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Abstract

ACKGROUND: Chronic inflammation contributes to diabetes-associated fibrosis, through persistent hyperglycemia,
leading to increased interleukin-6 (IL-6), transforming growth factor-p (TGF-B), and collagen levels. While
metformin effectively controls blood glucose, it may not adequately suppress these pathogenic pathways. Asiatic
acid has demonstrated anti-inflammatory and antifibrotic properties, although its effects within a direct-contact macrophage—
fibroblast microenvironment such as in co-culture models remain unclear. This study was conducted to evaluate the effects
of asiatic acid on 116, Tgfbl, and soluble collagen levels in a RAW 264.7-NIH 3T3 co-culture under high-glucose and
lipopolysaccharide (HG-LPS) stimulation.
METHODS: RAW 264.7 and NIH 3T3 cells were co-cultured at ratios of 1:1-1:6, and the selected co-culture was treated
with asiatic acid (2.5, 5.0, and 10.0 pg/mL) for 24 h while HG-LPS stimulation was maintained. Unstimulated NIH 3T3
monocultures and untreated HG-LPS co-cultures served as controls. The inflammatory and profibrotic markers such as /6
and Tgfbl mRNA expression were quantified by polymerase chain reaction (PCR), and soluble collagen was measured using
a modified Sirius Red assay.
RESULTS: Among the tested ratios, the 1:1 co-culture exhibited the highest 7gfb/ mRNA expression (0.35+0.02) and
soluble collagen level (1.30+0.00) and was selected for subsequent experiments, whereas //6 mRNA expression did not
differ significantly among co-culture ratios. Under HG-LPS stimulation, //6 and Tgfb/ mRNA expression increased 3.5-
fold and 10.3-fold, respectively, compared with unstimulated NIH 3T3 monocultures. Asiatic acid significantly reduced //6
mRNA expression at 5.0 and 10.0 pg/mL, 7gfb/ mRNA expression at 2.5 pg/mL, and soluble collagen levels at all tested
concentrations, indicating a non-monotonic concentration—response pattern.
CONCLUSION: The 1:1 RAW 264.7-NIH 3T3 co-culture was the most responsive under HG-LPS stimulation and could
be in vitro platform for investigating macrophage—fibroblast interactions under hyperglycemic inflammatory conditions.
Asiatic acid modulated /6 and Tgfbl mRNA expression and soluble collagen levels in RAW 264.7-NIH 3T3 co-culture,
which suggest that Asiatic acid may be potential for the management of fibrotic inflammation.
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Introduction

The efficacy of anti-diabetic drugs to controlling diabetic
blood glucose has been established. However, inadequate
therapy may cause tissue injury. Inadequate management
of Type 2 Diabetes Mellitus (T2DM) is associated with
elevated pro-inflammatory cytokines to induce chronic
inflammation, and increased pro-fibrotic factors. Fibrosis
can occur in multiple organs in diabetic conditions.
Previous study reported that diabetic condition associated
with worse outcome in Idiopathic Pulmonary Fibrosis (IPF)
there are have a higher hospital stay length and mortality
rate.(1,2)

Fibrosis is a key factor in diabetic complications,
contributing to dysfunction in the kidneys, liver, and heart,
such as renal fibrosis as diabetic nephropathy, hepatic
fibrosis and myocardial remodeling.(3—5) These conditions
are associated with prolonged hyperglycemia, which
leads to the activation of proinflammatory macrophages.
(6) The secretion of proinflammatory cytokines, such as
interleukin (IL)-6, induces cellular stress and fibroblast
dysfunction, resulting in the overexpression of transforming
growth factor-B (TGF-B) and excessive extracellular
matrix deposition characterized with collagen secretion.
(7) Although metformin remains the first-line therapy for
T2DM and has demonstrated beneficial clinical outcomes,
diabetic complications are characterized by complex
inflammatory and profibrotic pathways that extend beyond
glycemic dysregulation.(8) Previous study reported that
metformin reduce 18% risk of hospitalization and 54%
reduction in all-cause mortality in T2DM with IPF.(9)
Diabetic complication involve complex inflammatory and
profibrotic pathways that may require therapeutic approach
beyond glycemic control. Therefore, alternative therapeutic
strategies capable of suppressing inflammation and fibrosis
are needed to address diabetic complications.

