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Background: Protein kinase C (PKC), interleukin (IL)-13, prostaglandin E2 (PGE2), and prostacyclin 2 (PGI2) can all play cru-
cial roles in pulmonary fibrosis. However, their functions remain unclear in hepatic fibrosis mediated by he-
patic stellate cells (HSCs), which has been demonstrated to be related to transforming growth factor-f (TGF-f)
and platelet-derived growth factor (PDGF).

Material/Methods: All the experiments were based on LX-2 Hepatic stellate cells. The expression of TGF-B1 and PDGF were as-
sessed by ELISA, RT-PCR, and Western blotting in human HSCs treated by IL-13, PGE2, and PGI2, respectively.
At the same time, bridge assay and CCK8 assay were used to detect the cell proliferation and activity, PKC ac-
tivity assay was used to test the activity of PKC, and PKC agonist and antagonist were used to verify the re-
sults obtained previously.

Results: We found that IL-13, PGE2, and PGI2 significantly enhanced the expression of TGF-B1 and PDGF in human HSCs,
which also clearly improved the proliferation and cell activity of HSCs. Moreover, PKC activity was significantly
increased following IL-13, PGE2, and PGI2 treatments. We also found that the expression of TGF-B1 and PDGF,
as well as the proliferation and cell activity of HSCs, were significantly enhanced by the PKC agonist phorbol
12-myristate 13-acetate (PMA), but suppressed by the PKC antagonist calphostin C.

Conclusions: We found that IL-13, PGE2, and PGI2 stimulated HSCs proliferation and secretion of TGF-B1 and PDGF by acti-
vating PKC, which predicted their potential roles in hepatic fibrosis.

MeSH Keywords: 16,16-Dimethylprostaglandin E2 ¢ Hepatic Stellate Cells ¢ Receptors, Epoprostenol ¢ Receptors,
Interleukin-13 ¢ Transforming Growth Factor betal
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chemiluminescence; ECM — extracellular matrix; ELISA — enzyme-linked immunosorbent assay;
HSC - hepatic stellate cell; IL-13 — interleukin-13; PDGF — platelet-derived growth factor; PGE2 — phenyl
glycidyl ether 2; PGI2 — prostacyclin 2; PKC — protein kinase C; PMA — phorbol 12-myristate 13-acetate;
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Background

Hepatic fibrosis, a wound-healing response following chronic
liver injury, is a dynamic process that involves over-deposition
of extracellular matrix (ECM) components [1-3]. Hepatic stel-
late cells (HSCs) are important in hepatic fibrosis because they
produce an abnormal ECM [1,3,4], although normal HSCs func-
tion in the metabolism and storage of vitamin A. As activation
is initiated, HSCs exhibit a proliferative “myofibroblast-like”
phenotype and express a-smooth muscle actin (SMA) [4-6],
which is absent in other resident liver cells except smooth mus-
cle cells in large vessels [3]. However, the activation process
of HSCs is complex, including the paracrine and autocrine in-
volvement of many types of cytokines, such as transforming
growth factor-p (TGF-B) [7] and platelet-derived growth fac-
tor (PDGF) [1,3,8,9]. TGF-B promotes the synthesis of the ECM
by decreasing the expression of degradation enzyme matrix
metalloproteinases and increasing expression of a specific in-
hibitor of matrix metalloproteinases [10]. TGF-f also promotes
the synthesis of PDGF and inhibits the proliferation of most
immune cells [9,11-13]. Thus, the degree of hepatic fibrosis is
associated with the presence of TGF-f [13-16]. PDGF plays a
role in hepatic fibrosis by promoting HSC proliferation [9,17].
Previous studies reported that direct disruption of the TGF-j3
gene in mice induced inflammatory reactions and even tu-
mors [18]. Thus, it is important to identify upstream regula-
tors of TGF-p and PDGF.

Protein kinase C (PKC), a protein kinase that participates in
the expression and regulation of multiple cytokines, likely reg-
ulates TGF-B1 and PDGF in HSCs with similar effects as in me-
sangial cells [3,19-21]. Interestingly, other studies revealed
that interleukin (IL)-13, prostaglandin E2 (PGE2), and pros-
tacyclin 2 (PGI2) play crucial roles in pulmonary fibrosis [22].
Therefore, these regulators may also be involved in the pro-
cess of hepatic fibrosis. In the present study, we investigated
the effects and fundamental mechanisms of IL-13, PGE2, and
PGI2 in the secretion of TGF-f1 and PDGF in HSCs.

