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ABSTRACT: Objectives: The present study investigated whether Tripartite Motif-Containing Protein 32 (TRIM32)
contributes to the aberrant activation of keloid fibroblasts (KFs) via glycolysis. Methods: The expression levels of
TRIM32, pyruvate dehydrogenase kinase 1 (PDK1), hexokinase 2 (HK2), and glucose transporter 1 (GLUT1) in
normal human skin fibroblasts (NFs) and KFs were analyzed using RT-qPCR analyses and western blotting. Cellular
proliferation, invasion, and migration were evaluated using Transwell, wound healing, 5-ethynyl-2′-deoxyuridine
(EdU), and cell counting kit-8 (CCK-8) assays. The extracellular acidification rate (ECAR) was measured using the
XF96 Extracellular Flux Analyzer. Glucose uptake and ATP production were measured using specific assay kits.
The expression of α-smooth muscle actin (α-SMA) was determined by immunofluorescence assays. The expression
levels of collagen I, α-smooth muscle actin (α-SMA), fibronectin (FN), and components of the phosphoinositide-3-
kinase/protein kinase B (PI3K/AKT) signaling pathway were quantified by western blotting. Results: The expression
of TRIM32 and glycolysis-related proteins was significantly elevated in KFs compared to that in NFs. TRIM32 overex-
pression enhanced the proliferation, invasion, and migration of KFs, as well as extracellular matrix (ECM) deposition,
glucose uptake, and ATP production, while TRIM32 silencing produced the opposite effects. The glycolysis inhibitor,
2-deoxy-glucose (2-DG), significantly suppressed the biological functions of KFs; however, TRIM32 overexpression
effectively counteracted the inhibitory effects of 2-DG. TRIM32 activated the PI3K/AKT signaling pathway in KFs.
The PI3K inhibitor LY294002 decreased cellular glycolysis, with TRIM32 overexpression mitigated these inhibitory
effects. Conclusion: This study demonstrated that TRIM32 enhances the viability of KFs by regulating glycolytic activity,
potentially mediated via the PI3K/AKT signaling pathway, thereby suggesting novel therapeutic approaches for the
treatment of keloids.
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1 Introduction
Keloids represent a proliferative scarring condition characterized by the excessive deposition of extra-

cellular matrix (ECM) and the abnormal proliferation of fibroblasts [1]. The expansion of a keloid beyond its
original boundary and subsequent invasion into adjacent normal skin tissues resembles tumor-like behavior,
leading to its classification as a benign dermal tumor [2,3]. Keloid formation typically results from trauma,
infection, or burns, and is frequently accompanied by pain, itching, discomfort, and occasional bleeding.
These lesions persist without spontaneous regression and exhibit high recurrence rates, often causing
significant psychological distress in patients [4]. The conventional treatments include surgical excision, laser
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therapy, radiotherapy, or a combination of surgery and steroid injection [5]; however, no method consistently
ensures a cure or effectively reduces the recurrence rates. Keloids remain among the most challenging
dermatological conditions. Targeting the proliferation, invasion, and migration of fibroblasts, as well as ECM
formation and deposition, may offer an effective strategy for inhibiting the progression of keloid scars.

Glycolysis was first identified and characterized in cancer cells. To facilitate rapid proliferation and
malignant transformation, tumor cells shift from oxidative phosphorylation to aerobic glycolysis, generating
energy by producing lactic acid through elevated glucose consumption [6,7]. Recent studies have established
metabolic reprogramming as a critical factor in fibrotic conditions, including keloids [8]. Research indicates
that keloid tissues exhibit enhanced glucose metabolism compared to that in normal skin, characterized
by increased glucose uptake by fibroblasts, elevated lactate production, and increased activity of glycolytic
enzymes [9]. Consequently, glycolysis represents a potential target for inhibiting the activation of keloid
fibroblasts (KFs).

