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ABSTRACT: Background: Although transforming growth factor-β (TGF-β) drives hepatic stellate cell activation
and fibrogenesis, the mechanisms by which 12-O-tetradecanoylphorbol-13-acetate (TPA) modulates these processes
in TGF-β1-activated hepatic stellate cells remain to be determined. Therefore, we investigated whether TPA alleviates
fibrosis in TGF-β1-treated hepatic stellate cells and regulates both canonical and non-canonical pathways. Further,
we assessed whether inhibitors of these pathways similarly affect proliferation and fibrosis in LX-2 cells. Methods:
LX-2 hepatic stellate cells were used as the experimental model. Cells were treated with TPA, TGF-β, or TGF-β plus
TPA, and Yes-associated protein (YAP) and protein kinase B (PKB; AKT) phosphorylation, as well as YAP intracellular
localization, were assessed. PKC-δ involvement was examined using the pan-PKC inhibitor Go 6983, and the roles of
YAP and AKT in TGF-β1-activated LX-2 cells were evaluated using verteporfin and AKTI-1/2, respectively. Results:
TPA significantly increased YAP phosphorylation and reduced its nuclear translocation, resulting in decreased LX-2
cell proliferation and fibronectin (FN1) production. Although TPA also inhibited AKT phosphorylation, FN1 expression
was primarily regulated by YAP inhibition. Notably, proliferation in TGF-β1-treated LX-2 cells was suppressed only
upon co-administration of both inhibitors. Our results suggest that coordinated regulation of YAP and AKT activity
is essential for controlling fibroblast proliferation and ECM production. Conclusions: These findings suggest that in
TGF-β-activated hepatic stellate cells, YAP simultaneously controls proliferation and fibrosis, and AKT regulates only
proliferation. Therefore, TPA, which regulates both YAP and AKT activity, may be a promising therapeutic candidate
for liver fibrosis treatment by simultaneously controlling proliferation and fibrosis in hepatic stellate cells.
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1 Introduction

The transforming growth factor-β (TGF-β) signaling pathway regulates cell proliferation, migration,
differentiation, and apoptosis to maintain tissue and organ homeostasis [1–3]. In fibrotic diseases, TGF-β
induces fibroblast differentiation into myofibroblasts and promotes excessive extracellular matrix (ECM)
accumulation [4,5]. In liver disease, TGF-β is a key regulator of hepatic stellate cell activation and
ECM deposition, making it the most physiologically relevant inducer of liver fibrosis [6,7]. Therefore,
TGF-β-related research is essential for accurately studying the mechanisms of fibrosis and evaluating
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anti-fibrotic therapeutic strategies. TGF-β signaling consists of both canonical and non-canonical
pathways [8,9]. The canonical pathway involves receptor-regulated, common mediator, and inhibitory
SMA and MAD-related proteins (SMADs; R-, Co-, and I-SMAD, respectively). Upon ligand binding, TGF-β
associates with single transmembrane type I and II receptors (TβRI and TβRII) and induces R-SMADs
(SMAD2 and SMAD3) phosphorylation. Phosphorylated R-SMADs form a trimeric complex with SMAD4
(Co-SMAD), translocate into the nucleus, and induce TGF-β-responsive gene expression, such as α-smooth
muscle actin (α-SMA), collagens (COLs), and fibronectin (FN1) [10–12]. In the non-canonical pathway,
TGF-β mediates biological responses and regulates the canonical SMAD pathway through Rho GTPases
(Rho), mitogen-activated protein kinases (MAPK), and phosphoinositide-3-kinase (PI3K)/protein kinase B
(PKB or AKT) [8,13].

The Hippo signaling pathway is associated with the pathophysiology of fibrotic diseases in many
organs, including the lung [14,15], heart [16,17], liver [18,19], kidney [20,21], and skin [22,23]. Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) function as central downstream
effectors of the Hippo signaling. In the inactive state of Hippo signaling, unphosphorylated YAP/TAZ
translocate into the nucleus and bind to TEA domain (TEAD) DNA-binding proteins, leading to the
expression of target genes such as CTGF, CYR61, and MYC [24–26]. Extracellular ligands, organ size,
mechanotransduction, environmental stress, energy stress, and cell–cell contact can activate the Hippo
pathway through a kinase signaling cascade involving MST1/2, LATS1/2, SAV1, MOB1, and YAP [26–28].
Phosphorylated YAP undergoes proteolytic degradation in the cytoplasm after its nuclear translocation is
blocked, thereby halting target gene expression [27,29,30]. Moreover, the Hippo pathway cooperates with
the canonical SMAD pathway to co-regulate the expression of TGF-β-responsive genes, including α-SMA,
FN1, COL1A1, COL4A1, CTGF, and CYR61 [31,32].

