Tewksbury, MA,
USA) containing 25% autologous serum, 25 ng/mL M-CSF, 1% penicillin–streptomycin,
and 0.1% gentamicin. The remaining BMNCs were cryopreserved in 90% fetal bovine
serum (FBS) containing 10% dimethyl sulfoxide (DMSO, Sigma, Norwood, OH, USA) at
25–50 × 106 cells/mL until further use. Culture media were not exchanged, but 200 µL was
added to each well every 48 h.

2.3. Induction of Synovitis and Processing of Inflamed Synovial Fluid

To produce ISF for in vitro experiments, an in vivo model of synovitis was created in
6/10 horses by injection of 0.5 ng LPS (L2637, Sigma, Norwood, OH, USA) suspended in
2 mL DPBS into each middle carpal and radiocarpal joint (Figure 1). Eight hours following
the induction of synovitis, at peak inflammation, ISF was aspirated from the referred
joints using an aseptic technique and pooled. SF was harvested from metacarpophalangeal,
metatarsophalangeal, and/or femorotibial joints and pooled. After harvest of synovial fluid,
all horses were humanely euthanized under American Veterinary Medical Association
(AVMA) guidelines due to reasons unrelated to the current study.

Preliminary results from the first 6 horses suggested there were biological differences
between treatments, although without statistical support. Therefore, to increase the mag-
nitude of the response of BMDMs to the inflammatory stimulus and our likelihood of
identifying a response to treatment, for the remaining four horses, ISF was created in vitro
by the addition of IL1β (1 ng/mL, R&D Systems, Minneapolis, MN, USA), LPS (0.1 ng/mL),
and TNF-α (0.028 ng/mL, R&D Systems, Minneapolis, MN, USA) to SF from radiocarpal
and middle carpal joints. Doses for these mediators were chosen to duplicate the concen-
trations identified in ISF from the in vivo model [27,47]. For both models of ISF, following
harvest, synovial fluid was centrifuged at 5000× g for 30 min at 4 ◦C to deplete cells. The
cell-free supernatant was then recovered, and antibiotics (1% penicillin–streptomycin, 0.1%
gentamicin) were added before using it as cell culture media.

2.4. Inflammatory Challenge and Treatment with PPARγ Agonists

Following growth in culture media for 5–7 days to reach ~80% confluence of BMDMs,
each well was gently washed with warm DPBS (37 ◦C) to remove the unattached progeni-
tors from BMNCs. Macrophages were challenged (independent wells, not pooled) in neat
(100%) autologous SF, ISF, or ISF + treatment. BMDMs were stimulated with 400 µL SF, ISF,
ISF + geraniol (G, Sigma, St. Louis, MO, USA), ISF + pioglitazone (P Sigma, St. Louis, MO,
USA), ISF + geraniol + pioglitazone (GP), or ISF + 2 × 106 autologous BMNCs/well. Doses
of the PPARγ agonists geraniol (17 ng/mL) and pioglitazone (20 ng/mL) were identified
in previous studies [45,49], and a titration assay using the cells of four different horses
verified patterns of gene expression and cell morphology treated with a range of doses
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(geraniol—13, 17, and 21 ng/mL; pioglitazone—20, 30, and 40 ng/mL) to establish dose
response. In the combination treatment, GP, both geraniol and pioglitazone were added in
the same doses as used individually. In the BMNC-treated group, 2 × 106 BMNCs were
added to each well along with 400 uL ISF. Every 48 h, cultures were supplemented with
200 µL of their corresponding media, but no further cells were added to the BMNC wells.
All treatments were performed in duplicate wells and harvested at 24, 48, 96, and 144 h for
flow cytometry, mRNA extraction, and cytokine/chemokine quantification.

2.5. Cell Harvesting and Processing

Following removal of conditioned SF or ISF for immunoassays, cell culture wells were
washed in 1 mL of warm DPBS (37 ◦C) to remove residual synovial fluid and cells were
detached in 2 mL cold 10 mM EDTA in DPBS for 10 min. Cells were gently pipetted to
release adherent cells, and the cell suspension transferred to Protein LoBind microfuge
tubes, centrifuged (1500× g; 4 min; 4 ◦C), and washed in DPBS. Cell pellets from one well
of each treatment group were used for flow cytometry, while those from the duplicate well
were lysed in guanidinium chloride–phenol (Trizol®, Invitrogen, Carlsbad, CA, USA).

2.6. Gene Expression

RNA was purified with on-column DNase digest (DirectZol™ RNA microprep kit,
R2061, Zymo Research, Irvine, CA, USA), quantified, and stored at −20 ◦C. Expression
of genes associated with inflammation (IL1B, IL6), inflammation resolution (IL10, RELB),
and PPARγ signaling (PPARG, PPARGC1A), including mitochondrial function and bio-
genesis (NRF1, NRF2, TFAM), were assessed relative to the expression of internal controls
(GAPDH, ACTB) using RT-QPCR. Briefly, mRNA was reverse-transcribed and RT-QPCR
was performed using 5 µL diluted cDNA (2 ng/µL), 0.25 µL of each primer (forward
and reverse, 100 ng/µL), 6.25 µL PowerUp SYBR Green mix (#A25741, Thermo Fisher
Scientific, Vilniaus, Lithuania), and 0.75 µL ddH2O. All primers (Supplementary Table S1)
were custom-designed, commercially synthesized (Invitrogen, Carlsbad, CA, USA), and
subjected to efficiency assessment. Reactions were performed in duplicate on a ViiA7 Real-
Time PCR system (Applied Biosystems, Thermo Fisher Scientific, Lithuania). Expression
(mRNA transcripts) of the selected genes was determined relative to the geometric means
of β-actin (ACTB) and GAPDH as the reference transcripts (internal controls). All reactions
were automatically pipetted using epMotion 5070 automated pipetting systems (Eppendorf,
Hamburg, Germany). Fold changes were determined by the ∆∆CT method [50]. Due to
limited RNA availability, data for the expression of some genes were limited to seven horses
for some time points. For the total of 36 datasets (9 genes × 4 time points), 8 included
10 horses, 17 included 9 horses, 7 included 8 horses, and only 4 were restricted to 7 horses.