The proteins in the tripartite motif (TRIM) family consist of over 70 protein members that play key
roles in cell proliferation, apoptosis, cell cycle regulation, autophagy, and muscle homeostasis [10]. TRIM-
Containing Protein 32 (TRIM32) is a member of the TRIM family that participates in various physiological
processes, including inflammatory cell damage, oxidative stress, muscle regeneration, and tumorigenesis [11].
Research indicates that the inhibition of TRIM32 reduces high glucose-induced apoptosis, oxidative stress,
and inflammatory injury in podocytes by modulating the protein kinase B (AKT)/glycogen synthase kinase-
3 beta (GSK-3β)/nuclear factor-erythroid 2 related factor 2 (Nrf2) signaling pathway [12]. Furthermore,
TRIM32 has been shown to enhance the proliferation and invasion of gastric cancer cells by activating the β-
connexin signaling pathway [13]. Recent studies have identified the roles of TRIM32 in glycolysis-mediated
cell growth. TRIM32 silencing has been shown to induce apoptosis and inhibit the proliferation of gastric
cancer cells in vitro [14]. TRIM32 promotes glycolysis and tumor progression in oral squamous cell carcinoma
cells by accelerating the degradation of fructose-bisphosphatase 2 (FBP2) via direct interactions [15]. Studies
have additionally revealed that TRIM32 expression is upregulated in keloid tissues compared to that in
normal skin samples [16]. The previse role of TRIM32 in the activation of KFs through glycolysis warrants
further investigation.

It has been demonstrated that the proliferation of KFs is enhanced via the phosphoinositide-3-kinase
(PI3K)/AKT signaling pathway [17], and that the long-chain non-coding RNA, uc003jox.1, promotes the
invasion and proliferation of KFs by activating PI3K/AKT signaling [18]. It has been additionally observed
that TRIM32 facilitates glycolysis and activates the PI3K/AKT signaling pathway [14], while AKT signaling
promotes glycolytic activity [19]. The present study aimed to investigate whether TRIM32 promotes glycolysis
via the AKT signaling pathway.

2 Materials and Methods

2.1 Cell Culture
Human KFs and normal skin fibroblasts (NFs) were obtained from the American Type Culture

Collection (USA). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone, Cat. No.
SH30022, Shanghai, China) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Cat.
No. 10270-106, Waltham, MA, USA) and 1% penicillin-streptomycin solution (100 IU/mL, Sigma-Aldrich,
Cat. No. P0389, St. Louis, MO, USA). All the cells were maintained at 37○C in a sterile incubator in an
atmosphere containing 5% CO2. All the cell lines were regularly screened for Mycoplasma contamination to
ensure experimental reliability, and the results confirmed the absence of Mycoplasma contamination in all
cell lines.
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2.2 Cell Transfection
Negative control (Ov-NC) and TRIM32 overexpression (Ov-TRIM32) plasmids (Hanbio, Shanghai,

China) were constructed to induce TRIM32 overexpression in KFs. TRIM32 expression was downregulated
in KFs using an siRNA targeting TRIM32 (siRNA-TRIM32: 5′-AUAACUCCCUCAAGGUAUAUATT-3′)
and a negative control siRNA (siRNA-NC: 5′-UGAAGUUGAGAAGUCCAAUAGTT-3′) (Hanbio, China).
The plasmids or siRNAs were transfected into KFs using Lipofectamine 2000 regent (Thermo Fisher
Scientific, Waltham, MA, USA). The transfected cells were harvested after 48 h of incubation for subsequent
experiments.

2.3 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)
Total RNA was extracted from the transfected and control KFs using TRIzol reagent (T9108, Takara,

Dalian, China), and cDNA was synthesized using a reverse transcription kit (RR067A, Takara). We subse-
quently conducted qPCR using an ABI Prism 7300 system (Thermo Fisher Scientific, Waltham, MA, USA).
The relative mRNA expression levels were analyzed using the 2−ΔΔCt method (Table S1).