We previously reported that 12-O-tetradecanoylphorbol-13-acetate (TPA), a protein kinase C (PKC)
activator, promotes YAP phosphorylation and thereby inhibits fibrosis in LX-2 hepatic stellate cells
(LX-2) [33]. However, despite the potential of TPA to regulate YAP or AKT activity, only a few studies
have demonstrated that TPA controls fibrosis. Furthermore, to the best of our knowledge, no reports
indicate whether TPA can regulate hepatic stellate cell proliferation and fibrosis by modulating YAP
and AKT activity in TGF-β-induced fibrotic responses. AKT is a mediator of the non-canonical TGF-β
pathway and regulates the activity of hepatic stellate cells [34–36]. Additionally, TPA reportedly regulates
AKT phosphorylation [37–39]. These findings suggest that TPA could simultaneously regulate both the
canonical and non-canonical TGF-β pathways through modulation of YAP and AKT. Here, we investigated
whether TPA alleviates fibrosis in TGF-β1-treated hepatic stellate cells and regulates both canonical and
non-canonical pathways. Further, we assessed whether inhibitors of these pathways similarly affect
proliferation and fibrosis in LX-2 cells.

2 Materials and Methods

2.1 Reagents

TPA (P8139), methylthiazolyldiphenyl-tetrazolium bromide (MTT, M2128), and verteporfin (VP,
SML0534) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Go 6983 (HY-13689), a pan-PKC
inhibitor, was purchased from MedChemExpress (Princeton, NJ, USA). AKTI-1/2 (S7776), an AKT inhibitor,
was acquired from Selleck Chemicals (Houston, TX, USA). Recombinant human TGF-β1 was supplied by
R&D Systems (Minneapolis, MN, USA).

For immunoblotting analyses, antibodies against GAPDH (sc-47724, 1:1000), PKC-δ (sc-396, 1:1000), and
YAP (sc-101199, 1:1000) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies specific
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for AKT (#9272, 1:2000), phosphorylated AKT (#4060, 1:2000), COL1A1 (#39952, 1:2000), phosphorylated
YAP (#4911, 1:2000), phosphorylated-PKC-δ (#9374, 1:2000), as well as horseradish peroxidase-conjugated
secondary antibodies (#7074 or #7076, 1:2000), were purchased from Cell Signaling Technology (Danvers,
MA, USA). The FN1 antibody (F6140, 1:2000) was obtained from Sigma-Aldrich, and the α-smooth muscle
actin (α-SMA) antibody (ab5694, 1:2000) was procured from Abcam (Cambridge, UK). All remaining
chemicals and reagents were purchased from Sigma-Aldrich unless otherwise stated.

2.2 Cell Culture

LX-2 cells (Millipore, Burlington, MA, USA) were cultured in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 3% fetal bovine serum
(FBS; Gibco, Thermo Fisher Scientific) and penicillin-streptomycin (Gibco, Thermo Fisher Scientific). Cells
were incubated at 37◦C under a humidified atmosphere containing 5% CO2. LX-2 cells were periodically
tested for mycoplasma contamination using a mycoplasma detection kit (MP Biomedicals, 093050201, Irvine,
CA, USA), and no contamination was observed during the study. For experimental procedures, cells were
plated and allowed to adhere for 24 h before stimulation. TGF-β1 (1 ng/mL) or TPA (10 nM) was then
administered for either 3 h or 48 h, depending on the experimental requirement. When indicated, Go 6983,
VP, or AKTI-1/2 was added 20 min before TGF-β1 treatment. As previously described [33], we used TGF-β1
(1 ng/mL) and TPA (10 nM) at a single concentration.