Asiatic acid from Centella asiatica has been shown to
attenuate pro-inflammatory cytokine and TGF- secretion
in macrophages.(10) Previous studies showed that 25 mg/
kg BW asiatic acid alleviates hyperglycemia and reduces
islet fibrosis in Goto—Kakizaki rats.(11) Although asiatic
acid effect on TGF-B have been confirmed in both in vivo
and in vitro studies, in vivo approaches are inherently
complex and limited in their ability to delineate the specific
roles of fibroblasts and macrophages during fibrosis.(12)
Conversely, in vitro monoculture models of fibroblasts
and/or macrophages, whether through direct exposure
or conditioned media, primarily represent unidirectional

Asiatic acid in Macrophage-Fibroblast Co-culture (Awaluddin, et al.)
Indones Biomed ]. 2026; 18(4): 397-406

interactions and lack the tissue microenvironment (TME),
which remains a major limitation of these systems.(13)

The co-culture model can demonstrate capture
macrophage—fibroblast crosstalk through both paracrine
and juxtacrine interactions.(14,15) However, direct-
contact macrophage—fibroblast co-culture models under
hyperglycemic and pro-inflammatory conditions remain
limited, and the effects of asiatic acid in this setting are
unclear. Therefore, this study was condted to identify the
most responsive RAW 264.7-NIH 3T3 co-culture ratio
under high-glucose and LPS (HG-LPS) stimulation and
evaluated the effects of asiatic acid on 7/6 and 7gfb/ mRNA

expression and soluble collagen levels.

Methods

Cell Culture

RAW 264.7 macrophages (ATCC® TIB-71; ATCC,
Manassas, VA, USA) and NIH 3T3 fibroblasts (ATCC®
CRL-1658; ATCC) passage-122 were obtained from the
Department of Biological Science and Technology, National
Pingtung University of Science and Technology (NPUST,
Pingtung, Taiwan). The cell culture was maintained in
DMEM (Gibco® 12800-058; Thermo Fisher Scientific,
Waltham, MA, USA) containing 2% penicillin—streptomycin
and 10% fetal bovine serum (FBS) (Gibco® 26140-079;
Thermo Fisher Scientific), and then incubated at 37°C
with 5% CO,. RAW 264.7 and NIH 3T3 were maintained
routinely in T-25 flask at 500,000 cells and subcultured
every two days.

Co-culture of RAW 264.7 Macrophage Cells and NIH
3T3 Fibroblast Cells

Optimization of co-culture models were conducted with
RAW 264.7 and NIH 3T3 cells were co-seeded at ratios of
1:1-1:6 in 6-well plates (Table 1). The initial seeding
number for each cell type was calculated from the projected
cell number after 72 h using the exponential growth
equation:

Nt
NO = 2t/DT

Where N is the initial number of seeded cells, N, is the
projected cell number after 72 h, while t is the incubation
time (72 h), and DT is the experimentally determined
doubling time of each cell line.

The doubling times of RAW 264.7 and NIH 3T3 cells
were experimentally determined from routine growth-curve
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Table 1. Initial cell seeding density used for each experimental group and the estimated cell

number after 72 h of culture.

Ei Cell type Initia{l Cell Seeding Estimated Cell Number
Density (Cells/well) After 72 h (Cells/well)
Unstimulated NIH 3T3 22.696 1.000.000
HG-LPS NIH 3T3 22.696 1.000.000
Co-culture 1:1 RAW 264.7 22.696 1.000.000
NIH 3T3 324.990 1.000.000
Co-culture 1:2 RAW 264.7 11.348 500.000
NIH 3T3 324.990 1.000.000
Co-culture 1:3 RAW 264.7 7.565 333.333
NIH 3T3 324.990 1.000.000
Co-culture 1:4 RAW 264.7 5.674 250.000
NIH 3T3 324.990 1.000.000
Co-culture 1:5 RAW 264.7 4.539 200.000
NIH 3T3 324.990 1.000.000
Co-culture 1:6 RAW 264.7 3.783 166.667
NIH 3T3 324.990 1.000.000