2.4 Western Blotting
Total proteins were extracted from the transfected and control KFs using RIPA buffer (Beyotime,

P0013C, Shanghai, China). Protein concentrations were determined using the BCA Assay Kit (Thermo Fisher
Scientific, Cat. No. 23225, Waltham, MA, USA). The total protein (40 μg) was subsequently separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to poly(vinylidene
fluoride) (PVDF) membranes (Merck Millipore, Cat. No. IPVH00010, Hessen, Germany). The membranes
were blocked with 5% skim milk and incubated overnight with primary antibodies at 4○C. The membranes
were subsequently incubated with HRP-conjugated secondary antibodies (goat anti-rabbit (1:2000, ab6721,
Abcam, Cambridge, UK) or goat anti-mouse (1:2000, ab205719, Abcam, Cambridge, UK) antibodies) for
1 h at room temperature. The protein bands were visualized using an ECL reagent (Epizyme, Cat No.
23451, Shanghai, China). The density of the target protein bands was analyzed using ImageJ software (v.3.0)
(Bio-Rad Laboratories, Hercules, CA, USA). The primary antibodies used in this study included: TRIM32
(1:1000, Cat. No. ab96612, Abcam, Cambridge, UK), glucose transporter 1 (GLUT1; 1:800, Cat. No. ab150299,
Abcam, Cambridge, UK), hexokinase 2 (HK2; 1:1000, Cat. No. 2867, CST, Danvers, MA, USA), pyruvate
dehydrogenase kinase 1 (PDK1; 1:1000, Cat. No. 3062, CST, Danvers, USA), PI3K (1:1000, Cat. No. 4292, CST,
Danvers, USA), phosphorylated PI3K (p-PI3K; 1:1000, Cat. No. 4228, CST, Danvers, USA), β-actin (1:1000,
Cat. No. 4967, CST, Danvers, USA), collagen I (1:1000, Cat. No. 72026, Proteintech, Wuhan, China), p-AKT
(1:2000, Cat. No. 66444-1-Ig, Proteintech, Wuhan, China), AKT (1:2000, Cat. No. 10176-2-AP, Proteintech),
fibronectin (FN; 1:2000, Cat. No. 15613-1-AP, Proteintech, Wuhan, China), and alpha-smooth muscle actin
(1:1000, Cat. No. 14395-1-AP, Proteintech, Wuhan, China). The AKT inhibitor LY294002 was purchased from
Sigma-Aldrich (Cat. No. #124005, USA) [20].

2.5 Cell Counting Kit-8 (CCK-8) Assays
KFs from the different treatment groups were seeded into 96-well plates at a density of 3000 cells/well

and cultured in an incubator. The wells were supplemented with 100 μL fresh DMEM and 10 μL CCK-
8 reagent (C0038, Beyotime, Shanghai, China). After 30 min of incubation at 37○C, the absorbance was
measured at 450 nm using a Multiskan SkyHigh microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA).
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2.6 Determination of Cell Proliferation with 5-Ethynyl-2′-deoxyuridine (EdU) Assays
EdU assays were performed using the EdU Cell Proliferation Assay Kit (C0071S, Beyotime, Shanghai,

China) according to the manufacturer’s instructions. Briefly, KFs from the different treatment groups were
seeded into 96-well plates at a density of 3× 103 cells/well. EdU reagent (50 μL) was added to the cells, followed
by nuclear staining with DAPI reagent (C1005, Beyotime, Shanghai, China). The cells were subsequently
visualized and photographed using a fluorescence microscope (Olympus, Cat. No. CKX53, Tokyo, Japan).

2.7 Wound Healing Assays
Control or transfected KFs were seeded into 6-well plates at a density of 2× 105 cells/well. When the cells

in the culture reached 80%–90% confluence, the monolayer was scratched with the tip of a 200 μL pipette.
After 24 h of incubation, images were captured using a microscope (CK40, Olympus Corporation, Tokyo,
Japan), and the wound areas in each treatment group were analyzed using ImageJ software.

2.8 Transwell Assays
Transfected or control KFs were suspended in 100 μL serum-free DMEM at a density of 2× 104 cells/well

and seeded into the upper chambers of Matrigel-coated 24-well plates. The lower chamber was filled with
500 μL of complete medium, and the cells were incubated for 24 h. The invaded cells were fixed with 4%
paraformaldehyde for 15 min and stained with 0.1% crystal violet reagent (C0121, Beyotime, Shanghai, China)
for an additional 15 min. Cell invasion was quantified by counting the stained cells in randomly selected
fields under a microscope (CK40, Olympus Corporation).