2.3 MTT Assay

LX-2 cells were plated in 96-well culture plates at a density of 1 × 104 cells/cm2 and allowed to stabilize
for 24 h. Cells were subsequently exposed to TGF-β1 (1 ng/mL) alone, TPA (10 nM) alone, or TGF-β1 + TPA
for an additional 48 h. Where indicated, Go 6983 (1 µM), VP (025–2.5 µM), or AKTI-1/2 (0.01–0.5 µM)
was administered 20 min before the addition of TGF-β1 to inhibit components of the TGF-β signaling
cascade. After treatment, MTT prepared in phosphate-buffered saline (PBS, pH 7.4) was added to each well
to achieve a final concentration of 5 mg/mL, followed by incubation at 37◦C for 2 h. The resulting formazan
products were solubilized in 100 µL of dimethyl sulfoxide, and absorbance was recorded at 570 nm using a
microplate reader (SpectraMax 190; Molecular Devices, San Jose, CA, USA).

2.4 Immunoblotting

Protein expression was examined using standard immunoblotting methods. LX-2 cells were lysed
using RIPA buffer (89900, Thermo Fisher Scientific) supplemented with protease and phosphatase inhibitor
cocktails (P3100, GenDEPOT, Katy, TX, USA), and total protein concentrations were quantified using a
colorimetric protein assay kit (#500-0006, Bio-Rad Laboratories, Hercules, CA, USA). Equivalent amounts
of protein (30 µg) were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto PVDF membranes (Immobilon-P; IPVH00010, Millipore). Membranes were blocked
with 5% skim milk dissolved in Tris-buffered saline containing 0.05% Tween 20 (TBST; 50 mM Tris-HCl,
pH 7.6; 150 mM NaCl) and incubated overnight at 4◦C with primary antibodies against α-SMA, FN1,
COL1A1, p-AKT, AKT, p-YAP, YAP, and GAPDH. After three TBST washes (5 min each), membranes were
incubatedwith horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Signals
were visualized using the EZ-Western Lumi Pico (DG-WP500, Dogen, Seoul, Republic of Korea) or Femto
detection reagents (DG-WF200, Dogen) and captured using a ChemiDoc XRS+ imaging system (Bio-Rad).
Band intensities were quantified using ImageJ software (version 1.52a; NIH, Bethesda, MD, USA). The half
maximal inhibitory concentration (IC50) was determined by treating cells with increasing concentrations
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of AKTI-1/2 or VP and quantifying the corresponding band intensities of p-AKT or CYR61, respectively,
followed by nonlinear regression analysis.

2.5 Immunocytochemical Analysis

For visualization of YAP subcellular localization, LX-2 cells were cultured on glass coverslips and
treated with TGF-β1 (1 ng/mL) and/or TPA (10 nM) for 3 h. Cells were rinsed with PBS (pH 7.4), fixed
in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 for 10 min at 25◦C, and then blocked for
30 min in PBS containing 3% FBS. Samples were incubated overnight at 4◦C with a YAP primary antibody
(1:100; sc-101199, Santa Cruz Biotechnology). An Alexa Fluor 488 conjugated secondary antibody (1:100;
A28175, Invitrogen, Carlsbad, CA, USA) was applied for 1 h at 25◦C to visualize staining. Following
washing, coverslips were mounted with ProLong™ Gold Antifade Mountant (Invitrogen) containing
4′,6-diamidino-2-phenylindole (DAPI). Images were captured using an Eclipse TS2R fluorescence microscope
(Nikon, Tokyo, Japan). Nuclear YAP intensity was quantified by densitometry using ImageJ.

2.6 Statistical Analysis

Results are presented as the mean ± standard deviation. Statistical comparisons between groups were
performed using Student’s t-test or one-way analysis of variance (ANOVA) with Scheffé’s post hoc test.
Differences were considered statistically significant when p < 0.05.