Material and Methods

Materials

Phorbol 12-myristate 13-acetate (PMA), calphostin C, IL-13,
PGE2, and PGI2 were purchased from Sigma Aldrich (St. Louis,
MO, USA). The PKC assay kit was from Promega (Madison, WI,
USA). The BrdU assay kit was obtained from Sigma Aldrich.
The CCK8 assay kit was obtained from Beyotime Biotechnology
(Shanghai, China). TGF-B1 and PDGF ELISA kits were from Boyao
Biotechnology (Shanghai, China).
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Cell culture

The LX-2 human HSC line was purchased from Millipore
(Billerica, MA, USA). HSCs were cultured in RMPI-1640 me-
dium supplemented with 10% fetal bovine serum and main-
tained under standard conditions (5% CO,, 37°C, and humid-
ified atmosphere).

ELISA

The supernatant of HSCs was collected 12 h after stimulation
and assayed in an enzyme-linked immunosorbent assay (ELISA)
for TGF-B1 and PDGF proteins. We used the double antibody
sandwich method to assess the quantity of TGF-f1 and PDGF
using their respective kits according to the manufacturer’s in-
struction. Equal protein amounts were loaded into all wells
for optical density comparison. The experiment was tested
with 6 parallel wells.

RT-PCR

RT-PCR analysis was conducted to determine the differenc-
es in the expression of TGF-f1 and PDGF. The total RNA was
extracted from HSCs in groups treated with PMA, calphostin
G, IL-13, PGE2, PGI2, and drug solvents, and 6 parallel wells
were tested in each group. The primers sequences were as fol-
lows [23-25]: TGF-B1, 5’-CAC TGA TAC GCC TGA GTG-3’ and 5’-
CTC CCG TGG CTT CTA GTG C-3’; PDGF, 5’-AAG AAG TCC AGG
TGA GGT TAG AG-3’ and 5’-GGC TGC TTT AGG TGG GTT T-3;
B-actin: 5’-TGT TAC CAA CTG GGA CGA CA-3’ and 5’-CTG GGT
CAT CTT TTC ACG GT-3’. cDNA synthesis was performed to an-
alyze gene expression. Reverse transcription was performed
in accordance with the following protocol: RNA was incubat-
ed with the primer at 42°C for 60 min followed by enzyme in-
activation for 10 min at 95°C, after which the samples were
immediately placed on ice. PCR was performed as follows: 30
s of denaturation at 94°C, 30 s of annealing at 45°C, and 30 s
of extension at 72°C. The results were normalized to the lev-
el of actin cDNA as an internal control.

Western blotting

Western blotting was performed as previously described [26].
Briefly, the proteins were concentrated from the culture su-
pernatant of HSCs. Thirty micrograms of proteins were load-
ed into each well of a 10% SDS polyacrylamide gel and then
transferred to a polyvinylidene fluoride membrane. Membranes
were incubated with Tris-buffered saline containing Tween 20
and 5% non-fat dried milk for 1 h at room temperature to block
non-specific binding sites. Next, proteins were immunoblot-
ted with specific primary antibodies against TGF-f1 or PDGF
(1: 200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) overnight at 4°C followed by incubation with horseradish
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Figure 1. IL-13, PGE2, and PGI2 induced the expression and secretion of TGF-1 and PDGF in HSCs. HSCs were treated with the solvent

peroxidase-conjugated secondary antibody to detect the pro-
tein-antibody complex. Finally, the membranes were incubat-
ed with ECL followed by exposure in a ChemiDoc XRS imaging
system. The intensity of protein bands was normalized to that

of drugs (Control), 5 uM IL-13, 2 pM PGE2, and 2 pM PGI2. A summary of data from the ELISA showing increased secretion
of TGF-B1 (A) and PDGF (B) in response to IL-13, PGE2, and PGI2 compared to the control. Reverse transcription PCR results
showing the augmented synthesis of TGF-B1 (C) and PDGF (D) mRNA in response to all IL-13, PGE2, and PGI2 compared to
the control. Data are shown as the means +SD. All differences were considered significant when * P<0.05 (n=6) compared

with the solvent of drugs (Control).

of B-actin. The experiments were done in triplicate.