analyses under standard DMEM culture conditions and
were approximately 13.2 h and 44.4 h, respectively. The
RAW 264.7 and NIH 3T3 cells were seeded together in the
same well for 24 h in standard DMEM (containing 4500
pg/mL glucose) and incubated at 37°C and 5% CO,. After
the initial 24 h incubation, co-cultures were stimulated with
0.25 pg/mL LPS and additional D-glucose supplementation
to achieve a final glucose concentration of 5400 pug/mL in
DMEM supplemented with 10% FBS for 48 h (hereafter
referred to as HG-LPS condition). For comparison, NIH 3T3
monocultures were cultured under identical conditions
either without stimulation (unstimulated control) or
following stimulation with HG-LPS medium (HG-LPS
control). The co-culture optimization experiments were
performed using two independent biological replicates.
Subsequently, cells and culture media were collected to
assess 116 and Tgfbl mRNA expression, as well as collagen
levels.

The most responsive ratio was selected for subsequent
experiments. Cells were co-cultured under the same
conditions and stimulated with LPS and high glucose for 24
h, followed by treatment with asiatic acid (2.5, 5.0, and 10.0
pg/mL) for an additional 24 h under identical conditions.
The asiatic acid treatment experiments were performed
using three independent biological replicates. Culture
supernatants were stored at —20°C, and cells were harvested
for RNA isolation.
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Quantification of Soluble Collagen Levels in Culture
Medium

Collagen levels in the culture medium were quantified using
a modified Sirius Red assay. Collagen was precipitated with
polyethylene glycol 400 overnight and the resulting pellet
was dissolved in 0.1 M acetic acid. Type I collagen from rat
tail (Sigma-Aldrich C7661-5MG; Sigma-Aldrich, St. Louis,
MO, USA) served as the standard, with DMEM as the
medium control and 0.1 M acetic acid as the solvent control.
Fifty uL of samples were mixed with 250 pL of 1% Sirius
Red solution and incubated at room temperature for 20 min
to allow collagen precipitation. Excess dye was removed
using 0.1 N HCI, followed by dissolution of the pellet in
0.5 M NaOH (150 pL). The solution was transferred to a
96-well plate, and absorbance was measured at 540 nm.
The absorbance values were corrected by subtracting the
vehicle control absorbance. Soluble collagen concentrations
(ng/mL) were subsequently calculated by extrapolation
from the linear regression equation of the Type I collagen
standard curve. The collagen assay was performed using
three independent biological replicates. Soluble collagen
concentrations were expressed as pg/mL.(16)

RNA Isolation and Polymerase Chain Reaction (PCR)
Analysis

Total RNA from control and treated cells was extracted
using Tri-RNA reagent. Total RNA concentration and purity
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were assessed spectrophotometrically using a NanoDrop
Lite spectrophotometer (Thermo Fisher Scientific) by
measuring absorbance at 260/280 nm ratio.(17) Reverse
transcription was performed using 100 ng/pL RNA, mixed
with ExcelRT™ Reverse Transcription Kit II (Smobio
RP1400; SMOBIO Technology, Hsinchu City, Taiwan), and
thermal cycler were set at 25°C for 11 min, 42°C for 50
min, and 85°C for 5 min. PCR amplification was carried
out using 1 pL of cDNA with gene-specific primers for
1l6 (forward: 5-ACTGATGCTGGTGACAACCACG-3';
reverse: 5-AGCCTCCGACTTGTGAAGTGG-3"), Tgfbl
(forward: 5-TTCCGCTGCTACTGCAAGTCA-3'"; reverse:
5'-GGGTAGCGATCGAGTGTCCA-3"), and  Gapdh
(forward: 5-TGTGTCCGTCGTGGATCTGA-3'; reverse:
5'-TTGCTGTTGAAGTCGCAGGAG-3'). The
were designed using Primer-BLAST and synthesized

primers

commercially. Primer specificity was confirmed by the
appearance of a single amplicon band in RT-PCR analysis.
116 and Tgfbl mRNA expressions were quantified by reverse
transcription PCR (RT-PCR) and quantitative real-time PCR
(qRT-PCR) using Gapdh as the internal reference gene.