3 Results

3.1 Effects of TPA on TGF-𝜷1-Induced Proliferation and Fibrosis in LX-2 Cells

Previously, we observed that TPA increases YAP phosphorylation, thereby reducing α-SMA expression
in LX-2 cells [33]. YAP can cooperate with TGF-β-dependent SMAD signaling to regulate fibrosis; therefore,
we investigated whether TPA modulates proliferation and fibrosis in TGF-β1-treated LX-2 cells. TGF-β1
increased the growth rate and expression of fibrosis-related proteins, including α-SMA, FN1, and COL1A1,
in LX-2 cells. However, TPA significantly reduced TGF-β1-induced proliferation (from 115.20 ± 5.09 to
77.45 ± 4.10) and α-SMA, FN1, and COL1A1 expression (Fig. 1). In LX-2 cells, TGF-β-induced expression of
α-SMA, FN1, and COL1A1 exhibited largely similar patterns; therefore, FN1 was used as a representative
fibrosis marker in this study. These results suggest that TPA can effectively regulate TGF-β1-induced
activation of hepatic stellate cells.

Figure 1: Decreased TGF-β-induced proliferation and fibrosis by TPA in LX-2 cells. LX-2 cells were exposed to
TGF-β1 (1 µg/mL) and/or TPA (10 nM) for 2 days to assess effects on cell growth and extracellular matrix production.
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(A) Cell viability following treatment with TGF-β1 and/or TPA in LX-2 cells. Results are shown as the mean ± SD of
four independent experiments. *p < 0.05, **p < 0.01 vs. control group. ##p < 0.01 vs. TGF-β1 group. (B) α-SMA, FN1,
and COL1A1 expression after TGF-β1 and/or TPA treatment for 2 days in LX-2 cells. Data represent the mean ±
SD of three independent experiments. **p < 0.01 vs. control group. #p < 0.05, ##p < 0.01 vs. TGF-β1 group. Relative
expression levels were normalized to GAPDH expression.

3.2 Effects of TPA on TGF-𝜷1 Signaling in LX-2 Cells

Next, we analyzed YAP phosphorylation and intracellular YAP distribution to determine whether
TGF-β1 and/or TPA can alter YAP activity. First, TPA-induced YAP phosphorylation began at 30 min and
reached a peak at 3 h, whereas AKT dephosphorylation was initiated at 15 min and sustained thereafter
(Fig. A1). TGF-β1 increased the nuclear accumulation of YAP, whereas TPA significantly reduced its nuclear
translocation (Fig. 2A). YAP phosphorylation decreased by approximately 22.99 ± 0.09% in TGF-β1-treated
cells compared to that in controls, whereas TPA increased YAP phosphorylation by approximately two-fold
relative to that in controls, irrespective of TGF-β1 treatment. Furthermore, AKT phosphorylation, one of the
non-canonical TGF-β signals, was completely abolished by TPA (Fig. 2B). These results suggest that TGF-β
signaling can be regulated through YAP and AKT activity, and TPA-mediated YAP and AKT regulation
is crucial for suppressing hepatic stellate cell activation. We previously reported that TPA regulates YAP
phosphorylation through a PKC-δ-dependent mechanism [33]. To determine whether the effects of TPA
on YAP and AKT signaling, and fibrotic responses are mediated by PKC activity, LX-2 cells were treated
with the pan-PKC inhibitor, Go 6983. Go 6983 markedly reduced TPA-induced YAP phosphorylation and
restored AKT phosphorylation (Fig. 3A). Moreover, while TPA significantly suppressed TGF-β1-induced
FN1 expression, co-treatment with Go 6983 restored the expression of these fibrotic markers to levels
comparable to those observed with TGF-β1 treatment alone (Fig. 3A). Consistently, the TPA-induced
reduction in cell proliferation in TGF-β1-treated LX-2 cells was also reversed by PKC inhibition (Fig. 3B).
Collectively, these results indicate that TPA-induced YAP phosphorylation and AKT dephosphorylation are
PKC-dependent, and PKCs activated by TPA serve as key mediators controlling proliferation and fibrotic
gene expression in TGF-β1-activated hepatic stellate cells.