2.7. Flow Cytometry

Macrophages from four horses (castrated males) at all time points were subjected to
flow cytometry analysis. Cells were stained in 300 µL DPBS containing nonyl acridine
orange for assessment of mitochondrial mass (2.5 µM, A1372, Invitrogen, Eugene, OR,
USA) [51], CellRox deep red for quantifying reactive oxygen species (ROS) production
(manufacturer recommendations, C10422, Invitrogen, Eugene, OR, USA), Zombie Violet
for viability (as per manufacturer recommendation, 423114, BioLegend, San Diego, CA,
USA) for 30 min at 37 ◦C, 5% CO2. After staining, cells were washed twice in DPBS,
centrifuged at 1500 g for 3 min at 22 ◦C, resuspended in 300 µL DPBS, and kept cold until
analyzed (BD Biosciences FAC Symphony, Columbus, NE, USA). Flow cytometry data
were processed—1st—cell size, 2nd—singlets, 3rd—cell viability—and evaluated using
median fluorescence intensity (MdFI), with FlowJo software v.10.10 (BD Life Sciences). All
flow cytometry data were acquired on cells stimulated with ISF produced in vivo (n = 4).
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2.8. Joint Treatment and Synovial Fluid Sampling

Using an aseptic technique, one inflamed radiocarpal joint was treated with 170 ng
geraniol–2 mL DPBS (n = 4 horses) or 200 ng pioglitazone–2 mL DPBS (n = 3 horses),
while the contralateral joint was treated with 2 mL DPBS as a control. The intra-articular
dose of each molecule was selected to approximate the same concentration tested in vitro,
taking into consideration the expected volume of synovial fluid for a radiocarpal joint
(10 mL). At 24, 96, and 144 h following treatment, synovial fluid samples were collected
and centrifuged (1500× g × 10 min at 4 ◦C) and the cell-free supernatant frozen at −80 ◦C
for batch processing and cytokine/chemokine quantification, as described below.

2.9. Multiplex Immunoassay

Synovial fluid samples were processed using low-retention pipette tips and stored in
Protein LoBind microfuge tubes. Conditioned synovial fluid from each treatment group
was collected, centrifuged (1500× g × 10 min at 4 ◦C), and the cell-free supernatant frozen
at −80 ◦C for batch processing and cytokine/chemokine quantification. Further, synovial
fluid samples were hyaluronidase-digested (100 IU/mL testicular hyaluronidase in 0.05 M
acetate buffer pH 4.5, LS005474; Worthington Biochemical, Lakewood, NJ, USA) using 10 µL
of hyaluronidase solution per 200 µL of synovial fluid and incubated for 30 min at 37 ◦C. Sam-
ples were then centrifuged for 10 min at 12,000× g and 4 ◦C to remove any particulate matter,
and the supernatant was recovered [27,52]. Using the Miliplex equine inflammation panel
(EQCTTMAG-93K; Milliplex MAP Equine chemokine/cytokine, MilliporeSigma, Burlington,
MA, USA), concentrations of IL1α, IL1β, IL6, IL10, TNF-α, SDF1, and MCP1 were quanti-
fied. The minimum detection (MinDC + 2SD) values for the cytokines were as follows: IL1α
(39.1 pg/mL), IL1β (29.3 pg/mL), IL6 (1.4 pg/mL), IL10 (62.5 pg/mL), TNF-α (5.2 pg/mL),
SDF1 (55.8 pg/mL), and MCP1 (399 pg/mL). The standard curve ranges for the cy-
tokines were: IL1α (59–60,000 pg/mL), IL1β (29–30,000 pg/mL), IL6 (15–15,000 pg/mL),
IL10 (49–50,000 pg/mL), TNF-α (4–4000 pg/mL), SDF1 (97.7–100,000 pg/mL), and MCP1
(342–350,000 pg/mL).

2.10. Histology

Following euthanasia, joints were evaluated for macroscopic signs of inflammation
(e.g., synovial hyperemia and hematomas), as well as intra-articular and periarticular
hemorrhage and edema. Two synovial membrane biopsies from each joint were obtained
using a 6 mm dermal biopsy punch at sites adjacent to where radiocarpal joints most often
show cartilage degeneration [53]. Biopsies were fixed in AZF Fixative (1009B; Newcomer
Supply, Middleton, WI, USA) for 24 h, rinsed, and stored in PBS at 4 ◦C until processing
for histology. Paraffin-embedded samples were sectioned at 5 µm and hematoxylin and
eosin–stained. Gross pathology and synovial membrane and cartilage histology were
blindly scored by a board-certified veterinary anatomic pathologist. Synovial membrane
histology was assessed on H&E-stained sections using the Osteoarthritis Research Society
International (OARSI) histopathology scoring system while ignoring synovial fibrosis
due to the acute nature of the model. Cartilage samples from the experimental joints
were available for 1/4 of the horses treated with geraniol and all three horses treated
with pioglitazone. Cartilage samples were fixed as described and comparatively assessed
between treated and control joints for the extension and intensity of Safranin O staining.

2.11. Statistical Analysis

Data analysis was performed with assistance from the Applied Statistics Lab at the
University of Kentucky. Data from the in vitro study were Box–Cox-transformed to allow
the use of parametric statistical measures and cluster analysis of datasets generated with
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the two different sources of ISF (in vivo model vs. in vitro spike). Data generated with the
different ISF models were analyzed following normalization of each dataset, independently
as well as combined, and no differences in the outcome were observed. To assess whether
the origin of the ISF model (in vivo vs. in vitro) influenced the response to treatment, a linear
mixed-effect model was fitted, and no effect was observed. Therefore, statistical analysis
was ultimately performed combining both datasets. Gene expression data for all treatments
were normalized to ISF at each time point, and fold-change values were log10-transformed
for normality. For cytokine values that were below the lower limit of detection (LLOD), 0.5
*LLOD imputed values were used for statistical analysis. Concentrations were subsequently
log10-transformed to normalize data distribution prior to statistical testing. Flow cytometry
data were also log10-transformed before analysis. Post hoc Dunnett’s tests were used to adjust
for multiple comparisons. Data were analyzed in GraphPad Prism (version 10.2.0) using either
a mixed-effect model or one-way ANOVA, depending on the presence of missing values.
Significance was set at p < 0.05. Histological data were analyzed descriptively, since the OARSI
scoring system failed to capture the main differences observed between treated and untreated
joints and the number of cartilage samples was very low.

3. Results
3.1. Cell Culture Behavior

BMNC cultures differentiated into confluent BMDM populations. Upon exposure
to treatments in synovial fluid (SF, ISF, G, P, GP, and BMNCs), notable variations in cell
morphology and size were observed (Figure 2). Cultures in ISF (with/without PPARγ ago-
nists) exhibited increased heterogeneity, higher proliferation rates evidenced by abundant
small and non-adherent cell clusters, and higher frequency of large multinucleated cells.
These cultures also exhibited more pronounced intercellular gaps and activation features
(irregular cell surfaces and intracellular granularity) compared to those cultured in SF
(Figure 2B–E, black arrows). Subjectively, the use of PPARγ agonists partially rescued cell
morphology features, most noticeably at 96 h, although these findings were inconsistent.

 

Figure 2. Equine BMDMs following 96 h of culture in autologous normal (SF (A)) and inflamed synovial
fluid (ISF (B)) +/− the addition of the PPARγ agonists geraniol (C), pioglitazone (D), geraniol + pioglita-
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zone (E), and BMNCs (F). Note differences in cell size, morphology ((A) vs. (B–E) and (B) vs.
(C–F)), multinucleation (black arrowheads), intracellular granularity ((D)—white arrowheads) and
intercellular gaps between BMDMs in SF and ISF. Following treatment with ISF + PPARγ agonists,
cell morphology features were partially and inconsistently rescued. BMDMs treated with BMNCs
exhibited abundant clusters of small mononuclear cells (BMNCs, red arrows), which provided a
pool for macrophage self-renewal, with abundant small plastic-adherent macrophages over time.
Bars = 200 µm.