PKC activity assay

Next, we counted bridge-positive (deep red) cells under a mi-
croscope. Cell activity was evaluated using the CCK8 assay ac-
cording to the manufacturer’s instructions. Briefly, cells were
seeded into a 96-well plate at a density of 1x10* cells per well
followed by the addition of PMA, calphostin C, IL-13, PGE2, or
PGI2. The cells were incubated with CCK8 reagents for 2 h at
37°C. Finally, absorbance was measured at a wavelength of
490 nm with an automated plate reader. All the experiments
were repeated with 6 parallel wells.

PKC activity was analyzed with a PKC Activity Assay Kit in ac-
cordance with the manufacturer’s protocol. PKC was extract-
ed from lysed HSCs. Equal protein amounts were loaded into
each well. The experiment was performed with 5 parallel wells.

Cell proliferation and activity

Cell proliferation was evaluated by conducting a bridge assay.
Twenty-four hours before drug treatment, cells were seeded
in 6-well plates at a density of 5x10° cells per well followed
by incubation with Bride-containing medium for another 2 h.

This work is licensed under Creative Common Attribution-
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Statistical analysis

Statistical analyses were performed using Prism software
(GraphPad, Inc., Chicago, IL, USA). Analyses were conducted
using the unpaired t test. Values were expressed as the means
+SD. P<0.05 was considered statistically significant.
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Figure 2. IL-13, PGE2, and PGI2 enhanced the proliferation and cell activity of HSCs. HSCs were treated with the solvent of drugs
(Control), 5 pM IL-13, 2 pM PGE2, and 2 pM PGI2. BrdU assay results showing the enhanced proliferation of HSCs in response
to IL-13, PGE2, and PGI2 compared to the control (A). CCK8 assay results showing the increased optical density (OD) of cell
activity in response to IL-13, PGE2, and PGI2 compared to the control (B). Data are shown as the means +SD. All differences
were considered significant when * P<0.05 (n=6) compared with the solvent of drugs (Control).

Result

IL-13, PGE2, and PGI2 enhanced HSC proliferation and the
synthesis of TGF-$1 and PDGF

Because IL-13, PGE2, and PGI2 play a role in pulmonary fi-
brosis, they may also participate in hepatic fibrosis and af-
fect the synthesis and secretion of TGF-B1 and PDGF in HSCs.
HSCs were incubated with the 3 drugs for 24 h. ELISA showed
that the synthesis of TGF-f1 and PDGF proteins was increased
in response to 5 yM IL-13, 2 pM PGE2, and 2 pM PGI2 com-
pared to in controls (Figure 1A, 1B). To confirm this result, RT-
PCR was conducted to detect changes in the mRNA levels of
TGF-B1 and PDGF. The data showed that both TGF-B1 and PDGF
mRNA were increased in response to IL-13, PGE2, and PGI2
compared to in controls in accordance with the ELISA results
(Figure 1C, 1D). Therefore, IL-13, PGE2, and PGI2 can up-regu-
late the synthesis and secretion of TGF-f1 and PDGF in HSCs.

Because changes in the expression and secretion of TGF-$1
and PDGF may influence the function of HSCs, particularly
their proliferation [27], we next conducted BrdU and CCK8 as-
says to evaluate the proliferation and cell activity changes of
HSCs, respectively. Counting of BrdU-positive cells revealed
that the proliferation of HSCs was significantly increased fol-
lowing treatment with IL-13, PGE2, and PGI2 compared to con-
trol cells (Figure 2A). Furthermore, cell activity was marked-
ly enhanced following treatment with IL-13, PGE2, and PGI2
(Figure 2B). Thus, our data indicate that IL-13, PGE2, and PGI2
enhance the proliferation and cell activity of HSCs.
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Figure 3. IL-13, PGE2, and PGI2 increased the activity of PKC
in HSCs. HSCs were treated with the solvent of drugs
(control), 5 uM IL-13, 2 yM PGE2, and 2 pM PGI2. PKC
activity assay results showing the enhanced optical
density (OD) of PKC activity in response to IL-13, PGE2,
and PGI2 compared to the control. Data are shown
as the means +SD. All differences were considered
significant when * P<0.05 (n=5) compared with the
solvent of drugs (Control).