3.3 Role of YAP and AKT on Fibrosis in LX-2 Cells

TPA phosphorylated YAP, dephosphorylated AKT, and mitigated fibrosis in TGF-β1-treated LX-2 cells
(Figs. 1 and 2); therefore, we examined whether YAP and AKT directly regulate fibrosis using specific
inhibitors. First, we determined the half maximal inhibitory concentration (IC50) of the YAP inhibitor, VP,
and the AKT inhibitor, AKTI-1/2, on their respective targets, CYR61 and AKT. AKTI-1/2 and VP reduced
AKT phosphorylation (IC50 = 54.79 ± 4.85 nM) and CYR61 expression (IC50 = 298.05 ± 12.45 nM) in a
dose-dependent manner (Fig. 4). TGF-β1-induced FN1 expression decreased at concentrations above the
IC50 of AKTI-1/2. However, even at an approximately 10-fold higher concentration (0.5 µM), AKTI-1/2
reduced FN1 by only 20.64 ± 0.07% compared to that in the control group (Fig. 5A). In contrast, VP reduced
TGF-β1-induced FN1 expression starting at 250 nM, lower than its IC50 value (298.05 ± 12.45 nM; Fig. 5B).
Furthermore, co-treatment with AKTI-1/2 and VP at their respective IC50 concentrations did not result
in additional reduction in FN1 expression compared with VP alone (Fig. 5C). These results indicate that YAP
activity, rather than AKT activity, more effectively regulates FN1 expression. Therefore, TPA simultaneously
modulates canonical and non-canonical TGF-β signaling pathways through YAP phosphorylation and AKT
dephosphorylation, but it modulates hepatic stellate cell fibrotic activity via YAP phosphorylation.



6 Biocell. 2026;50(6):10

Figure 2: TPA-mediated YAP and AKT regulation in LX-2 cells. LX-2 cells were exposed to TGF-β1 (1 ng/mL),
TPA (10 nM), or both agents for 3 h. YAP cellular localization and YAP and AKT phosphorylation were analyzed
by immunocytochemistry and immunoblotting, respectively. (A) Cellular distribution of YAP in LX-2 cells. The
red boxed region in the YAP immunofluorescence image on the left is magnified and shown on the right. Insets
in the DAPI and merged images correspond to magnified views of the same region shown in the YAP panel.
Nuclear YAP fluorescence intensity was quantified using ImageJ software. Measurements were obtained from three
randomly selected fields, with more than 30 cells analyzed per field. Results are expressed as the mean ± SD of
three independent experiments. ***p < 0.001 vs. control group. ##p < 0.01 vs. TGF-β1 group. (B) Phosphorylation
of AKT and YAP in LX-2 cells. Band intensities were quantified using ImageJ, and relative values were normalized
to total AKT or total YAP, respectively. Data are shown as the mean ± SD of three independent experiments.
*p < 0.05, **p < 0.01 vs. control group. ##p < 0.01 vs. TGF-β1 group.
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Figure 3: Fibrosis and proliferation regulation by the pan-PKC inhibitor (Go 6983) in LX-2 cells. To evaluate whether
the inhibitory effects of TPA on TGF-β1-driven fibrogenic responses and proliferation are PKC-dependent, LX-2 cells
stimulated with TGF-β1 were exposed to Go 6983, an inhibitor of pan-PKCs. Go 6983 reversed the inhibitory effects
on fibrosis (A) and proliferation (B) observed in LX-2 cells co-treated with TGF-β1 and TPA. Data are expressed
as mean ± SD of four independent experiments. *p < 0.05 vs. control group. #p < 0.05, ##p < 0.01 vs. TGF-β1 or
TGF-β1 + TPA group.

Figure 4: Inhibitory effects of AKTI-1/2 or verteporfin on AKT phosphorylation and CYR61 expression in LX-2 cells.
To establish the half-maximal inhibitory concentration (IC50) of AKTI-1/2 and VP for AKT phosphorylation and
CYR61 expression, respectively, LX-2 cells were exposed to AKTI-1/2 or VP for 3 h. AKT phosphorylation (A) and
CYR61 protein level (B) were then assessed by immunoblotting. Band intensities were quantified by densitometric
analysis using ImageJ and normalized to GAPDH. Results are shown as the mean ± SD from three independent
experiments. *p < 0.05, **p < 0.01 vs. control group.
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Figure 5: Role of YAP and AKT in fibrosis in LX-2 cells. To evaluate the roles of YAP and AKT in fibrosis, LX-2 cells
stimulated with TGF-β1 were treated with VP or AKTI-1/2, inhibitors of YAP or AKT, respectively. (A) Fibrotic effect of
AKT inhibition in LX-2 cells. #p < 0.05 vs. TGF-β1 group. (B) Fibrotic effect of YAP inhibition in LX-2 cells. ##p < 0.01 vs.
TGF-β1 group. (C) Cooperative fibrotic effects of YAP and AKT inhibition in TGF-β1-treated LX-2 cells. Protein band
intensities were measured by densitometric analysis using ImageJ and normalized to GAPDH. Data represent the
mean ± SD from three independent experiments. #p < 0.05, ##p < 0.01 vs. TGF-β1 or TGF-β1 + AKTI-1/2 group.