3.2. Gene Expression

Treatment-related changes in the expression of genes associated with inflammation
resolution were observed for RELB, NRF2, and PPARGC1A, and for IL6, which is related to
both inflammation and its resolution (Figure 3). Expression of RELB, the cornerstone of non-
canonical NF-kB signaling during inflammation resolution, was significantly upregulated
in response to geraniol at 48 h and by combination of geraniol and pioglitazone at 96 h
(Figure S3). IL6 was upregulated at 24 h in response to pioglitazone and at 48 h in response
to both pioglitazone and the combination of geraniol and pioglitazone comparably to
BMNCs. Expression of the gene coding for nuclear respiratory factor 2 (NRF2), required for
mitochondrial biogenesis during inflammation resolution, was upregulated at 48 h in the
geraniol + pioglitazone treatment. Finally, expression of PPARGC1A, the gene coding for
PPARγ coactivator factor 1a and essential for mitochondrial biogenesis, was significantly
upregulated in response to pioglitazone at 144 h, while it was downregulated in the BMNC
treatment group at the same time point. Additional findings included IL1B upregulation
in the BMNC-treated group, which was significant at 48 h and 144 h, while IL10 was
upregulated in the BMNC-treated group at 144 h (Figures S4 and S5).

3.3. Flow Cytometry

The MdFI of nonyl acridine orange, reflecting mitochondrial mass, and CellRox deep
red, indicating ROS production, showed no significant differences among the experimental
groups at any time point, except for differences in mitochondrial mass between BMNCs
and ISF at 48 h (Figure 4). A trend of increased mitochondrial mass and ROS production
in response to inflammation was observed at 96 h, although differences between groups
failed to reach significance.

3.4. Cytokine/Chemokine Quantification

Cytokine/chemokine concentrations were detectable for five of seven analytes assayed.
MCP1 and IL1α were below detection limits for all samples. Treatment with PPARγ agonists
was associated with reduced concentrations of TNF-α and IL10 in the conditioned synovial
fluid (Figure 5). Significantly decreased synovial fluid concentrations of TNF-α were
observed at 24 h for pioglitazone when compared to ISF, comparable to BMNCs. These
observations were ultimately (144 h) associated with lower concentrations of IL10 for all
treatments. SDF1 concentrations were not different in any PPARγ treatment compared
with ISF, but elevated in SF compared with ISF at 96 h and 144 h. Concentrations of IL6
and IL1β were as expected, significantly lower in SF compared to ISF at all time points
(p < 0.05), but none of the PPARγ treatments or BMNCs were different compared to ISF
(Figures S6 and S7). Cytokine data from the in vivo study will be part of future work.
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Figure 3. Expression profiles of genes for which a significant effect of treatment was observed. All
treatments increased mean RELB gene expression comparably to BMNCs at 48 h, but only G (48 h)
and GP (96 h) were significant. Early rises in IL6 gene expression more closely resembled BMNCs in P-
(24 h) and GP-treated cells (48 h). Changes in RELB and IL6 expression followed the timeline expected
for a pro-resolving response, as previously reported [32]. GP also induced changes in expression
of the mitochondria subunit gene NRF2 (48 h), while P was associated with a higher expression of
PPARGC1A, the PPARγ coactivation factor. SF = normal synovial fluid (blue), ISF = inflamed synovial
fluid (red), G = geraniol (17 ng/mL) in ISF (green), P = pioglitazone (20 ng/mL) in ISF (purple),
GP = combination of geraniol and pioglitazone in ISF (orange), BMNCs = bone marrow mononuclear
cells in ISF (gray). Data are shown as log10 (fold change (FC)) relative to ISF at the given time point.
Box plots display the medians and interquartile ranges, and whiskers denote data ranges.
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Figure 4. Flow cytometric assessment of (A) mitochondrial mass and (B) reactive oxygen species
(ROS) production. No significant differences were observed between PPARγ-treated cells and ISF
at any time point. BMNCs showed lower mitochondrial mass and ROS production, likely due to
smaller cells compared with BMDMs. Data presented as raw values for clarity. Box plots display
the medians and interquartile ranges, and whiskers denote data ranges. Mitochondrial mass was
significantly different from ISF at 48 h (p = 0.048). The lower mitochondrial mass of BMNCs is likely
due to smaller cells and stage of development compared with BMDMs. SF = normal synovial fluid
(blue), ISF = inflamed synovial fluid (red), G = geraniol (17 ng/mL) in ISF (green), P = pioglita-
zone (20 ng/mL) in ISF (purple), GP = combination of geraniol and pioglitazone in ISF (orange),
BMNCs = bone marrow mononuclear cells in ISF (gray). Median fluorescence intensity (MdFI).
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Figure 5. Concentrations of TNF-α and IL10 in conditioned synovial fluid. Significantly decreased
synovial fluid concentrations of TNF-α were observed at 24 h for cells treated with inflamed synovial
fluid containing pioglitazone or the combination of pioglitazone and geraniol and were comparable
to BMNCs. At 144 h, TNF-α concentrations were also lower for cells treated with pioglitazone. On
the other hand, an early effect on IL10 concentrations was observed only for geraniol + pioglita-zone-
treated cells. Nonetheless, at 144 h, conditioned medial from all PPARγ-treated cells exhib-
ited significantly lower concentrations of IL10 than in ISF. SF = normal synovial fluid (blue),
ISF = inflamed synovial fluid (red), G = geraniol (17 ng/mL) in ISF (green), P = pioglitazone
(20 ng/mL) in ISF (purple), GP = combination of geraniol and pioglitazone in ISF (orange),
BMNCs = bone marrow mononuclear cells in ISF (gray). Data are shown as log10 (concentration).
Box plots display the medians and interquartile ranges, and whiskers denote data ranges.

3.5. Gross Pathology and Histology

For three of four horses in the geraniol-treated group, the pathologist was able to
accurately differentiate between geraniol-treated joints and DPBS-treated controls, the latter
exhibiting more marked signs of inflammation (Figure 6). No gross or histological effects
were observed in the synovia of the three horses treated with pioglitazone. Key histological
differences observed between geraniol- and DPBS-treated synovia were reflected by lower
vascularity and no intimal hemorrhage, which was evident in DPBS-treated joints in three
of four horses (Figure 7). All four cartilage samples from joints treated with either geraniol
or pioglitazone exhibited preserved proteoglycan content (Figure 8C,D), while those treated
with DPBS showed significant proteoglycan loss from the superficial layer of the cartilage
(Figure 8A,B).
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A B 

Figure 6. Inflamed joints treated with geraniol (A) showed gross improvements in the synovium,
characterized by less swelling, congestion, and hemorrhage, compared with joints treated with
DPBS (B).

Figure 7. Representative H&E images depicting differences in histologic parameters between inflamed
joints treated with geraniol or DPBS. Geraniol-treated joints exhibited lower vascularity (black
arrowheads on control samples, (A)) and no intimal hemorrhage (green arrow, (C)) compared to
DPBS-treated joints in 3/4 horses. Bars = 100 µm.
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Figure 8. (A–D) Cartilage from matching joints of two horses. Cartilage from joints treated with
either geraniol (n = 1) or pioglitazone (n = 3) exhibited preserved proteoglycan content, depicted by
red staining, while those treated with DPBS showed significant proteoglycan loss from the superficial
layer of the cartilage.