2.9 Measurement of Glucose Absorption and ATP Production
Glucose uptake was measured using a Glucose Colorimetric Assay Kit (BioVision, #K606-100, Exton,

PA, USA), according to the manufacturer’s protocol. The transfected and control KFs were separately
seeded in 6-well plates at a density of 1 × 106 cells/well. After 8 h of attachment, the cells were cultured in
serum-free medium for 24 h. After collecting the supernatant, the glucose levels were measured using a
Glucose Assay Kit (Abcam, Cat. No. ab65333, Cambridge, UK). Glucose uptake was indirectly determined
by measuring the residual glucose in the cell culture medium. The ATP levels in the transfected and control
KFs were quantified using an ATP Assay Kit (Beyotime, Shanghai, China, Cat. No. S0026), according to
the manufacturer’s instructions. Briefly, the cells were lysed in ATP assay buffer, mixed with ATP working
solution, and incubated at room temperature for ten seconds. The relative light units (RLUs) were measured
using a luminometer (Winooski, VT, USA). The protein concentrations in the samples were determined
using a BCA kit (Beyotime, Shanghai, China), and the ATP levels were calculated based on a standard curve.
All the measurements were performed in triplicate for each sample and standard.

2.10 Immunofluorescence Experiments
KFs from the different treatment groups were seeded in 12-well plates at a density of 1.5 × 105 cells/well

and incubated overnight. The cells were fixed with 4% paraformaldehyde for 15 min and permeabilized by
incubating with 0.1% TritonX-100 reagent for 5 min. The cells were blocked with 5% bovine serum albumin
(BSA) (ST023, Beyotime, Shanghai, China) and incubated overnight at 4○C with an α-SMA primary antibody
(1:150,14395-1-AP, Proteintech, Wuhan, China), followed by incubation with the corresponding secondary
antibody (1:200, Cat. No. RGAR002, Proteintech, Wuhan, China) for 1 h at room temperature. Nuclear
staining was performed using DAPI reagent (Beyotime, Cat. No. C1005, Shanghai, China), and images were
captured using a fluorescence microscope (CK40, Olympus Corporation).



BIOCELL. 2025;49(8) 1533

2.11 Detection of Extracellular Acidification Rate (ECAR)
The ECAR was measured using an XF96 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara,

CA, USA). Following the manufacturer’s instructions, KFs treated with the glycolysis inhibitor, 2-DG (Sigma-
Aldrich, Cat. No. D8375), were seeded in 96-well plates at a density of 5 ×104 cells/well, and the ECAR was
measured using the Seahorse XP glycolytic Stress Test Kit (Agilent Technologies, Cat. No. #103017100). Data
analysis was performed using Seahorse software, and the ECAR was expressed in mpH/min.

2.12 Statistical Analyses
All the experiments were independently conducted in at least triplicate. Data analysis was performed

using GraphPad Prism software (v8.0; GraphPad Software, San Diego, CA, USA), and the results were
expressed as the mean ± standard deviation (SD). The statistical significance of the inter-group differences
was determined by one-way analysis of variance (ANOVA) or Student’s t-tests, with p < 0.05 considered
statistically significant.

3 Results

3.1 KFs Exhibited Elevated TRIM32 Expression and Enhanced Glycolytic Activity
The expression levels of TRIM32 and glycolysis-related proteins in KFs were initially investigated in this

study. Western blotting and RT-qPCR analyses revealed that TRIM32 expression was significantly elevated
in KFs compared to that in NFs (Fig. 1A,B). The expression levels of GLUT1, HK2, and PDK1 were also
upregulated in the KF group relative to those in the NF group (Fig. 1C,D). These preliminary findings
demonstrated that TRIM32 expression and glycolytic activity were elevated in KFs.

Figure 1: (Continued)
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Figure 1: Keloid fibroblasts (KFs) exhibit elevated TRIM32 expression and glycolytic activity. (A, B). Expression levels
of TRIM32 in human KFs and normal fibroblasts (NFs), as determined by western blotting and RT-qPCR analyses.
(C, D) Expression levels of glycolysis-related proteins (GLUT1, HK2, and PDK1), as determined by western blotting
and RT-qPCR analyses. The data are presented as the mean ± SD. **p < 0.01 and ***p < 0.001

3.2 TRIM32 Expression Affects the Proliferation, Invasion, and Migration of KFs
To investigate the role of TRIM32 in KFs, the gene was either knocked down or overexpressed in

KFs and NFs. The transfection efficiency was assessed by western blotting and RT-qPCR analyses. The
findings revealed that siRNA-TRIM32-1 exhibited the highest knockdown efficiency and was therefore
selected for subsequent experiments (Fig. 2A–D). The proliferative, invasive, and migratory potential of
the KFs were subsequently assessed. CCK-8 and EdU assays revealed that the upregulation of TRIM32
significantly enhanced cell proliferation (Fig. 2E,F), while TRIM32 silencing suppressed the proliferation of
KFs (Fig. 2G,H). Transwell and wound healing assays demonstrated that TRIM32 overexpression increased
the invasive and migratory potential of KFs, whereas TRIM32 silencing significantly diminished these effects
compared to those in the control group (Fig. 3A–D). These findings indicate that TRIM32 likely plays a
crucial role in the proliferation, invasion, and migration of KFs.