RT-PCR was used to evaluate //6 and Tgfbl mRNA
expression in the optimized co-culture model using GoTaq®
Green Master Mix (Promega M7122; Promega Corporation,
Madison, WI, USA). Amplification was performed for 35
cycles under the following conditions: initial denaturation
at 95°C for 7 min; annealing at 60°C (Gapdh), 62°C (116),
and 54°C (Tgfbl) for 1 min; and extension at 72°C for
4 min 45 s. All reactions were carried out in duplicate.
PCR products were separated on 2% agarose gels, stained
with FluoroVue™ nucleic acid stain, and quantified by
densitometry using ImageJ (National Institutes for Health,
Bethesda, MD, USA).

qRT-PCR was performed using ExcelTaq™ 2x Fast
Q-PCR Master Mix (SYBR, ROX) on a C1000 Thermal
Cycler CFX96™ system (Bio-Rad, Hercules, CA, USA).
The reactions were run for 40 cycles under the following
conditions: pre-denaturation at 95°C for 1 min, denaturation
at 95°C for 30 s, and annealing at 62°C (116) and 55.3°C
(Tgfbl) for 30 s. Melt-curve analysis was performed for
each qRT-PCR assay to assess amplification specificity,
and the corresponding no-template controls (NTCs) were
evaluated for nonspecific amplification. Each biological
sample was analyzed in technical duplicate, and relative
gene expression was calculated using the 27244 method.(18)

Statistical Analysis
Data on /I6 and Tgfbl mRNA expression and collagen
levels were presented as meantstandard deviation (SD).
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Data normality was assessed using the Shapiro—Wilk test.
Normally distributed data were analyzed using one-way
ANOVA followed by Tukey's multiple comparison test.
Differences were considered statistically significant at
p<0.05 and p<0.01.

Results

Optimization of RAW 264.7-NIH 3T3 Co-culture Ratio
in HG-LPS Condition

In order to find the most responsive direct contact co-
culture ratio for a diabetes mellitus in vitro model. The /6
and 7gfbl mRNA expressions, and collagen secretion were
evaluated in various ratio of RAW 264.7 and NIH 3T3 co-
culture cells.

116 mRNA Expression

Based on the analysis of 7/6 mRNA expression (Figure 1),
co-culture cells cultured under HG-LPS conditions exhibited
higher 7/6 mRNA expression than NIH 3T3 monoculture
cells cultured under HG-LPS conditions (1.23+£0.01 wvs.
1.034£0.04, p=0.024). However, no statistically significant
differences were observed compared with the other
experimental groups.

Tgfbl mRNA Expression

As shown in Figure 2, Tgfbl mRNA expression was
significantly higher in the 1:1 and 1:3 co-culture groups
than in the NIH 3T3 monoculture unstimulated (0.35+0.02
and 0.34+0.00 vs. 0.18+0.04, p=0.019 and p=0.031) and
HG-LPS conditions (vs. 0.14+0.01, p=0.006 and p=0.009).
In contrast, 7gfb/ mRNA expression in the 1:5 and 1:6 co-

116 mRNA Relative Expression

Figure 1. The 716 mRNA expressions in variation of RAW 264.7—
NIH 3T3 co-culture ratio in HG-LPS conditions. Statistical
significance: *p<0.05, **p<0.01 with a (vs. Unstimulated), b (vs.
HG-LPS), ¢ (vs. Co-culture 1:1), n=2.
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Figure 2. The Tgfbl mRNA expressions in variation of RAW
264.7-NIH 3T3 co-culture ratio in HG-LPS conditions.
Statistical ~significance: *p<0.05, **p<0.01 with a (vs.
Unstimulated), b (vs. HG-LPS), ¢ (vs. Co-culture 1:1), n=2.

culture groups was significantly lower than that in the 1:1
co-culture group (0.14+0.03 and 0.12+0.06 vs. 0.35+0.02,
p=0.005 and p=0.003).

