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Background: Chlorogenic acid (CGA) exerts immunomodulatory effects by regulating the proportion of regulatory T cells
(Tregs), and T-cell dysregulation is a known feature of post-traumatic osteomyelitis (PTO). This study explored the mechanism
of CGA in the treatment of PTO from the perspective of T-cell immunity.
Methods: Lymphocytes isolated from rat spleens were stimulated with interleukin (IL)-2. A PTO model was established by
injecting Staphylococcus aureus into the tibial marrow cavity of New Zealand white rabbits. PTO rabbits were treated with either
CGA by gavage or lentiviral IL-2 injection. The Treg proportion was evaluated by flow cytometry. The expression of forkhead
box protein 3 (Foxp3), cytotoxic T lymphocyte antigen-4 (Ctla-4), and IL-2 was quantified by quantitative real-time polymerase
chain reaction. The concentrations of tumor necrosis factor-α (TNF-α), IL-10, and IL-2 were measured using enzyme-linked
immunosorbent assays. Micro-computed tomography and hematoxylin and eosin staining were performed to characterize bone
destruction. The proliferation of CD4+ T/CD8+ T cells was evaluated by flow cytometry.
Results: IL-2 stimulation elevated the proportion of Tregs in rat splenic lymphocytes, upregulated Foxp3, Ctla-4, and IL-10
expression, and decreasedTNF-α expression (p< 0.05). PTO rabbits exhibited significant bone destruction and inflammatory cell
infiltration in bone tissue. In the peripheral blood of PTO rabbits, the Treg proportion was elevated, with increased expressions of
Foxp3, Ctla-4, IL-10, and IL-2, reduced TNF-α expression, and increased proliferation of CD4+ T/CD8+ T cells. These changes
were significantly reversed by CGA administration (p < 0.001). However, the reversal effects of CGA were offset by exogenous
IL-2 (p < 0.001).
Conclusion: CGA alleviates PTO by inhibiting IL-2-mediated upregulation of Tregs.
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Introduction

In modern society, the rising incidence of post-
traumatic osteomyelitis (PTO) parallels increasing rates of
traffic accident-related injuries and geological disasters [1].
Unlike traditional osteomyelitis, PTO often presents with
fractures, bone defects, and severe soft tissue damage, pos-
ing substantial therapeutic challenges [2]. Characterized by
dynamic pathological changes, PTO remains a refractory
condition in orthopedic surgery with high disability and re-
currence rates [3]. These clinical realities underscore the ur-
gent need for elucidating the mechanisms underlying PTO
occurrence and progression and developing novel therapeu-
tic strategies to enhance infection control, accelerate frac-
ture healing and repair, and reduce antibiotic dependence.

There is ample evidence implicating T-cell dysregu-
lation in PTO patients. The number of inhibitory T cells,
such as regulatory T cells (Tregs), is significantly increased

at the lesion sites in PTO patients [4]. Additionally, exten-
sive T lymphocyte infiltration is observed at these sites. T
lymphocytes and their secreted products play key regula-
tory roles in the formation and function of bone cells [5].
Tregs have also been reported to inhibit T lymphocyte im-
mune responses in osteomyelitis [6] and to suppress T lym-
phocyte proliferation [7]. Therefore, Tregsmay regulate the
development of PTO by inhibiting T lymphocyte immune
response or proliferation.

Chlorogenic acid (CGA) is a phenolic acid compound
widely distributed in various plants and abundant in foods
such as coffee, blueberries, apples, and vegetables [8]. As a
natural antioxidant, CGA exhibits a broad range of biolog-
ical activities, including antioxidative, anti-inflammatory,
anticancer, and antiviral properties [9,10]. Several re-
ports have highlighted its therapeutic potential across multi-
ple pathological conditions. For instance, CGA attenuates
epithelial-mesenchymal transition and breast cancer inva-
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sion by downregulating low-density lipoprotein receptor-
related protein 6 (LRP6) [11]. CGA improves cognitive
deficits in sleep-deprived mice by regulating immunity
function [12]. Furthermore, CGA suppresses programmed
cell death ligand 1 (PD-L1) expression and enhances the an-
titumor immunity of programmed cell death protein 1 (PD-
1) antibodies [13]. Building on this evidence, we hypothe-
size that CGA may regulate Tregs by mediating interleukin
(IL)-2 signaling, thereby inhibiting T lymphocyte immune
responses or proliferation and suppressing the development
of PTO.