Figure 2: (Continued)
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Figure 2: Effects of TRIM32 expression on the proliferation, invasion, and migration of human keloid fibroblasts
(KFs). Evaluation of (A, B) TRIM32 overexpression and (C, D) TRIM32 knockdown in human KFs. Evaluation of cell
proliferation through EdU and CCK-8 assays following (E, F) TRIM32 overexpression and (G, H) TRIM32 knockdown;
*p < 0.05, **p < 0.01, and ***p < 0.001

Figure 3: Effects of TRIM32 expression on the invasion and migration of human keloid fibroblasts (KFs). Evaluation
of cell migration and invasion using Transwell and wound healing assays following (A, B) TRIM32 overexpression and
(C, D) TRIM32 knockdown; **p < 0.01 and ***p < 0.001
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3.3 TRIM32 Expression Altered ECM Deposition in KFs
The effects of TRIM32 expression on ECM deposition in KFs were evaluated through western blotting

and immunofluorescence assays. As illustrated in Fig. 4A,B, the expression levels of collagen I, α-SMA, and
FN were elevated in KFs overexpressing TRIM32 compared to those in the control group, while TRIM32
silencing produced the opposite effects. Immunofluorescence analysis revealed that the expression levels of
α-SMA were similarly elevated following TRIM32 overexpression, whereas TRIM32 knockdown produced
the opposite effect (Fig. 4C,D). These findings suggest that alterations in TRIM32 expression influenced ECM
deposition in KFs.

Figure 4: TRIM32 expression alters extracellular matrix (ECM) deposition in human keloid fibroblasts (KFs). (A,
B) The expression levels of collagen I, α-SMA, and FN were determined by western blotting following TRIM32
overexpression or knockdown. (C, D) The expression of α-SMA following TRIM32 overexpression or interference was
determined by immunofluorescence assays; **p < 0.01 and ***p < 0.001

3.4 TRIM32 Regulates Glycolytic Activity in KFs
We subsequently investigated whether the alterations in TRIM32 expression influenced glycolytic

activity in KFs. Compared to that in the KF group, the ECAR was elevated in the Ov-TRIM322 group, but
significantly reduced in the siRNA-TRIM32 group, as illustrated in Fig. 5A,B. Furthermore, the Ov-TRIM32
group exhibited a marked increase in glucose uptake and ATP production (Supplementary Fig. S1A,B),
while the siRNA-TRIM32 group exhibited a significant reduction in glucose uptake and ATP production
(Supplementary Fig. S1C,D). Western blotting and RT-qPCR analyses revealed that the expression levels of
GLUT1, HK2, and PDK1 were significantly upregulated in the Ov-TRIM32 group compared to those in the
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KF group (Fig. 5C,D), but markedly downregulated following TRIM32 silencing (Fig. 5E,F). These findings
collectively indicate that TRIM32 serves as a positive regulator of glycolytic activity in KFs.

Figure 5: TRIM32 regulates glycolytic activity in human keloid fibroblasts (KFs). (A, B) Extracellular acidification
rate (ECAR) in KFs following TRIM32 overexpression and knockdown. Expression levels of glycolysis-related proteins,
GLUT1, HK2, and PDK1, in KFs, as determined by RT-qPCR analysis and western blotting following (C, D) TRIM32
overexpression and (E, F) TRIM32 knockdown. The data are presented as the mean ± SD; **p < 0.01 and ***p < 0.001
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3.5 TRIM32 Enhances KF Proliferation, Invasion, Migration, and ECM Production by Promoting
Glycolysis
The role of glycolysis in promoting KF proliferation, invasion, migration, and ECM production was

further verified by administering the glycolysis inhibitor, 2-DG (0.5 mM). The findings revealed that,
compared to that observed in the Ov-NC group, the ECAR was significantly reduced in the Ov-NC+2-
DG group (Fig. 6A), which was accompanied by the downregulation of glycolysis-related proteins at both
the mRNA and protein levels (Fig. 6B,C), a marked reduction in cell proliferation, invasion, and migration
(Fig. 6D–G), and a notable reduction in ECM deposition (Fig. 6H,I). Notably, TRIM32 overexpression
significantly reversed the effects induced by 2-DG. These findings collectively indicated that TRIM32
potentially regulates the activity of KFs via the modulation of glycolytic activity.