4. Discussion
This study investigated the pro-resolving effects of two PPARγ agonists, geraniol

and pioglitazone, using in vitro and in vivo equine models of synovial inflammation.
In our study, the response to pioglitazone and geraniol varied, but yielded measurable
homeostatic responses associated with inflammation resolution in both models. In vitro,
these responses were characterized by temporal changes in macrophage gene expres-
sion for RELB, IL6, NRF2, and PPARGC1A, critical regulators of inflammation resolu-
tion and related mitochondria biogenesis, at time points crucial for establishing a pro-
resolving response [32]. Treatment with these PPARγ agonists was also associated with
lower concentrations of TNF-α in conditioned ISF at 24 h for pioglitazone, comparably to
BMNCs, which were ultimately associated with decreased concentrations of IL10 for all
treatments. Combined differences in cytokine concentrations are suggestive of increased
tolerance to inflammatory stimulus and decreased compensatory feedback [54]. In vivo,
such findings were associated with improved markers of synovium and/or cartilage in-
flammation, consistent with previous studies showing protective effects of articular cells
and tissues in those treated with pioglitazone or geraniol, although not comparable to
BMNC [27,35,45]. No systemic or articular side effects to intra-articular treatment with
geraniol or pioglitazone were observed in this small cohort of horses.

While increases in gene and protein expression for IL10 are classically expected during
inflammation resolution [27,28], such increases are directly proportional to the expression
of so-called pro-inflammatory cytokines such as TNF-α [54]. In our study, the lower pro-
duction of TNF-α in ISF conditioned by cells treated with the PPARγ agonists suggests
increased tolerance to inflammatory insult. This was further supported by the proteoglycan
preservation in the cartilage of treated joints. depicted by expression and Changes in the
expression of RELB and PPARGC1A are aligned with our previous findings of macrophage
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mediated resolution, where RELB, PPARGC1A, and PPARG were among the most upregu-
lated genes in activated pathways during a PPARγ-mediated pro-resolving response [32].
RELB is a cornerstone of non-canonical NF-κB signaling and essential for the development
and maturation of cells from the myelomonocytic lineage, which are central players in
tissue repair, increased resistance to damage, and enhanced mechanisms of inflammation
resolution [32,55,56]. RELB activation by TNF-α induces chromatin remodeling within the
granulocyte–macrophage colony-stimulating factor promoter, which downstream switches
off canonical NF-κB, driving recovery of homeostasis. Differences in TNF-α concentra-
tions between ISF and conditioned media from treated wells suggest that geraniol and
pioglitazone further enhance such a response. Early rises in IL6 gene expression, as ob-
served for treatment with pioglitazone and its combination with geraniol, are desirable
in a pro-resolving response and more closely resembled BMNCs at 48 h. Preservation of
the IL6 signaling axis is supporting evidence of the difference between anti-inflammation
and pro-resolution. IL6 expression is essential in initiating the transcription for the IL4
receptor [57], as well as leading STAT3-mediated IL4 production [58]. The Il-4–STAT6–
PPARγ axis drives the expansion of the RXR heterodimer cistrome, providing complex
ligand responsiveness in macrophages, which regulates the “epigenomic rachet” of pro-
resolving macrophages [38,59]. These changes in RELB and IL6 expression followed the
timeline expected for a pro-resolving response as previously reported [27,32,47]. While
rises in IL10 are classically expected in anti-inflammatory or pro-resolving responses, IL10
production is directly proportional to increases in TNF-α as an autoregulatory feedback
response [54]. Therefore, lower concentrations of TNF-α in the conditioned ISF of the
treated groups may explain the ultimately low IL10 concentrations and could suggest better
preserved homeostasis.

Considering the changes in the expression of NRF2 and PPARGC1A, both inter-
active targets of PPARγ during mitochondria biogenesis and tolerance to oxidative
stress [60–63], the lack of pioglitazone and geraniol effects on flow cytometry measurements
was unexpected. BMNC treatment resulted in a significant reduction in mitochondrial
mass at 48 h and a trend of lower mitochondrial mass and ROS production at all time
points. Whether such an observation is due to the smaller BMNCs and BMNC-treated cells
emitting less fluorescence or an actual reduction in mitochondrial content/ROS production
requires further investigation. Overall, our flow cytometry findings may reflect either a
sensitivity limitation of the assay or the need for models with more overt inflammation
to evaluate the effects of pioglitazone and geraniol on mitochondrial mass, function, and
distinctive types of ROS production [62,64]. It is possible that flow cytometric assessment
of samples generated with spiked ISF (LPS + cytokine) would have crossed the sensitivity
threshold of the assay.

The improved histological changes in the synovial membrane hemorrhage and vas-
cularity from geraniol-treated joints and cartilage proteoglycan in both geraniol- and
pioglitazone-treated joints were consistent with previous reports [35,45]. Even from a small
sample, these findings combined with changes observed in vitro for both treatments and
their combination (GP) suggest that further in vivo studies with larger samples assessing
the effects of both molecules separately and combined are warranted. Moreover, opti-
mization of treatment regimens and delivery methods, such as the use of nanoparticles to
enhance drug retention in the joint and hence its effect [65], are required.

Limitations of our study are inherent to the relatively small sample of horses (espe-
cially in the in vivo study), which increases the risk of missing subtle effects. Such risks
are further increased when using models that do not apply an overt inflammatory stimu-
lus and explore a limited number of predicted outcome measures in discovery research.
Nonetheless, our innovative model utilizing primary macrophages cultured in media
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containing autologous serum and challenged with autologous synovial fluid eliminates
artifacts resulting from immune responses to allogeneic or xenogeneic proteins, such as
commercial horse serum or FBS. Further, traditional in vitro assays with immune cells use
concentrations of cytokines (and LPS) manyfold higher than the limits detected in natural
disease. These models do not reflect even the most severe case of naturally occurring joint
inflammation [66–68]. While the biological variability intrinsic to the response of primary
cells, combined with a lower (and more natural) inflammatory stimulus, introduce signifi-
cant challenges to identify statistically significant differences, our model better translates
the inflammatory complexities of OA. In such a scenario, the combined changes in the
expression of some PPARγ target genes, along with changes in cytokine concentrations in
conditioned media and in vivo findings, suggest that both geraniol and pioglitazone may
enhance pro-resolving and chondroprotective mechanisms. Further, only nine genes were
carefully selected for gene expression analysis. More comprehensive transcriptomic and
lipidomic assessments could provide insights into the pathways affected by these PPARγ
agonists that might be missed by assessing selective targets. Ongoing full-transcriptome
studies may help elucidate the comparative effects of geraniol and pioglitazone on PPARγ
target engagement and their role in macrophage-mediated resolution of synovial inflam-
mation. Functional assays, such as assessment of phagocytosis/efferocytosis or cytokine
response upon re-stimulation, would add to our findings, but were beyond the scope of
this pilot study.