Materials and Methods

Animals
Male Sprague-Dawley (SD) rats (6–8 weeks old, 200–

250 g, n = 5) and male New Zealand white rabbits (6–8
weeks old, 1–1.5 kg, n = 40) were obtained from Hangzhou
Medical College (Hangzhou, China). Animals were housed
under a natural circadian light/dark cycle, with 50% humid-
ity and a constant temperature of 21 ± 0.5 °C.

Assessment of Lymphocyte Subsets in the Spleens of
Rats

Tregs in rat spleens were detected as previously de-
scribed [14]. Rats were euthanized by exsanguination fol-
lowing anesthesia with isoflurane (1.5% of isoflurane/air
(v/v)) by using an isoflurane vaporizer (Table Top Anesthe-
sia Machine Model V-1, Vet Equip, Pleasanton, CA, USA).
Rat spleens were collected, and the tissue was mechanically
ground. The suspension was filtered through a 400-mesh
filter and subjected to lymphocyte isolation using a lympho-
cyte separation solution (40504ES60, YEASEN, Shanghai,
China). Isolated lymphocytes were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (R101, YaJi
Biological, Shanghai, China) supplemented with 20% fe-
tal bovine serum (FBS, 02324, YaJi Biological, Shanghai,
China). According to the experimental design, IL-2 (HY-
P70718, Medchemexpress, Shanghai, China) was added to
the culture medium for varying treatment time points (0, 3,
6, 12, and 24 h). Samples were stained with phycoerythrin
(PE)-labeled anti-CD25 antibody (202105, Biolegend, San
Diego, CA, USA) and fluorescein isothiocyanate (FITC)-
labeled anti-CD4 antibody (201505, Biolegend, San Diego,
CA, USA). Following a 30-minute incubation, Treg pro-
portions were analyzed using a flow cytometer (CytoFlex,
Beckman, Brea, CA, USA).

Establishment of the PTO Model
The PTO model was established as described previ-

ously [15,16]. New Zealand white rabbits were acclimated
for 1 week, then anesthetized with isoflurane (2% of isoflu-
rane/air (v/v)) by using an isoflurane vaporizer (Table Top
Anesthesia Machine Model V-1, Vet Equip, Pleasanton,
CA, USA) and fixed on the operating table. Hair was re-

moved from the proximal right tibia of the rabbits. Af-
ter iodophor disinfection, a 1 cm longitudinal incision was
made on the medial side of the right tibia below the patella.
After the blunt separation of soft tissue, the end of the tibia
was exposed. A 1mmdrill was used to access themedullary
cavity, from which 0.5 mL of bone marrow was extracted.
Subsequently, 0.3 mL of 5% sodium morrhuate (Shanghai
Xinyi Jinzhu Drug Co., Ltd., Shanghai, China) was injected
into the cavity. After 5 min, 0.1 mL of Staphylococcus au-
reus (S. aureus) suspension (1× 108 Colony-FormingUnits
(CFU)/mL, B81854, MingzhouBio, Ningbo, China) was in-
jected into the cavity, and the opening was sealed with bone
wax (19-5025, HuayonBio, Shenzhen, China). The wound
was then sutured. After 28 days, 35 model rabbits were
obtained. Successful modeling was evaluated by referring
to the criteria proposed by Worlock et al. [16]: (1) X-ray
findings of bone destruction, osteophyte formation, and soft
tissue abscess; (2) Histological evidence of abscess forma-
tion, necrotic bone, subperiosteal new bone formation, and
multinucleated giant cell infiltration; (3) Positive bacterial
culture for Staphylococcus aureus. The modeling was con-
sidered successful if two of the above criteria were met.