Soluble Collagen Level

As shown in Figure 3, the 1:1 co-culture group exhibited
the highest relative collagen level (1.30+0.00) among all
groups. However, statistical significance was observed only
when compared with the 1:5 and 1:6 co-culture groups
(0.56+0.03 and 0.53+0.02, p=0.031 and p=0.025).

Effect of Asiatic Acid on the Optimized Co-culture
Model in HG-LPS Condition

To understand asiatic acid effects on inflammation and
collagen secretion, we investigated //6 and Tgfbl mRNA

c**

Relative Collagen Level
<)
b3
E3

Figure 3. The relative soluble collagen level (OD sample/OD
medium control) in variation of RAW 264.7-NIH 3T3 co-
culture ratio in HG-LPS conditions. Statistical significance:
*p<0.05, **p<0.01 with a (vs. Unstimulated), b (vs. HG-LPS), ¢
(vs. Co-culture 1:1), n=2.
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expression, and collagen level in a optimized co-culture
(1:1) of RAW 264.7 and NIH 3T3 cells induced HG-LPS
medium after treated with various concentrations of Asiatic
acid (2.5, 5.0, and 10.0 pg/mL) for 24 h.
116 mRNA Expression
As shown in Figure 4, the //6 mRNA expression on a co-
culture cell was significantly higher 3.5 fold compared
with unstimulated NIH 3T3 monoculture (3.54+0.94 vs.
1.0540.44, p=0.002). The asiatic acid attenuates //6 mRNA
expression. The //6 mRNA expression in co-culture cells
treated asiatic acid (5.0 and 10.0 ug/mL) were lower
significantly (p<0.05) than co-culture cells (2.77+0.53,
»=0.029 and 1.66+0.053, p=0.016 vs. 3.54+0.94). Melt-
curve analysis of the //6 assay (Supplementary 1) showed
a single peak for both //6 and Gapdh, with melting
temperatures (Tm) of 80.5°C and 83.0°C, respectively.
No amplification peak was observed in the corresponding
NTCs.
Tgfbl mRNA Expression
As shown in Figure 5, Tgfbl mRNA expression was
significantly higher 10.3 fold in the co-culture group than
in unstimulated NIH 3T3 monoculture (10.3£0.63 vs.
1.03£0.28, p=0.001). Treatment with asiatic acid modulated
Tegfbl mRNA expression in the co-culture cells. Specifically,
asiatic acid at 2.5 pg/mL significantly reduced 7igfb/ mRNA
expression compared with the co-culture group (7.77+0.89
vs. 10.3+0.63, p=0.009). In contrast, treatment with 5.0
pg/mL resulted in a higher Tgfb/ mRNA expression than
the co-culture group, whereas treatment with 10.0 ug/mL
resulted in a lower expression; however, neither difference
was statistically significant. Melt-curve analysis of the
Tefbl assay (Supplementary 2) showed a single peak for
both Tgfbl and Gapdh, with Tm of 84.5°C and 83.0°C,
respectively. No amplification peak was observed in the
Tefbl NTC, whereas minor amplification was observed in
the Gapdh NTC at a melting temperature distinct from that
of the Gapdh amplicon.
Soluble Collagen Level
As shown in Figure 6, the collagen level on a co-culture
cell were higher significantly (p<0.01) compared with
unstimulated NIH 3T3 monoculture (104.67+£35.05
vs. 19.04£5.01, p=0.001). Collagen levels showed a
lower significantly difference following exposure to all
concentrations of asiatic acid compared with the co-culture
cell group, despite exhibiting an inverse concentration-
dependent (43.21+£8.53; 52.17£1.57; and 58.21+1.57 vs.
104.67+35.05, p=0.007; 0.018; and 0.037, respectively).
Direct-contact co-culture under HG-LPS-induced
conditions and exposure to asiatic acid affected the
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116/Gapdh mRNA Expression
(Fold Change)