5. Conclusions
This study highlights the potential of the PPARγ agonists geraniol and pioglitazone to

modulate the expression of key genes and cytokines with homeostatic and pro-resolving
functions in macrophages exposed to inflamed synovial fluid. Notably, the upregulation
of RELB and NRF2, alongside the modulation of IL6 and TNF-α, suggests that PPARγ
agonism can promote pathways associated with inflammation resolution and mitochondrial
function. However, no significant changes were observed in mitochondrial mass or ROS
production measured by flow cytometry, highlighting the complexity of these processes
and the limitations of this pilot study. Our findings emphasize the therapeutic potential
of these PPARγ agonists in facilitating recovery from inflammation and promoting joint
homeostasis. Future studies using larger samples and more comprehensive omics analyses
are warranted to further address this study’s limitations and explore the therapeutic impact
of PPARγ in resolving chronic synovial inflammation and halting the development of OA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom15091267/s1, Table S1 Primers and referred sequences used
to assess target gene expression; Supplementary Figure S1 Patterns of expression of PPARG and
PPARGC1A in bone marrow-derived macrophages in response to inflamed synovial fluid (ISF) with
the addition of geraniol (G), pioglitazone (P), or a combination of both (GP). Macrophages cultured in
normal synovial fluid (SF), ISF alone, and ISF + bone marrow mononuclear cells (BMNCs) served as
controls. Data were normalized to ISF at each time point. Supplementary Figure S2 Patterns of expres-
sion of NRF1 and NRF2 in bone marrow-derived macrophages in response to inflamed synovial fluid
(ISF) with the addition of geraniol (G), pioglitazone (P), or a combination of both (GP). Macrophages
cultured in normal synovial fluid (SF), ISF alone, and ISF + bone marrow mononuclear cells (BMNCs)
served as controls. Data were normalized to ISF at each time point. Supplementary Figure S3 Pat-
terns of expression of TFAM and RELB in bone marrow-derived macrophages in response to inflamed
synovial fluid (ISF) with the addition of geraniol (G), pioglitazone (P), or a combination of both (GP).
Macrophages cultured in normal synovial fluid (SF), ISF alone, and ISF + bone marrow mononuclear
cells (BMNCs) served as controls. Data were normalized to ISF at each time point. Supplementary
Figure S4 Patterns of expression of IL10 and IL6 in bone marrow-derived macrophages in response
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to inflamed synovial fluid (ISF) with the addition of geraniol (G), pioglitazone (P), or a combination
of both (GP). Macrophages cultured in normal synovial fluid (SF), ISF alone, and ISF + bone marrow
mononuclear cells (BMNCs) served as controls. Data were normalized to ISF at each time point.
Supplementary Figure S5 Patterns of expression of IL1B in bone marrow-derived macrophages in
response to inflamed synovial fluid (ISF) with the addition of geraniol (G), pioglitazone (P), or a com-
bination of both (GP). Macrophages cultured in normal synovial fluid (SF), ISF alone, and ISF + bone
marrow mononuclear cells (BMNCs) served as controls. Data were normalized to ISF at each time
point. Supplementary Figure S6 Patterns of changes in the concentrations of TNF-α, IL10, and IL1β in
macrophage-conditioned inflamed synovial fluid (ISF) with the addition of geraniol (G), pioglitazone
(P), or a combination of both (GP). Macrophage-conditioned normal synovial fluid (SF), ISF alone, and
ISF + bone marrow mononuclear cells (BMNCs) served as controls. Supplementary Figure S7
Patterns of changes in the concentrations of IL6 and SDF1 in macrophage-conditioned inflamed
synovial fluid (ISF) with the addition of geraniol (G), pioglitazone (P), or a combination of both (GP).
Macrophage-conditioned normal synovial fluid (SF), ISF alone, and ISF + bone marrow mononuclear
cells (BMNCs) served as controls.
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Abbreviations
The following abbreviations are used in this manuscript:

PPARγ peroxisome proliferator-activated receptor gamma
OA osteoarthritis
NSAIDs non-steroidal anti-inflammatory drugs
PPARGC1a PPARγ coactivator 1A gene
RELB transcription factor RELB gene
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IL6 interleukin 6 coding gene
IL6 interleukin 6 protein
NRF2 interleukin 6 protein
TNF-α tumor necrosis factor alpha
PGE2 prostaglandin E2

NF-κB nuclear factor kappa B
IL10 interleukin-10 protein
IL1β interleukin-1β protein
IL1α interleukin-1α protein
IGF1 insulin-like growth factor 1
SDF1 stromal cell-derived factor 1
MCP1 macrophage chemotactic protein 1
BMNCs bone marrow mononuclear cells
BMDMs bone marrow-derived macrophages
G geraniol
P pioglitazone
GP geraniol and pioglitazone combined
SF synovial fluid
ISF inflamed synovial fluid
PCR polymerase chain reaction
ROS reactive oxygen species
LPS lipopolysaccharide
IU international units
DPBS Dulbecco’s phosphate-buffered saline
DMSO dimethyl sulfoxide
FBS fetal bovine serum
M-CSF macrophage-colony stimulating factor
AVMA American Veterinary Medical Association
mRNA messenger ribonucleic acid
cDNA complementary deoxyribonucleic acid
MdFI median fluorescence intensity
MinDC minimum detectable concentration
AZF acetic zinc formalin
OARSI Osteoarthritis Research Society International
LLOD lower limit of detection
ANOVA analysis of variance
H&E hematoxylin and eosin
Saf-O safranin O
RXR retinoid X receptor

References
1. Boring, M.A.; Hootman, J.M.; Liu, Y.; Theis, K.A.; Murphy, L.B.; Barbour, K.E.; Helmick, C.G.; Brady, T.J.; Croft, J.B. Prevalence of

Arthritis and Arthritis-Attributable Activity Limitation by Urban-Rural County Classification-United States, 2015. MMWR Morb.
Mortal. Wkly. Rep. 2017, 66, 527–532. [CrossRef] [PubMed]

2. Cisternas, M.G.; Murphy, L.; Sacks, J.J.; Solomon, D.H.; Pasta, D.J.; Helmick, C.G. Alternative Methods for Defining Osteoarthritis
and the Impact on Estimating Prevalence in a US Population-Based Survey. Arthritis Care Res. 2016, 68, 574–580. [CrossRef]

3. Murphy, L.B.; Cisternas, M.G.; Pasta, D.J.; Helmick, C.G.; Yelin, E.H. Medical Expenditures and Earnings Losses Among US
Adults with Arthritis in 2013. Arthritis Care Res. 2018, 70, 869–876. [CrossRef]

4. Oke, S.; McIlwraith, C.W.; Moyer, W. Review of the Economic Impact of Osteoarthritis and Oral Joint-Health Supplements in
Horses. Jt. AAEP Proc. 2010, 56, 12–16.

5. Deloitte, L. The Economic Impact of the Horse Industry on the United States; Consulting, N., Deloitte, L.L., Eds.; American Horse
Council: Washington, DC, USA, 2005.