Preparation of Lentivirus
An IL-2 lentiviral vector (pLV[Exp]-CMV >

rbIL2[NM_001163180.1], rabbit) and a negative con-
trol vector (NC, pLV[Exp]-CMV > ORF_Stuffer) were
provided by VectorBuilder (Guangzhou, China). These
vectors were transfected into HEK293 cells (YS809C, YaJi
Biological, Shanghai, China) using a transfection reagent
(C0533, Beyotime, Shanghai, China). Supernatants were
collected 48 h post-transfection. HEK293 cells underwent
short tandem repeat (STR) analysis and were tested for
mycoplasma contamination. The IL-2 lentiviral vector
used for intrathecal injection had a titer of 109–1010
IU/mL.

Experimental Groups
The rabbit experiments were divided into two parts.

The first part included four groups (n = 5 in each group):
control group (normal culture), model group (S. aureus in-
jection into the tibial marrow cavity of New Zealand white
rabbits), model + vehicle group (model rabbits were given
20 mL of normal saline daily by gavage for 4 weeks),
and model + CGA group (model rabbits were given 800
mg/kg CGA [50% purity, provided by Chengdu Hengfeng
Tiancheng Technology, Chengdu, China] by gavage daily
for 4 weeks) [17]. The CGA supplementation level was
based on our previous study [18].

The second part comprised four groups (n = 5 in each
group): model group (S. aureus was injected into the tib-
ial marrow cavity of New Zealand white rabbits), model
+ CGA group (model rabbits were given 800 mg/kg CGA
daily by gavage for 4 weeks), model + CGA+ negative con-
trol (NC) group, and model + CGA + IL-2 group. In the lat-
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ter two groups, rabbits were injected via the tail with either
IL-2 expressing lentivirus (109–1010 IU/mL) or lentivirus-
NC 24 h [19] before S. aureus inoculation, followed by
CGA gavage (800 mg/kg) daily for 4 weeks. At day 28,
the peripheral blood (5 mL) was collected from the cen-
tral ear artery and transferred into 5 mL ethylenediaminete-
traacetic acid (EDTA) anticoagulant tubes for subsequent
experiments. Rabbits were then anesthetized with sodium
pentobarbital (80 mg/kg, P3761, Sigma-Aldrich, St. Louis,
MO, USA) and euthanized by exsanguination. A transverse
incision was made in the femoral triangle to expose and
sever the femoral artery and vein, allowing complete blood
drainage. The experimental workflow is shown in Supple-
mentary Fig. 1.

Micro-Computed Tomography (Micro-CT) Analysis
The tibia was analyzed using micro-CT scanning

(MCT-III, Zhongke Kaisheng, Guangzhou, China). The
scanning parameters were set according to previously de-
scribed methods [15].

Histological Analysis
A cross-section of the mid-tibia was collected from

each rabbit after being put to death, fixed in 4%
paraformaldehyde solution (P0099-3L, Beyotime, Shang-
hai, China), decalcified, and embedded in paraffin. The
paraffin-embedded tissue was sectioned into 5-µm slices
and sequentially immersed in xylene and graded ethanol
solutions to facilitate dewaxing and rehydration. The sec-
tions were then soaked in hematoxylin solution, differentia-
tion solution, and stained with hematoxylin and eosin (HE),
following the protocol provided with the HE staining kit
(PH0516, Phygene, Fuzhou, China). After staining, the sec-
tions were dehydrated, cleared, sealed, and examined under
a microscope (N300M, Yongxin, Ningbo, China).

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA from CD25+CD4+ Tregs or peripheral
bloodwas extracted using an RNA extraction kit (NP06011,
NucleoTech, Beijing, China) and reverse transcribed into
cDNA using a reverse transcription kit (NN01012, Nu-
cleoTech, Beijing, China). qRT-PCR was conducted using
a SYBRGreen kit (NL02021, NucleoTech, Beijing, China).
The 2−∆∆CT method was used to normalize the expression
levels of target genes to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The primer sequences used for qRT-
PCR are listed in Table 1.