Figure 6: (Continued)
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Figure 6: TRIM32 enhances human keloid fibroblasts (KFs) proliferation, invasion, migration, and extracellular matrix
(ECM) production by promoting glycolysis. (A) Detection of Extracellular acidification rate (ECAR) in KFs. ***p <
0.001 (Ov-TRIM32 vs. Ov-NC); #p < 0.05, ##p < 0.01, ###p < 0.001 (Ov-NC+2-DG vs. OV-NC), and $p < 0.05, $$p < 0.01,
$$$p < 0.001 (Ov-TRIM32+2-DG vs. Ov-NC+2-DG). (B, C) Expression of glycolysis-related proteins, as determined
through RT-qPCR analyses and western blotting. (D, E) Evaluation of cell proliferation through CCK-8 and EdU assays.
(F, G) Evaluation of cell invasion and migration through wound healing and Transwell assays. (H) Expression levels
of collagen I, α-SMA, and FN, as determined through western blotting. (I) Detection of α-SMA expression through
immunofluorescence assays. The data are presented as the mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001

3.6 TRIM32 Enhances Glycolytic Activity in KFs by Activating PI3K/AKT Signaling
The PI3K/AKT signaling pathway was subsequently investigated to elucidate the mechanism by which

TRIM32 regulates glycolytic activity in KFs. The results demonstrated that TRIM32 overexpression signifi-
cantly upregulated the levels of phosphorylated PI3K and AKT (Fig. 7A), while TRIM32 silencing produced
the opposite effects (Fig. 7B). Treatment with the AKT inhibitor, LY294002 (10 μM), significantly decreased
glycolytic activity in the KFs. However, TRIM32 overexpression significantly mitigated the inhibitory effect
of LY294002 (Fig. 7C,D). Additionally, LY294002 (10 μM) significantly downregulated the expression levels
of glycolysis-related proteins, and this reduction was significantly attenuated by TRIM32 overexpression
(Fig. 7E).

Figure 7: (Continued)



1540 BIOCELL. 2025;49(8)

Figure 7: TRIM32 enhances glycolytic activity in human keloid fibroblasts (KFs) by activating the PI3K/AKT signaling
pathway. (A, B). Alterations in the PI3K/AKT signaling pathway following TRIM32 overexpression or knockdown, as
determined by western blotting; ***p < 0.001. (C) Extracellular acidification rate (ECAR) measurement in KFs; **p <
0.05, ***p < 0.001 (Ov-TRIM32 vs. Ov-NC); #p < 0.05, ##p < 0.01, ###p < 0.001 (Ov-NC+LY294002 vs. OV-NC), and
$$p < 0.01, $$$p < 0.001 (Ov-TRIM32+LY294002 vs. Ov-NC+LY294002). (D, E) Expression levels of glycolysis-related
proteins, as determined by RT-qPCR analyses and western blotting; *p < 0.05, **p < 0.01, and ***p < 0.001