6. Wagner, B.; Hillegas, J.M.; Brinker, D.R.; Horohov, D.W.; Antczak, D.F. Characterization of monoclonal antibodies to equine
interleukin-10 and detection of T regulatory 1 cells in horses. Vet. Immunol. Immunopathol. 2008, 122, 57–64. [CrossRef]

https://doi.org/10.15585/mmwr.mm6620a2
https://www.ncbi.nlm.nih.gov/pubmed/28542117
https://doi.org/10.1002/acr.22721
https://doi.org/10.1002/acr.23425
https://doi.org/10.1016/j.vetimm.2007.10.012


Biomolecules 2025, 15, 1267 19 of 21

7. Bondeson, J.; Blom, A.B.; Wainwright, S.; Hughes, C.; Caterson, B.; van den Berg, W.B. The role of synovial macrophages and
macrophage-produced mediators in driving inflammatory and destructive responses in osteoarthritis. Arthritis Rheum. 2010, 62,
647–657. [CrossRef]

8. Marder, W.; Khalatbari, S.; Myles, J.D.; Hench, R.; Lustig, S.; Yalavarthi, S.; Parameswaran, A.; Brook, R.D.; Kaplan, M.J. The
peroxisome proliferator activated receptor-γ pioglitazone improves vascular function and decreases disease activity in patients
with rheumatoid arthritis. J. Am. Heart Assoc. 2013, 2, e000441. [CrossRef] [PubMed]

9. Ormseth, M.J.; Oeser, A.M.; Cunningham, A.; Bian, A.; Shintani, A.; Solus, J.; Tanner, S.; Stein, C.M. Peroxisome proliferator-
activated receptor γ agonist effect on rheumatoid arthritis: A randomized controlled trial. Arthritis Res. Ther. 2013, 15, R110.
[CrossRef]

10. Souza, M.V.d. Osteoarthritis in horses—Part 2: A review of the intra-articular use of corticosteroids as a method of treatment.
Braz. Arch. Biol. Technol. 2016, 59, 1–10. [CrossRef]

11. McAlindon, T.E.; LaValley, M.P.; Harvey, W.F.; Price, L.L.; Driban, J.B.; Zhang, M.; Ward, R.J. Effect of Intra-articular Triamcinolone
vs Saline on Knee Cartilage Volume and Pain in Patients with Knee Osteoarthritis: A Randomized Clinical Trial. JAMA 2017, 317,
1967–1975. [CrossRef] [PubMed]

12. McAlindon, T.E.; Bannuru, R.R.; Sullivan, M.C.; Arden, N.K.; Berenbaum, F.; Bierma-Zeinstra, S.M.; Hawker, G.A.; Henrotin, Y.;
Hunter, D.J.; Kawaguchi, H.; et al. OARSI guidelines for the non-surgical management of knee osteoarthritis. Osteoarthr. Cartil.
2014, 22, 363–388. [CrossRef]

13. Bellamy, N.; Campbell, J.; Robinson, V.; Gee, T.; Bourne, R.; Wells, G. Intraarticular corticosteroid for treatment of osteoarthritis of
the knee. Cochrane Database Syst. Rev. 2006, Cd005328.

14. Norling, L.V.; Headland, S.E.; Dalli, J.; Arnardottir, H.H.; Haworth, O.; Jones, H.R.; Irimia, D.; Serhan, C.N.; Perretti, M.
Proresolving and cartilage-protective actions of resolvin D1 in inflammatory arthritis. JCI Insight 2016, 1, e85922. [CrossRef]

15. Panigrahy, D.; Gilligan, M.M.; Serhan, C.N.; Kashfi, K. Resolution of inflammation: An organizing principle in biology and
medicine. Pharmacol. Ther. 2021, 227, 107879. [CrossRef]

16. Sugimoto, M.A.; Sousa, L.P.; Pinho, V.; Perretti, M.; Teixeira, M.M. Resolution of Inflammation: What Controls Its Onset? Front.
Immunol. 2016, 7, 160. [CrossRef]

17. Markworth, J.F.; Vella, L.; Lingard, B.S.; Tull, D.L.; Rupasinghe, T.W.; Sinclair, A.J.; Maddipati, K.R.; Cameron-Smith, D. Human
inflammatory and resolving lipid mediator responses to resistance exercise and ibuprofen treatment. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2013, 305, R1281–R1296. [CrossRef] [PubMed]

18. Colbath, A.C.; Dow, S.W.; Hopkins, L.S.; Phillips, J.N.; McIlwraith, C.W.; Goodrich, L.R. Single and repeated intra-articular
injections in the tarsocrural joint with allogeneic and autologous equine bone marrow-derived mesenchymal stem cells are safe,
but did not reduce acute inflammation in an experimental interleukin-1β model of synovitis. Equine Vet. J. 2020, 52, 601–612.
[CrossRef] [PubMed]

19. Broeckx, S.; Suls, M.; Beerts, C.; Vandenberghe, A.; Seys, B.; Wuertz-Kozak, K.; Duchateau, L.; Spaas, J.H. Allogenic mesenchymal
stem cells as a treatment for equine degenerative joint disease: A pilot study. Curr. Stem Cell Res. Ther. 2014, 9, 497–503. [CrossRef]

20. Campbell, K.A.; Saltzman, B.M.; Mascarenhas, R.; Khair, M.M.; Verma, N.N.; Bach, B.R., Jr.; Cole, B.J. Does Intra-articular
Platelet-Rich Plasma Injection Provide Clinically Superior Outcomes Compared With Other Therapies in the Treatment of Knee
Osteoarthritis? A Systematic Review of Overlapping Meta-analyses. Arthroscopy 2015, 31, 2213–2221. [CrossRef] [PubMed]

21. Gobbi, A.; Lad, D.; Karnatzikos, G. The effects of repeated intra-articular PRP injections on clinical outcomes of early osteoarthritis
of the knee. Knee Surg. Sports Traumatol. Arthrosc. 2015, 23, 2170–2177. [CrossRef]

22. Laudy, A.B.; Bakker, E.W.; Rekers, M.; Moen, M.H. Efficacy of platelet-rich plasma injections in osteoarthritis of the knee:
A systematic review and meta-analysis. Br. J. Sports Med. 2015, 49, 657–672. [CrossRef]

23. Textor, J.A.; Willits, N.H.; Tablin, F. Synovial fluid growth factor and cytokine concentrations after intra-articular injection of a
platelet-rich product in horses. Vet. J. 2013, 198, 217–223. [CrossRef] [PubMed]

24. Manferdini, C.; Paolella, F.; Gabusi, E.; Silvestri, Y.; Gambari, L.; Cattini, L.; Filardo, G.; Fleury-Cappellesso, S.; Lisignoli, G. From
osteoarthritic synovium to synovial-derived cells characterization: Synovial macrophages are key effector cells. Arthritis Res. Ther.
2016, 18, 83. [CrossRef]

25. Barrera, P.; Blom, A.; van Lent, P.L.; van Bloois, L.; Beijnen, J.H.; van Rooijen, N.; de Waal Malefijt, M.C.; van de Putte, L.B.; Storm,
G.; van den Berg, W.B. Synovial macrophage depletion with clodronate-containing liposomes in rheumatoid arthritis. Arthritis
Rheum. 2000, 43, 1951–1959. [CrossRef]