Enzyme-Linked Immunosorbent Assay (ELISA)
The concentrations of tumor necrosis factor-α (TNF-

α) and IL-10 in the supernatants of CD25+CD4+ Tregs
and peripheral blood were determined using corresponding
ELISA kits (ml002859/ml002813/ml028087/ml027828,
mlbio, Shanghai, China). Briefly, blood samples were

Table 1. Primer sequences used in this study.
Gene Primer sequence (5′ → 3′)

Foxp3 (Rat)
Forward GGCAGAGGACACTCAATGAAAT
Reverse TCTCCACTCGCACAAAGCAC

Ctla-4 (Rat)
Forward AAGCCATACAAGTGACCCAACCTTC
Reverse CGGACCTCATCAGTGTTGTGTGAAG

Gapdh (Rat)
Forward ATGCCATCACTGCCACTCA
Reverse CCTGCTTCACCACCTTCTTG

Foxp3 (Rabbit)
Forward CAGTGCCCCTAGTCATGGTG
Reverse GAACAGGCTGTCTGAGGCTT

Ctla-4 (Rabbit)
Forward CCTTGCAGCCATTAGTTCGG
Reverse AATTGCTTTTCACACTCGGGC

IL-2 (Rabbit)
Forward TGCCCAAGAAGGTCACAGAA
Reverse GAGCCCCTAGGGCTTACAAA

Gapdh (Rabbit)
Forward AGTATGATTCCACCCACGGC
Reverse GATGGCCTTCCCGTTGATGA

Abbreviations: Gapdh, glyceraldehyde-3-phosphate dehy-
drogenase; Foxp3, forkhead box protein 3; Ctla-4, cytotoxic
T lymphocyte antigen-4; IL-2, interleukin-2.

centrifuged at 1000 g for 10 min. Standards or samples and
biotinylated antibodies were added to the appropriate wells
and incubated at room temperature for 45 min. After wash-
ing, the horseradish Peroxidase (HRP) enzyme conjugate
working solution was added to each well and incubated
for an additional 30 min. The substrate solution was then
added and cultured for 15 min at room temperature. The
reaction was stopped with a termination solution, and
absorbance was measured at 450 nm using a microplate
reader (CMax Plus, Molecular Devices, Shanghai, China).
A standard curve (with concentration on the x-axis and
Optical Density (OD) values on the y-axis) was gener-
ated, and the corresponding sample concentrations were
determined based on their OD values.

Flow Cytometry

To determine the proportion of Tregs in rabbit periph-
eral blood, anti-CD-4 antibody (ab194998, Abcam, Cam-
bridge, UK), anti-CD25 antibody (551779, BD, San Jose,
CA, USA), and the corresponding secondary antibodies
(ab150113 and ab150115, Abcam, Cambridge, UK) were
used. Flow cytometry was then performed to analyze the
results.

CD4+/CD8+ T lymphocyte proliferation was as-
sessed as previously described [20]. Peripheral blood
mononuclear cells (PBMCs) were isolated from rabbit
peripheral blood using lymphocyte separation solution
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Fig. 1. Upregulation of CD25+CD4+ Treg in the PTO model. (A–E) Lymphocytes isolated from rat spleens were cultured with IL-2
(500 U/mL) for the indicated time points (0, 3, 6, 12, and 24 h). (A) The proportion of CD25+CD4+ Treg was detected by flow cytometry.
(B,C) Foxp3 and Ctla-4 mRNA expression levels were determined by qRT-PCR, with Gapdh as an internal control. (D,E) TNF-α and
IL-10 concentrations in the cell culture supernatants were measured by ELISA. (F–I) A PTO animal model was established by injecting
Staphylococcus aureus into the tibial marrow cavity of New Zealand white rabbits, after which peripheral blood was collected. (F) The
proportion of CD25+CD4+ Treg was measured by flow cytometry. (G) Foxp3 expression was quantified by qRT-PCR. Gapdh served
as an internal control. (H,I) TNF-α and IL-10 concentrations in peripheral blood were examined by ELISA. All assays were performed
in triplicate and/or repeated in at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: IL-2,
interleukin-2; qRT-PCR, quantitative real-time polymerase chain reaction; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; ELISA,
enzyme-linked immunosorbent assay; Foxp3, forkhead box protein 3; Ctla-4, cytotoxic T lymphocyte antigen-4; Treg, regulatory T cell;
TNF-α, tumor necrosis factor-α; PTO, post-traumatic osteomyelitis.