3.4 Role of YAP and AKT on Proliferation of LX-2 Cells

Next, we investigated whether the modulation of YAP and AKT activity affects TGF-β1-induced
LX-2 cell proliferation. Cell proliferation was analyzed following treatment of TGF-β1-exposed LX-2
cells with AKTI-1/2 and/or VP. In TGF-β1-untreated LX-2 cells, AKTI-1/2 and VP reduced proliferation at
concentrations above 0.25 and 0.5 µM, respectively. However, in TGF-β1-treated LX-2 cells, no reduction in
proliferation was observed (Figs. 5B and 6A). Moreover, AKTI-1/2 increased TGF-β1-induced proliferation
(Fig. 6A). In contrast, synergistic inhibition of proliferation was observed when AKTI-1/2 and VP were
co-administered with TGF-β1 at their respective IC50 concentrations (Fig. 6C). That is, AKTI-1/2 and VP
individually reduced TGF-β-treated LX-2 cell proliferation by approximately 7.02 ± 0.05% and 8.98 ± 0.04%,
respectively, whereas combined treatment with both inhibitors resulted in a marked synergistic reduction in
proliferation of approximately 37.36 ± 0.04% (Fig. 6C). These results indicate that TGF-β-activated hepatic
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stellate cells regulate proliferation via YAP and AKT, and both the canonical and non-canonical signaling
pathways cooperatively modulate this process.

Figure 6: Role of YAP and AKT in proliferation of LX-2 cells. To evaluate the contribution of YAP and AKT to cell
growth, LX-2 cells stimulated with TGF-β1 were treated with VP or AKTI-1/2, inhibitors of YAP or AKT, respectively.
(A) AKT-mediated cell proliferation in LX-2 cells. *p <0.05 vs. control group. #p < 0.05 vs. TGF-β1 group. (B) YAP-mediated
cell proliferation in LX-2 cells. *p < 0.05 vs. control group. #p < 0.05 vs. TGF-β1 group. (C) Cooperative inhibition of
proliferation by YAP and AKT inhibitors in TGF-β1-treated LX-2 cells. Values are expressed as the mean ± SD of four
independent experiments. #p < 0.05 and ##p < 0.01 vs. TGF-β1 or TGF-β1 + VP group.

4 Discussion

TPA increased YAP phosphorylation/AKT dephosphorylation while decreasing both proliferation and
the expression of α-SMA, FN1, and COL1A1 in TGF-β1-activated LX-2 cells. Under single treatment or
co-treatment with the YAP (VP) and AKT inhibitor (AKTI-1/2), the VP IC50 concentration significantly
reduced FN1 expression in TGF-β1-treated LX-2 cells; however, no synergistic reduction in FN1 expression
was observed under co-treatment conditions at the IC50 concentration. Co-administration of both inhibitors
significantly reduced proliferation in TGF-β1-treated LX-2 cells, despite neither inhibitor alone significantly
reducing cell proliferation at their IC50 concentrations. These results suggest that while canonical TGF-β
signaling primarily regulates fibrosis, both canonical and non-canonical TGF-β signaling pathways
synergistically regulate hepatic stellate cell proliferation more effectively. Although our data suggest
that modulation of YAP- and AKT-associated pathways differentially affects fibrotic marker expression and
proliferative responses in LX-2 cells, the precise mechanistic relationship between these pathways remains
unclear. Therefore, their roles should be interpreted as functionally associated rather than independently
or cooperatively validated at the mechanistic level. Further studies will be required to determine how
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these pathways interact to regulate fibrosis and proliferation. The non-canonical TGF-β signaling pathway
is mediated by Rho, MAPK, and/or AKT, acting either independently or in coordination with SMADs to
regulate downstream responses [3,8,13]. Among them, AKT can be activated by TGF-β through PI3K [40],
TRAF6 [41], microRNAs such as miR-216a/217 and miR-21 [42,43], or TGF-α expression [44]. TGF-β-AKT
signaling regulates epithelial-to-mesenchymal transition, SMAD-mediated transcription, and fibroblast
proliferation [45–47]. In this study, AKTI-1/2 partially inhibited TGF-β1-induced FN1 expression even at
concentrations approximately 10-fold higher than its IC50, but did not inhibit TGF-β1-induced proliferation.
This suggests that AKT alone is insufficient to regulate hepatic stellate cell proliferation and fibrosis.
Conversely, VP effectively reduced TGF-β-induced FN1 expression at its IC50 concentration but did not
inhibit TGF-β-induced proliferation. These results indicate that although both canonical and non-canonical
signaling pathways can regulate fibrosis, the canonical pathway is a more efficient regulator, and cooperation
between the two is required for hepatic stellate cell proliferation.