26. Haraden, C.A.; Huebner, J.L.; Hsueh, M.F.; Li, Y.J.; Kraus, V.B. Synovial fluid biomarkers associated with osteoarthritis severity
reflect macrophage and neutrophil related inflammation. Arthritis Res. Ther. 2019, 21, 146. [CrossRef]

27. Menarim, B.C.; Gillis, K.H.; Oliver, A.; Mason, C.; Ngo, Y.; Werre, S.R.; Barrett, S.H.; Luo, X.; Byron, C.R.; Dahlgren, L.A.
Autologous bone marrow mononuclear cells modulate joint homeostasis in an equine in vivo model of synovitis. FASEB J. 2019,
33, 14337–14353. [CrossRef]

https://doi.org/10.1002/art.27290
https://doi.org/10.1161/JAHA.113.000441
https://www.ncbi.nlm.nih.gov/pubmed/24252844
https://doi.org/10.1186/ar4290
https://doi.org/10.1590/1678-4324-2016150025
https://doi.org/10.1001/jama.2017.5283
https://www.ncbi.nlm.nih.gov/pubmed/28510679
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1172/jci.insight.85922
https://doi.org/10.1016/j.pharmthera.2021.107879
https://doi.org/10.3389/fimmu.2016.00160
https://doi.org/10.1152/ajpregu.00128.2013
https://www.ncbi.nlm.nih.gov/pubmed/24089379
https://doi.org/10.1111/evj.13222
https://www.ncbi.nlm.nih.gov/pubmed/31821594
https://doi.org/10.2174/1574888X09666140826110601
https://doi.org/10.1016/j.arthro.2015.03.041
https://www.ncbi.nlm.nih.gov/pubmed/26033459
https://doi.org/10.1007/s00167-014-2987-4
https://doi.org/10.1136/bjsports-2014-094036
https://doi.org/10.1016/j.tvjl.2013.07.020
https://www.ncbi.nlm.nih.gov/pubmed/23992870
https://doi.org/10.1186/s13075-016-0983-4
https://doi.org/10.1002/1529-0131(200009)43:9%3C1951::AID-ANR5%3E3.0.CO;2-K
https://doi.org/10.1186/s13075-019-1923-x
https://doi.org/10.1096/fj.201901684RR


Biomolecules 2025, 15, 1267 20 of 21

28. Menarim, B.C.; Gillis, K.H.; Oliver, A.; Ngo, Y.; Werre, S.R.; Barrett, S.H.; Rodgerson, D.H.; Dahlgren, L.A. Macrophage Activation
in the Synovium of Healthy and Osteoarthritic Equine Joints. Front. Vet. Sci. 2020, 7, 568756. [CrossRef]

29. Everett, J.B.; Menarim, B.C.; Barrett, S.H.; Bogers, S.H.; Byron, C.R.; Pleasant, R.S.; Werre, S.R.; Dahlgren, L.A. Intra-articular bone
marrow mononuclear cell therapy improves lameness from naturally occurring equine osteoarthritis. Front. Vet. Sci. 2023, 10.
[CrossRef] [PubMed]

30. Goncars, V.; Jakobsons, E.; Blums, K.; Briede, I.; Patetko, L.; Erglis, K.; Erglis, M.; Kalnberzs, K.; Muiznieks, I.; Erglis, A. The
comparison of knee osteoarthritis treatment with single-dose bone marrow-derived mononuclear cells vs. hyaluronic acid
injections. Medicina 2017, 53, 101–108. [CrossRef]

31. Goncars, V.; Kalnberzs, K.; Jakobsons, E.; En ‘gele, I.; Briede, I.; Blums, K.; Erglis, K.; Erglis, M.; Patetko, L.; Muiznieks, I.; et al.
Treatment of Knee Osteoarthritis with Bone Marrow–Derived Mononuclear Cell Injection: 12-Month Follow-up. Cartilage 2018,
10, 26–35. [CrossRef] [PubMed]

32. Menarim, B.C.; El-Sheikh Ali, H.; Loux, S.C.; Scoggin, K.E.; Kalbfleisch, T.S.; MacLeod, J.N.; Dahlgren, L.A. Transcriptional and
Histochemical Signatures of Bone Marrow Mononuclear Cell-Mediated Resolution of Synovitis. Front. Immunol. 2021, 12, 734322.
[CrossRef]

33. Croasdell, A.; Duffney, P.F.; Kim, N.; Lacy, S.H.; Sime, P.J.; Phipps, R.P. PPARγ and the Innate Immune System Mediate the
Resolution of Inflammation. PPAR Res. 2015, 2015, 549691. [CrossRef]

34. Vasheghani, F.; Monemdjou, R.; Fahmi, H.; Zhang, Y.; Perez, G.; Blati, M.; St-Arnaud, R.; Pelletier, J.P.; Beier, F.; Martel-Pelletier,
J.; et al. Adult cartilage-specific peroxisome proliferator-activated receptor gamma knockout mice exhibit the spontaneous
osteoarthritis phenotype. Am. J. Pathol. 2013, 182, 1099–1106. [CrossRef]

35. Boileau, C.; Martel-Pelletier, J.; Fahmi, H.; Mineau, F.; Boily, M.; Pelletier, J.-P. The peroxisome proliferator–activated receptor
γ agonist pioglitazone reduces the development of cartilage lesions in an experimental dog model of osteoarthritis: In vivo
protective effects mediated through the inhibition of key signaling and catabolic pathways. Arthritis Rheum. 2007, 56, 2288–2298.
[CrossRef]

36. Nebbaki, S.S.; El Mansouri, F.E.; Afif, H.; Kapoor, M.; Benderdour, M.; Pelletier, J.P.; Martel-Pelletier, J.; Fahmi, H. Expression
of peroxisome proliferator-activated receptors α, β, γ, and H- and L-prostaglandin D synthase during osteoarthritis in the
spontaneous hartley guinea pig and experimental dog models. J. Rheumatol. 2013, 40, 877–890. [CrossRef] [PubMed]

37. Afif, H.; Benderdour, M.; Mfuna-Endam, L.; Martel-Pelletier, J.; Pelletier, J.P.; Duval, N.; Fahmi, H. Peroxisome proliferator-
activated receptor gamma1 expression is diminished in human osteoarthritic cartilage and is downregulated by interleukin-1beta
in articular chondrocytes. Arthritis Res. Ther. 2007, 9, R31. [CrossRef] [PubMed]

38. Daniel, B.; Nagy, G.; Horvath, A.; Czimmerer, Z.; Cuaranta-Monroy, I.; Poliska, S.; Hays, T.T.; Sauer, S.; Francois-Deleuze, J.; Nagy,
L. The IL-4/STAT6/PPARγ signaling axis is driving the expansion of the RXR heterodimer cistrome, providing complex ligand
responsiveness in macrophages. Nucleic Acids Res. 2018, 46, 4425–4439. [CrossRef] [PubMed]