(40504ES60, YEASEN, Shanghai, China) and then in-
oculated into 96-well plates. An additional mixture of
anti-CD3 and anti-CD28 antibodies (MA5-14524, Ther-
moFisher, Waltham, MA, USA) was added to the 96-well
plates to stimulate the cells, followed by 72 h of incubation.
Subsequently, 10 µM Brdu (6813, Cell signaling technol-
ogy, Danvers, MA, USA) was added to the plates and incu-
bated for an additional 4 h. Cells were stained with PE la-
beled anti-BrdU antibody (364115, Biolegend, San Diego,
CA, USA) and FITC-labeled anti-rabbit CD4/CD8 anti-
body (ab194998/ab41323, Abcam, Cambridge, UK) and
analyzed by flow cytometry.

Statistical Analysis
Statistical analysis was performed using GraphPad

Prism 8.0 (GraphPad Software, San Diego, CA, USA). The
measurement data were expressed asmean± standard devi-
ation. Differences between the two groups were evaluated
by independent sample t-test, while one-way analysis of
variance (ANOVA) was used for comparisons among mul-
tiple groups. Tukey’s test was exploited for post hoc multi-
ple comparisons. Differences were considered statistically
significant at p < 0.05.
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Fig. 2. Therapeutic effects of CGA on the rabbit model of PTO. New Zealand white rabbits were divided into four groups (n = 5/each
group): control group (normal culture), model group (Staphylococcus aureus injected into the tibial marrow cavity), model + vehicle
group (model rabbits treated with normal saline for 4 weeks), and model + CGA group (model rabbits treated with CGA for 4 weeks). (A)
Micro-CT images of tibial defects (red circles indicate hyperosteogeny and inflammation). (B) Histological alterations were evaluated
by HE staining (40× magnification, scale bar = 200 µm); blue boxes indicate osteoporosis, severe cortical bone destruction, fibrous
tissue hyperplasia, and inflammatory cell infiltration. (C) The proportion of CD25+CD4+ Treg cells was analyzed by flow cytometry.
(D,E) Foxp3 and Ctla-4 expression levels were determined by qRT-PCR with Gapdh as an internal control. (F,G) TNF-α and IL-10
levels in peripheral blood were quantified by ELISA. All assays were performed in triplicate and/or repeated in at least three independent
experiments. ***p <0.001. Abbreviations: Micro-CT, micro-computed tomography; CGA, chlorogenic acid; HE, hematoxylin and
eosin.
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Results

IL-2 Stimulation Elevated the Proportion of Tregs in
Rat Spleen Lymphocytes

Stimulation of rat spleen lymphocytes (n = 5) with IL-
2 resulted in a significant time-dependent increase in the
proportion of CD25+CD4+Treg (Fig. 1A, p< 0.001). This
was accompanied by elevated expressions of forkhead box
protein 3 (Foxp3) and cytotoxic T lymphocyte antigen-4
(Ctla-4) (Fig. 1B,C, p < 0.05), which are markers of Treg
cells and T cell activation, respectively. Additionally, pro-
longed IL-2 stimulation gradually decreased TNF-α lev-
els in the cell-conditioned medium, while IL-10 levels in-
creased progressively (Fig. 1D,E, p < 0.05).