4 Discussion
Keloids are tumor-like, benign cutaneous fibroproliferative lesions that remain resistant to current

therapeutic approaches. Research indicates that fibroblasts play a crucial role in the development of keloids.
The healing of skin injuries is regulated by multiple cytokines and growth factors [21], with fibroblasts
playing a significant regulatory role in keloid formation [22–24]. Following injury, dermal fibroblasts
become activated and differentiate into myofibroblasts, leading to increased α-SMA expression. These cells
subsequently proliferate and migrate to the site of the wound, where they synthesize a complex ECM
primarily consisting of collagen I and III, and secrete substantial quantities of collagen, thereby contributing
to the initial formation of keloids [25,26]. Under normal conditions, fibroblasts either become inactive
or undergo apoptosis following the restoration of tissue integrity [27]. However, following stimulation by
pro-survival signals from the fibrotic microenvironment, KFs remain active, continuously secrete ECM,
and evade apoptosis, thereby contributing to the accumulation of scar tissue [28]. Therefore, the effective
inhibition of KF proliferation, invasion, migration, and ECM deposition may represent a viable strategy
for suppressing scar proliferation. The present study demonstrated that TRIM32 expression is elevated in
KFs, and that the overexpression of TRIM32 promotes KF proliferation, invasion, migration, and ECM
deposition, while TRIM32 silencing produced the opposing effects. These findings collectively suggest that
this modulatory effect is likely mediated via PI3K/AKT signaling-driven glycolytic activity in KFs.
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TRIM32 functions as a key cellular regulator that contributes to the progression of various dis-
eases and mediates numerous physiological and pathological processes, including cell growth, muscle
regeneration, immune responses, and carcinogenesis [29]. Previous studies have demonstrated that the
overexpression of TRIM32 accelerates the progression of rheumatoid arthritis by increasing the production
of pro-inflammatory cytokines in fibroblast-like synoviocytes [30]. The inhibition of TRIM32 has been
shown to increase the therapeutic susceptibility of gliomas to temozolomide, thereby suppressing tumor
proliferation [31]. Additionally, TRIM32 promotes the invasion and proliferation of gastric cancer cells by
activating β-catenin signaling [13]. The present study revealed that TRIM32 expression was upregulated in
the KFs, consistent with the findings of recent research suggesting TRIM32 as a potential biomarker for
acne scarring, with elevated levels observed in keloid tissues. Although the precise role of TRIM32 in keloid
formation remains unclear, further experiments demonstrated that the overexpression of TRIM32 enhanced
the proliferation, invasion, and migration of KFs. Additionally, the upregulation of collagen I, αSMA, and
FN expression indicated that TRIM32 overexpression increased the deposition of ECM. However, the precise
mechanism by which TRIM32 regulates the activity of KFs requires further investigation.

Glycolysis serves as a crucial energy source for keloids, supporting the high energy demands of rapid
fibroblast proliferation. Previous research has demonstrated that glycolysis is enhanced in KFs, characterized
by an increase in the activities of glycolysis-related enzymes, including GLUT1, HK2, PDK1, and pyruvate
kinase M2 [9]. Consequently, targeting glycolysis may represent an effective approach for inhibiting the
progression of KFs. Lu et al. demonstrated that inhibition of the activity of GLUT1, a key glycolytic enzyme,
reduces the proliferation of fibroblasts [32]. Wang et al. demonstrated that the inhibition of phosphoglycerate
kinase 1 decreases glycolytic activity, thereby reducing KF proliferation, migration, invasion, and expression
of type I collagen [16]. The present study similarly confirmed that the expression of glycolysis-related
enzymes, including GLUT1, HK2, and PDK1, was upregulated in KFs, compared to that in NFs, while
treatment with the glycolysis inhibitor, 2-DG, suppressed KF proliferation, invasion, migration, and ECM
deposition. These findings confirmed that glycolysis plays a significant role in the progression of KFs and the
development of keloids.

Previous research has demonstrated that TRIM32 plays a significant role in the growth and proliferation
of gastric cancer, oral squamous cell carcinoma, and melanoma cells via the regulation of glycolysis [13,15,33].
The present study revealed that the modulation of TRIM32 expression altered the glycolytic pathway in KFs,
with TRIM32 overexpression effectively counteracting the inhibitory effects of 2-DG on KF proliferation,
invasion, migration, and ECM deposition. These findings suggest that TRIM32 may promote the progression
of KFs via the regulation of glycolysis. The present study additionally established that the upregulation of
TRIM32 expression in KFs activated the PI3K/AKT signaling pathway, and further elucidated its role in
mediating glycolytic activity. Wang et al. demonstrated that TRIM32 enhances the proliferation and apoptotic
resistance of gastric cancer cells by activating AKT signaling and targeting glycolytic metabolism [17].
However, this study has certain limitations, as follows: (1) the mechanisms by which TRIM32 regulates
the PI3K/AKT pathway, whether directly or indirectly, were not investigated, and (2) although our study
demonstrated the effects of TRIM32 on the expression of glycolysis-related proteins, further studies are
necessary for validating the alterations in enzyme activity using specific assays.

5 Conclusion
Altogether, the study revealed that TRIM32 enhances glycolysis through the PI3K/AKT signaling

pathway, thereby promoting KF proliferation, invasion, migration, and ECM deposition. These findings
suggest promising novel targets and signaling mechanisms for the treatment of keloid scars.
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