A limitation of this study is that the interaction between YAP and SMAD was not directly examined.
In addition to serving as transcriptional cofactors that promote TGF-β signaling [48,49], YAP/TAZ regulate
fibrosis by influencing SMAD nucleocytoplasmic shuttling [50,51], maintaining nuclear retention of
activated SMAD2/3 [51,52], and acting as mechanoregulators of TGF-β-SMAD signaling [52]. Thus, it is
important to determine how the individual activities of YAP and SMAD regulate fibrosis in TGF-β-activated
hepatic stellate cells. Our future studies will use RNA interference experiments to selectively modulate YAP
and SMAD expression and analyze the effects on fibrosis. Furthermore, validation in experimental models of
fibrosis will be required to assess the antifibrotic potential of targeting canonical and non-canonical TGF-β
signaling pathways, either separately or in combination. Although the present study demonstrates that
TPA modulates YAP- and AKT-associated signaling and attenuates TGF-β1-induced responses in hepatic
stellate cells, it does not fully elucidate the underlying molecular mechanisms. Therefore, the therapeutic
implications of TPA in fibrosis should be interpreted with caution. Further mechanistic studies, as well as
in vivo validation, will be required to determine whether targeting these pathways can be translated into
effective anti-fibrotic strategies. TPA promotes and inhibits proliferation or fibrosis in a cell-type-dependent
manner; however, its clinical application remains challenging. Additional investigations are needed to
determine whether targeting canonical and non-canonical TGF-β signaling pathways, either individually or
in combination, can be effectively developed as therapeutic strategies for fibrotic disorders.

5 Conclusion

TGF-β1 stimulation enhanced LX-2 cell growth and upregulated fibrotic markers, including
α-SMA, FN1, and COL1A1. However, TPA reduced both proliferation and fibrotic protein expression
in TGF-β1-activated LX-2 cells. This effect occurred because TPA induced YAP phosphorylation and AKT
dephosphorylation, thereby inhibiting the activities of both YAP and AKT. YAP activity regulated fibrotic
protein expression in LX-2 cells; however, in TGF-β1-activated LX-2 cells, simultaneously inhibiting both
YAP and AKT was more effective at suppressing proliferation. These results suggest that coordinated
regulation of YAP and AKT activity is essential for controlling fibroblast proliferation and ECM production.
Moreover, TPA, which modulates both YAP and AKT activity, may represent a promising therapeutic
candidate for liver fibrosis.
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Abbreviations

α-SMA α-Smooth muscle actin
ECM Extracellular matrix
FN1 Fibronectin
IC50 Half maximal inhibitory concentration
MAPK Mitogen-activated protein kinase
PI3K Phosphatidylinositol 3-kinase
AKT Protein kinase B
PKC Protein kinase C
TGF-β Transforming growth factor beta
TPA 2-O-tetradecanoylphorbol-13-acetate
TAZ Transcriptional coactivator with PDZ-binding motif
TEAD Transcriptional enhancer activator domain
VP Verteporfin, VP
YAP Yes-associated protein

Appendix A

Figure A1: TPA-induced YAP phosphorylation and AKT dephosphorylation over time. LX-2 cells were treated with
TPA and phosphorylation was analyzed using immunoblotting. YAP phosphorylation began at 30 minutes and was
maintained for up to 3 days, reaching a peak at 3 h (A). In LX-2 cells exposed to TPA or TGF-β + TPA, AKT was
dephosphorylated starting at 15 min and up to 3 h (B).
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