CGA Alleviated PTO Symptoms in Rabbits by
Reducing Treg Proportions in Peripheral Blood

A PTO model was established in New Zealand white
rabbits. In model rabbits, the proportion of CD25+CD4+
Treg (Fig. 1F, p< 0.001) and Foxp3 expression (Fig. 1G, p
< 0.001) in peripheral blood were significantly elevated ac-
companied by a marked decrease in TNF-α levels (Fig. 1H,
p < 0.01) and an increase in IL-10 levels (Fig. 1I, p <

0.001). Moreover, micro-CT imaging of the model rab-
bits showed osteomyelitis, characterized by bone destruc-
tion and periosteal bone formation (Fig. 2A). HE staining
further revealed the presence of a large number of inflam-
matory cells in the bone tissue and damaged bone tissue
(Fig. 2B). Notably, CGA treatment alleviated these patho-
logical changes (Fig. 2A,B), as evidenced by a decreased
proportion of CD25+CD4+ Treg (Fig. 2C, p < 0.001),
downregulation of Foxp3 and Ctla-4 in peripheral blood
(Fig. 2D,E, p< 0.001), upregulation of TNF-α (Fig. 2F, p<
0.001), and downregulation of IL-10 (Fig. 2G, p < 0.001).

CGA Inhibited CD4+/CD8+T Cell Proliferation and
IL-2 Expression in Peripheral Blood Cells of Model
Rabbits

Compared to the control group, the model group
showed higher Brdu expression in CD4+/CD8+ T cells, in-
dicating increased proliferation of these cells (Fig. 3A). Fol-
lowing CGA treatment, CD4+/CD8+ T cell proliferation
was significantly suppressed in the model group (Fig. 3A–
C). Moreover, the model rabbits exhibited increased IL-2
protein and mRNA levels in peripheral blood, a trend that
was inhibited by CGA treatment (Fig. 3D,E, p < 0.001).

IL-2 Reversed the Therapeutic Effects of CGA in the
PTO Rabbit Model

To investigate whether the therapeutic effects of CGA
on model rabbits were associated with IL-2 inhibition, we
administered lentivirus-mediated IL-2 overexpression. In
CGA-treated rabbits, the addition of IL-2 exacerbated bone
destruction and inflammatory cell infiltration in bone tis-
sue (Fig. 4A,B). Additionally, it further increased the pro-

portion of CD25+CD4+ Treg in peripheral blood (Fig. 4C,
p < 0.001) and upregulated Foxp3, Ctla-4, and IL-10 ex-
pression while suppressing TNF-α expression (Fig. 4D–
G, p < 0.001). Moreover, the CGA-induced inhibition
of CD4+/CD8+ T cells proliferation and downregulation
of IL-2 expression were reversed by IL-2 overexpression
(Fig. 5A–E, p < 0.001).

Discussion

PTO is a complex disease with a high recurrence
rate, posing significant risks, such as amputation and life-
threatening complications, placing a heavy burden on pa-
tients and their families. Although the current study did not
directly investigate the role of CGA in treating PTO, our
findings shed light on its potential therapeutic mechanisms
from the perspective of Treg regulation, given the known
association between PTO and immunosuppression.

The previous study has indicated that the survival and
maintenance of the inhibitory phenotype of Tregs are asso-
ciated with IL-2 [21]. We treated spleen lymphocytes of
rats with IL-2 and observed a significant increase in the
proportion of Tregs, and elevated levels of Foxp3 (a spe-
cific expression marker of Treg on the cell surface), Ctla-
4, and IL-10, which are cytokines with immunosuppressive
roles in Tregs. Moreover, IL-2 stimulation led to a decrease
in TNF-α, a key inflammatory mediator. In previous re-
search, IL-2/Interleukin-2 Receptor (IL-2R) signaling alone
was shown to fine-tune TNF-α concentration, while Tregs
treated with IL-2/IL-2R antibody complexes could further
reduce TNF-α levels [22]. It has been reported that Tregs
can produce TNF-α under certain inflammatory conditions,
and TNF-α, in turn, can attenuate the immunosuppressive
function of Tregs [23]. Therefore, our findings suggest that
IL-2 may decrease TNF-α by enhancing the immunosup-
pressive function of Tregs, thereby interrupting the Treg-
TNF-α-Treg feedback loop.