Figure 4. Effects of asiatic acid on //6 mRNA expression in RAW
264.7-NIH 3T3 co-culture 1:1. Data are presented as mean+SD
from three independent experiments. Statistical significance:
*p<0.05, **p<0.01 with a (vs. Unstimulated), b (vs. CC), n=3. CC:
co-culture cell; AA: asiatic acid.

microscopic morphology of the cells. As shown in Figure 7A,
NIH 3T3 cells in monoculture exhibited a large, elongated,
and irregular (stellate-like) morphology, whereas NIH 3T3
cells in co-culture displayed smaller, spindle-shaped and
elongated morphologies. In contrast, macrophages showed
prominent pseudopodia and irregular shapes (Figure 7B).
Furthermore, in co-cultured cells treated with asiatic
acid, NIH 3T3 cells exhibited irregular morphologies,
accompanied by an increased number of round-shaped
RAW 264.7 cells. However, visual observation revealed
no marked morphological differences among the various
concentrations of asiatic acid (Figure 7C-7E).

10.00 - ab¥

(Fold Change)

Tgfb1l/Gapdh mRNA Expression

Figure 5. Effects of asiatic acid on 7gfb] mRNA expression
in RAW 264.7-NIH 3T3 co-culture 1:1. Data are presented
as mean+tSD from three independent experiments. Statistical
significance: *p<0.05, **p<0.01 with a (vs. Unstimulated), b (vs.
CC), n=3. CC: co-culture cell; AA: asiatic acid.
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Discussion

High glucose in this study play role to reproduce the
hyperglycemic stress metabolic associated with diabetes,
whereas LPS promotes inflammatory stress to activate
macrophage and enhance macrophage-fibroblast crosstalk.
(19) The combined stimulation was intended to establish a
hyperglycemic inflammatory microenvironment condition
that mimics selected inflammatory features associated with
diabetic complication. As shown in Figure 1 and Figure 2,
116 and Tgfbl mRNA expression in co-culture cells is higher
than in unstimulated NIH 3T3 monoculture. HS-LPS tended
to increase 116 expression; however, the difference was not
statistically significant. Hyperglycemia has been reported to
activate macrophage cells to amplify Toll-like receptors and
secrete proinflammatory cytokines.(20,21) Proinflammatory
macrophages release various mediators, including cytokines,
chemokines, and growth factors (22,23), which can promote
excessive collagen production in fibroblasts, particularly
in idiopathic pulmonary fibrosis.(24) Direct macrophage—
fibroblast co-culture further enhances signaling via autocrine
and paracrine interactions.(25). Although /6 expression
also tended to be higher in the 1:1 co-culture, the differences
among co-culture ratios were not statistically significant.
Previous studies have suggested that combined HS-LPS
stimulation may increase soluble collagen levels, potentially
reflecting enhanced inflammatory and profibrotic mediator
in the mixed-cell system.(26) In this study, LPS and high-
glucose stimulation increased //6 mRNA expression more

140.0
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Collagen Level
(1g/100 mg protein)
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Figure 6. Effects of asiatic acid on collagen levels in RAW
264.7-NIH 3T3 co-culture 1:1. Data are presented as mean+SD
from three independent experiments. Statistical significance:
*p<0.05, **p<0.01 with a (vs. Unstimulated), b (vs. CC), n=3. CC:
co-culture cell; AA: asiatic acid.
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prominently in RAW 264.7-NIH 3T3 co-cultures than in
NIH 3T3 monocultures. These findings are consistent with
previous studies suggesting that HG-LPS stimulation may
promote inflammatory responses trough mitochondrial
oxidative stress and Toll-like receptor 4 (TLR4) signaling,
despite this pathways were note evaluated in the present
study.(27,28)