39. Jin, J.; Qian, H.; Wan, B.; Zhou, L.; Chen, C.; Lv, Y.; Chen, M.; Zhu, S.; Ye, L.; Wang, X.; et al. Geranylgeranyl diphosphate synthase
deficiency hyperactivates macrophages and aggravates lipopolysaccharide-induced acute lung injury. Am. J. Physiol. Lung Cell
Mol. Physiol. 2021, 320, L1011–L1024. [CrossRef]

40. Wei, L.; Zheng, Y.Y.; Sun, J.; Wang, P.; Tao, T.; Li, Y.; Chen, X.; Sang, Y.; Chong, D.; Zhao, W.; et al. GGPP depletion initiates
metaflammation through disequilibrating CYB5R3-dependent eicosanoid metabolism. J. Biol. Chem. 2020, 295, 15988–16001.
[CrossRef]

41. Kim, J.; Lee, J.N.; Ye, J.; Hao, R.; Debose-Boyd, R.; Ye, J. Sufficient production of geranylgeraniol is required to maintain endotoxin
tolerance in macrophages. J. Lipid Res. 2013, 54, 3430–3437. [CrossRef]

42. Matsubara, T.; Takakura, N.; Urata, M.; Muramatsu, Y.; Tsuboi, M.; Yasuda, K.; Addison, W.N.; Zhang, M.; Matsuo, K.; Nakatomi,
C.; et al. Geranylgeraniol Induces PPARγ Expression and Enhances the Biological Effects of a PPARγ Agonist in Adipocyte
Lineage Cells. In Vivo 2018, 32, 1339–1344. [CrossRef] [PubMed]

43. Tricarico, P.M.; Kleiner, G.; Valencic, E.; Campisciano, G.; Girardelli, M.; Crovella, S.; Knowles, A.; Marcuzzi, A. Block of
the mevalonate pathway triggers oxidative and inflammatory molecular mechanisms modulated by exogenous isoprenoid
compounds. Int. J. Mol. Sci. 2014, 15, 6843–6856. [CrossRef] [PubMed]

44. Marcuzzi, A.; Decorti, G.; Pontillo, A.; Ventura, A.; Tommasini, A. Decreased cholesterol levels reflect a consumption of anti-
inflammatory isoprenoids associated with an impaired control of inflammation in a mouse model of mevalonate kinase deficiency.
Inflamm. Res. 2010, 59, 335–338. [CrossRef] [PubMed]

45. Wu, Y.; Wang, Z.; Fu, X.; Lin, Z.; Yu, K. Geraniol-mediated osteoarthritis improvement by down-regulating PI3K/Akt/NF-κB and
MAPK signals: In vivo and in vitro studies. Int. Immunopharmacol. 2020, 86, 106713. [CrossRef]

46. Barreira, A.P.B.; Alves, A.L.G.; Saito, M.E.; Amorim, R.L.; Kohayagawa, A.; Menarim, B.C.; Mota, L.S. Autologous Implant of
Bone Mar-row Mononuclear Cells as Treatment of Induced Equine Tendinitis. Intern. J. Appl. Res. Vet. Med. 2008, 6, 46–54.

https://doi.org/10.3389/fvets.2020.568756
https://doi.org/10.3389/fvets.2023.1256284
https://www.ncbi.nlm.nih.gov/pubmed/37876630
https://doi.org/10.1016/j.medici.2017.02.002
https://doi.org/10.1177/1947603517746721
https://www.ncbi.nlm.nih.gov/pubmed/29373926
https://doi.org/10.3389/fimmu.2021.734322
https://doi.org/10.1155/2015/549691
https://doi.org/10.1016/j.ajpath.2012.12.012
https://doi.org/10.1002/art.22726
https://doi.org/10.3899/jrheum.120738
https://www.ncbi.nlm.nih.gov/pubmed/23547214
https://doi.org/10.1186/ar2151
https://www.ncbi.nlm.nih.gov/pubmed/17386086
https://doi.org/10.1093/nar/gky157
https://www.ncbi.nlm.nih.gov/pubmed/29506156
https://doi.org/10.1152/ajplung.00281.2020
https://doi.org/10.1074/jbc.RA120.015020
https://doi.org/10.1194/jlr.M042549
https://doi.org/10.21873/invivo.11384
https://www.ncbi.nlm.nih.gov/pubmed/30348686
https://doi.org/10.3390/ijms15046843
https://www.ncbi.nlm.nih.gov/pubmed/24758928
https://doi.org/10.1007/s00011-010-0168-6
https://www.ncbi.nlm.nih.gov/pubmed/20174853
https://doi.org/10.1016/j.intimp.2020.106713


Biomolecules 2025, 15, 1267 21 of 21

47. Menarim, B.C.; Gillis, K.H.; Oliver, A.; Mason, C.; Werre, S.R.; Luo, X.; Byron, C.R.; Kalbfleisch, T.S.; MacLeod, J.N.; Dahlgren,
L.A. Inflamed synovial fluid induces a homeostatic response in bone marrow mononuclear cells in vitro: Implications for joint
therapy. FASEB J. 2020, 34, 4430–4444. [CrossRef]

48. Corrêa, F.; Borlone, C.; Wittwer, F.; Bustamante, H.; Müller, A.; Ramirez, A.; Menarim, B.C. 121. Mononuclear cells concentrations
in fractioned samples of bone marrow aspirate of horse sternum. In Proceedings of the 14th Annual Congress and International
Society for Animal Clinical Pathology (ISACP), Ljubljana, Slovenia, 3–7 July 2012; pp. 1–47.

49. Ma, C.; Zhang, Y.; Li, Y.-Q.; Chen, C.; Cai, W.; Zeng, Y.-L. The Role of PPARγ in Advanced Glycation End Products-Induced
Inflammatory Response in Human Chondrocytes. PLoS ONE 2015, 10, e0125776. [CrossRef] [PubMed]

50. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(−∆∆C(T)) Method.
Methods 2001, 25, 402–408. [CrossRef]

51. Doherty, E.; Perl, A. Measurement of Mitochondrial Mass by Flow Cytometry during Oxidative Stress. React. Oxyg. Species (Apex)
2017, 4, 275–283. [CrossRef]

52. Jayadev, C.; Rout, R.; Price, A.; Hulley, P.; Mahoney, D. Hyaluronidase treatment of synovial fluid to improve assay precision for
biomarker research using multiplex immunoassay platforms. J. Immunol. Methods 2012, 386, 22–30. [CrossRef]

53. McIlwraith, C.W.; Frisbie, D.D.; Kawcak, C.E.; Fuller, C.J.; Hurtig, M.; Cruz, A. The OARSI histopathology initiative-
recommendations for histological assessments of osteoarthritis in the horse. Osteoarthr. Cartil. 2010, 18 (Suppl. S3), S93–S105.
[CrossRef] [PubMed]

54. de Waal Malefyt, R.; Abrams, J.; Bennett, B.; Figdor, C.G.; de Vries, J.E. Interleukin 10(IL-10) inhibits cytokine synthesis by human
monocytes: An autoregulatory role of IL-10 produced by monocytes. J. Exp. Med. 1991, 174, 1209–1220. [CrossRef]
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