The PTO rabbit model was established using Staphy-
lococcus aureus due to its role as a primary pathogen in
osteomyelitis [24,25], and we observed an increase in pe-
ripheral blood Tregs and bone tissue destruction, aligning
with a previous report [26]. Treg cells are usually upregu-
lated in inflammatory conditions due to their immunosup-
pressive properties, which help regulate inflammation and
immune responses [27,28]. Additionally, we observed in-
creased proliferation of CD4+/CD8+ T cells in PTO rab-
bits. This finding aligns with the previous study that has re-
ported extensive T lymphocyte infiltration at infection sites
in PTO patients and expansion of CD8+ T cells in periph-
eral blood [29]. CD8+ T cells are involved in the elimina-
tion of intracellular bacteria and can identify and kill other
cells infected with S. aureus [30]. CD4+ T cells mediate
the activity of other immune cells to indirectly combat in-
fections [31]. However, abnormal proliferation of T lym-
phocytes leads to persistent bone destruction. Specifically,

https://www.discovmed.com/


1017

Fig. 3. Effects of CGA on CD4+ or CD8+T lymphocyte proliferation and IL-2 expression in PTO rabbits. New Zealand white
rabbits were divided into four groups (n = 5/each group): control group (normal culture), model group (Staphylococcus aureus injected
into the tibial marrow cavity), model + vehicle group (model rabbits treated with normal saline for 4 weeks), and model + CGA group
(model rabbits treated with CGA for 4 weeks). (A–C) The proliferation of CD4+ or CD8+ T lymphocytes was determined by flow
cytometry. (D) IL-2 levels in peripheral blood were measured by ELISA. (E) The expression of IL-2 in peripheral blood was quantified
by qRT-PCR, using Gapdh as an internal control. All assays were performed in triplicate and/or repeated in at least three independent
experiments. ***p < 0.001.

https://www.discovmed.com/


1018

Fig. 4. IL-2 reversed the therapeutic effect of CGA in a rabbit model of PTO. New Zealand white rabbits were assigned to four
groups (n = 5/each group): model group (Staphylococcus aureus injected into the tibial marrow cavity), model + CGA group (model
rabbits treated with CGA for 4 weeks), model + CGA + negative control (NC) group (model rabbits treated with CGA and injected with
lentiviral negative control) and model + CGA + IL-2 group (model rabbits treated with CGA and injected with lentivirus expressing IL-2
through the tail vein 24 h before receiving treatment). (A) Micro-CT images showing tibial defects (red circles indicate hyperosteogeny
and inflammation). (B) Histological alterations were evaluated by HE staining (40× magnification, scale bar = 200 µm); blue boxes
indicate osteoporosis, severe cortical bone destruction, fibrous tissue hyperplasia, and inflammatory cell infiltration. (C) The proportion
of CD25+CD4+ Treg was detected by flow cytometry. (D,E) Foxp3 and Ctla-4 expression levels were determined by qRT-PCR, with
Gapdh as an internal control. (F,G) TNF-α and IL-10 concentrations in peripheral blood were measured by ELISA. All assays were
performed in triplicate and/or repeated in at least three independent experiments. ***p < 0.001.
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Fig. 5. IL-2 reversed the effects of CGA on CD4+ and CD8+ T lymphocyte proliferation and expression in PTO rabbits. New
Zealand white rabbits were distributed into four groups (n = 5/each group): model group (Staphylococcus aureus injected into the tibial
marrow cavity), model + CGA group (model rabbits treated with CGA for 4 weeks), model + CGA+NC group (model rabbits treated with
CGA and injected with lentiviral negative control), and model + CGA + IL-2 group (model rabbits injected with lentivirus expressing
IL-2 through the tail vein 24 h before S. aureus injection, followed by daily administration of CGA by gavage for 4 weeks). (A–C)
Proliferation of CD4+ or CD8+ T lymphocytes was determined by flow cytometry. (D) The concentration of IL-2 in peripheral blood
was quantified by ELISA. (E) The expression of IL-2 in peripheral blood was measured by qRT-PCR, with Gapdh as an internal control.
All assays were performed in triplicate and/or repeated in at least three independent experiments. ***p < 0.001.
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Tregs are derived from CD4+ T cells, while CD4+ T cells
can impair bone quality and cause bone fragility [32], and
CD8+ T cells can induce bone erosion [33]. These findings
highlight the complex and dual role of CD4+/CD8+ T cells
in PTO pathology.