The in vitro direct-contact co-culture model was used
to investigate macrophage-fibroblast interactions under
hyperglycemic inflammatory conditions. The co-culture
cells RAW 264.7 and NIH 3T3 under conditions of LPS and
high glucose were also associated with hypersecretion of
collagen, which may be associated with enhanced profibrotic
signaling, including TGF-f related pathways reported in
previous studies. The previous research reported that pro-
inflammatory macrophages induce expression of type-1 and
type-3 collagen genes in human skin fibroblast cells cultured
in LPS-induced macrophage-conditioned media. Fibroblast
cells have IL-6 and TGF-P transmembrane receptors on the
surface, which were associated with inflammatory mediators
produced by macrophage.(29)

The current findings demonstrate that varying the
RAW 264.7-NIH 3T3 cell ratio influenced 7gfb/ mRNA
expression and soluble collagen levels, whereas 7/6 mRNA
expression showed no statistically significant differences
among the tested co-culture ratios. The 1:1 ratio was
selected for subsequent experiments because it exhibited
the highest 7gfb/ mRNA expression and soluble collagen
level among the tested ratios. These differences may reflect
altered macrophage—fibroblast interactions resulting from
different cell ratios. According to previous studies, TGF-§
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Figure 7. Morphology of macrophage and fibroblast
cells after 24 h treated with asiatic acid on RAW 264.7
macrophage (yellow arrow) and NIH 3T3 Fibroblast
(green arrow) co-culture cells in HG-LPS medium. A:
Unstimulated NIH 3T3 fibroblast monoculture cells. B: RAW
264.7 macrophage and NIH 3T3 Fibroblast co-culture cells.
C: Co-culture cells treated with 2.5 pg/mL asiatic acid. D: Co-
culture cells treated with 5.0 pg/mL asiatic acid. E: Co-culture
cells treated with 10.0 pg/mL asiatic acid . White bar: 50 pm.

signaling may be enhanced through autocrine and paracrine
mechanisms and proceeds via both Smad-dependent and
Smad-independent pathways.(30) In the Smad-dependent
pathway, TGF-B receptor activation promotes Smad2/3—
Smad4 complex formation, leading to transcription of
collagen-related genes. Alternatively, Smad-independent
signaling may involve mitogen-activated protein kinase
(MAPK) pathways, including extracellular signal-regulated
kinase (ERK), p38, and c-Jun N-terminal kinase (JNK)
which can also regulate activator protein-1 (AP-1) activity
and extracellular matrix production. This hypothesis
provides possible mechanism that may explain increased
Tefbl expression and soluble collagen levels observed in
the HG-LPS stimulated co-culture model, although these
signaling pathways were not directly investigated in the
present study and needs to be validated in further studies.
(31)

The results of current study revealed that asiatic acid
modulated inflammatory and profibrotic markers in the
co-cuture model. Significant reduction in 7gfb/ mRNA
expression and soluble collagen levels were observed.
However, overall responses across concentrations were
non-monotonic rather than concentration dependent. TGF-3
is a pleiotropic cytokine with immunoregulatory function
and a well-established role as a key profibrotic mediator.
(32) Asiatic acid may attenuate inflammatory signaling and
thereby reduce extracelluar matrix remodeling in the co-
culture model.(33) Asiatic acid alleviates inflammation in
RAW 264.7 cells via inhibition of nuclear factor-kappaB
(NF-kB) and Notch signaling pathways.(34) Previous
studies suggest that inhibition of NF-kB and Notch
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signaling may attenuate inflammatory signaling, which
could contribute to the reduce //6 expression observed in the
co-culture system. Another study reported that Asiatic acid
inhibit collagen secretion by suppress of signal transducer
and activator of transcription 3 (STAT3) pathway activation.
(35) These pathway may contribute to the observed
reduction in soluble collagen levels, although STAT3 was
not examined in the present study. However, the changes in
116 mRNA expression were not consistently accompanied
by similar changes in 7gfbl mRNA expression or soluble
collagen levels across the tested asiatic acid concentrations,
suggesting that //6 alone may not fully explain the profibrotic
response observed in this model. Evidence from previous
studies indicates that TGF-B expression is regulated by
multiple pro-inflammatory cytokines, including IL-1p,
TNF-a, and IL-6, together with other signaling pathways
involved in tissue remodeling. Therefore, the differential
response patterns observed in the present study may reflect
the complex regulation of inflammatory and profibrotic
signaling rather than a direct relationship between //6
expression and downstream fibrotic markers.(36)