Notably, long-term dysregulation of Tregs may im-
pede osteomyelitis recovery. Qi-Fen Mao et al. [34] re-
ported that excessive immunosuppression due to upregu-
lated Treg levels in osteomyelitis could lead to persistent
infectious inflammation, necessitating immunomodulatory
drug interventions. CGA, a natural phenolic compound
abundantly present in coffee and various plants, exhibits
multiple biological activities, including antioxidant, anti-
inflammatory, and immunomodulatory effects. The pre-
vious study has demonstrated that CGA effectively pro-
motes T cell infiltration in tumors [13]. Additionally, a
caffeic acid (CHA)-phospholipid complex (PC)-containing
polyethylene glycol (PEG)-modified liposomes formula-
tion has been reported to stimulate CD4+ and CD8+ T cell
infiltration, enhance memory T cell populations, and inhibit
infiltration of myeloid-derived suppressor cells [35]. In our
study, CGA improved PTO symptoms, lowered Tregs pro-
portion, and inhibited the proliferation of CD4+/CD8+ T
cells. The improvement in PTO symptoms observed with
CGA treatment may be partly attributed to Treg inhibi-
tion. Interestingly, the therapeutic effect of CGA in PTO
was reversed by IL-2 administration. Therefore, CGA may
weaken the function of Treg by inhibiting IL-2 expression,
thus improving PTO symptoms. However, the precise sig-
naling pathways through which CGAmodulates the biolog-
ical behavior of PTO remain unclear and warrant further
investigation. Moreover, CGA has been reported to reduce
the ratio of CD4+IL-17+ Th17 cells to CD4+ T cells in pe-
ripheral blood [36]. These findings suggest that Th17 cells
may also be involved in the mechanism bywhich CGA alle-
viates PTO, highlighting the need for further investigations
to explore this potential pathway.

In addition, PTO remains a significant challenge in
the field of trauma treatment. Rabbits are commonly used
to replicate trauma and surgical interventions due to their
ease of handling, relatively low breeding costs, and well-
established surgical techniques. However, their immune
response to infection differs from that of humans, and their
bone structure does not replicate human bone as closely as
that of rats or mice. Therefore, the continuous development
of new technologies is needed to provide more diverse and
innovative treatment options for PTO. Multidisciplinary re-
search approaches and personalized treatment strategies are
emerging as important future research directions.

This study has several limitations. First, although
we demonstrated that CGA exerts its therapeutic effects
through the modulation of IL-2, the exact mechanism of ac-
tion remains to be further explored. Second, the study pri-
marily focused on the short-term efficacy of CGA, while
its long-term safety and sustained effectiveness remain to

be determined. Furthermore, the absence of a sham con-
trol group limits the ability to confirm that our findings are
specific to Staphylococcus aureus-induced PTO.

Conclusion

In summary, our study demonstrates the therapeutic
effect of CGA in a PTO animal model and reveals that its
mechanism of action is associated with the inhibition of IL-
2-mediated enhancement of Treg function. These findings
provide a theoretical foundation for the potential applica-
tion of CGA in the treatment of PTO.
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