Current findings showed that reduction in soluble
collagen levels did not consistently parallel the changes in
Tefbl expression, suggesting that collagen production may
be regulated by multiple pathways beyond TGF-f alone.
Previous studies have implicated both Smad-dependent and
non-Smad signaling, including MAPK, JNK, p38, IKK,
and phosphoinositide 3-kinase (PI3K) pathways, in the
regulation of collagen production.(37,38) These pathways
may represent alternative mechanisms underlying the
collagen response observed in the present study, although
they were not directly investigated.

As shown in Figure 7C-7E, morphological
observations also revealed cell shrinkage, cytoplasmic
condensation, and reduced cell density in the co-culture
treated with 10 pg/mL asiatic acid, which may indicate
cytotoxicity or apoptosis. However, cell viability was not
directly evaluated in this HG-LPS medium. In our previous
study, asiatic acid at concentrations of 3.125-12.5 pg/
mL maintained >80% viability in RAW 264.7 and NIH
3T3 monocultures under standard culture conditions, with
IC,, values of 15.21 and 18.95 pg/mL, respectively.(39)
Nevertheless, because cell viability was not reassessed under
HG-LPS-stimulated co-culture conditions, the contribution
of cytotoxicity to the observed reductions in 116, Tgfbl,
and soluble collagen levels cannot be completely excluded.
Previous research has shown that asiatic acid can induce
apoptosis via several signaling pathways, including TGF-f/
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Yes-associated protein (YAP)-mediated signaling and the
modulation of B-cell lymphoma 2 (Bcl-2), Bcl-2-associated
X protein (Bax), and Bcl-xL expression.(40) However,
these pathways were not investigated in the current study
and should therefore be considered potential mechanistic
hypotheses rather than confirmed mechanisms. Our findings
indicate that asiatic acid modulated 716, Tgfb1, and soluble
collagen levels in the macrophage—fibroblast co-culture
model, despite the response was non-monotonic rather than
concentration-dependent. Such variable responses across
concentrations may reflect the complexity of inflammatory
and profibrotic signaling networks or differences in cellular
responses within the direct-contact co-culture system.

The findings of this study have limitations there
are that could be addressed in future research. First,
RNA and soluble collagen were obtained from direct-
contact co-cultures. Therefore, the relative contribution
of RAW 264.7 macrophages and NIH 3T3 fibroblasts to
116, Tgfbl, and soluble collagen production could not be
distinguished. Second, the experimental design did not
include unstimulated co-culture, LPS-only, or high-glucose-
only control groups. Inclusion of these controls would
facilitate the evaluation of the independent and combined
effects of hyperglycemia and inflammatory stimulation on
the co-culture model. Furthermore, information regarding
passage history, cell-line authentication, and mycoplasma
testing was unavailable for the cell stocks obtained from the
collaborating institution. Finally, amplification efficiency
could not be retrospectively determined because no serial-
dilution standard curve was performed, although melt-curve
analysis and corresponding no-template controls were
evaluated to assess amplification specificity.

Conclusion

Among the tested direct-contact RAW 264.7-NIH 3T3
co-culture ratios, the 1:1 ratio was the most responsive
within an HG-LPS-induced hyperglycemic inflammatory
microenvironment, and might be used as a responsive in
vitro platform for investigating macrophage—fibroblast
interactions under

and pharmacological responses

hyperglycemic inflammatory conditions. Asiatic acid
modulated 116 mRNA expression, Tgfbl mRNA expression,
and soluble collagen levels in RAW 264.7-NIH 3T3 co-
culture, with a non-monotonic concentration-response
pattern. These findings suggest that Asiatic acid might be

potential for the management of fibrotic inflammation.
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