IL-13, PGE2, and PGI2 enhanced PKC activity in HSCs

PKC has been found to play a role in increasing the expression
of TGF-B in mesangial cells [20]. Thus, we hypothesized that
it may also be involved in inducing TGF-B1 and PDGF secre-
tion by IL-13, PGE2, or PGI2. We used IL-13, PGE2, and PGI2 to
stimulate HSCs directly. HSCs were incubated with IL-13, PGE2,
and PGI2 for 24 h before functional analysis. The PKC activity
assay showed that PKC activity was significantly enhanced in
response to IL-13, PGE2, and PGI2 (Figure 3).
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Figure 4. Effect of PKC on expression and secretion of TGF-f1 and PDGF in HSCs. HSCs were treated with the solvent of drugs

(Control), 3 pM phorbol 12-myristate 13-acetate (PMA, PKC agonist), and 1 pM calphostin C (PKC antagonist). ELISA results

showing the secretion changes of TGF-B1 (A) and PDGF (B) in response to the solvent control (Control), PMA, and calphostin
C. Representative blots showing TGF-B1 and PDGF expression levels in response to the solvent control (Control), PMA,

and calphostin C (C). Reverse transcription PCR results showing mRNA changes in TGF-$1 (D) and PDGF (E) in response to
the solvent control (Control), PMA, and calphostin C. Data are shown as the means +SD. All differences were considered
significant when * P<0.05 (n=7) compared with the solvent of drugs (Control).

PKC affects secretion and synthesis of TGF-$1 and PDGF in
HSCs

The above data indicate that PKC was increased in HSCs along
with TGF-B1 and PDGF in response to IL-13, PGE2, and PGI2.
To investigate the potential effects of PKC on the synthesis
of TGF-B1 and PDGF in HSCs, we treated the cells with 3 pM
PMA (a PKC agonist) and 1 pM calphostin C (a PKC antago-
nist). HSCs were incubated with PMA and calphostin C for 24
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h before functional analysis. ELISA showed that the secretion
of TGF-B1 and PDGF proteins were increased in the PMA group
and decreased in the calphostin C group compared to in the
control group (Figure 4A, 4B). Similar results were obtained by
Western blotting (Figure 4C). In addition, we tested TGF-1 and
PDGF mRNA expression. The results showed that both TGF-$1
and PDGF mRNA were increased in response to PMA, but de-
creased in response to calphostin C (Figure 4D, 4E). Therefore,
PKC up-regulated the synthesis and secretion of TGF-f1 and
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Figure 5. Effect of PKC on proliferation and cell activity of HSCs. HSCs were treated with the solvent of drugs (Control), 3 uM phorbol
12-myristate 13-acetate (PMA, PKC agonist), and 1 pM calphostin C (PKC antagonist). BrdU assay representative images
showing the number of BrdU-positive HSCs in response to the solvent control (Control, A), PMA (B), and calphostin C (C).
Proliferation of HSCs in response to the solvent control (Control), PMA, and calphostin C (D). CCK8 assay results showing the
optical density (OD) in response to the solvent control (Control), PMA, and calphostin C (E). Data are shown as the means
+SD. All differences were considered significant when * P<0.05 (n=6) compared with the solvent of drugs (Control).

PDGF in HSCs. Furthermore, we conducted BrdU and CCK8 as-

says. The representative images shown indicate that the pro-

liferation and cell activity of HSCs were both significantly en-
hanced by PMA, but suppressed by calphostin C (Figure 5).

Discussion

PDGF TGF-B

Abnormal ECM

In the present study, we investigated potent upstream regu-
lators of TGF-B1 and PDGF in HSCs, focusing on IL-13, PGE?2,
and PGI2. We demonstrated that IL-13, PGE2, and PGI2 reg-
ulate TGF-B1 and PDGF via the PKC pathway (Figure 6). The

I I<_
I

major findings of this study are as follows: (1) ELISA and RT- se(reM Activated Hsgsbwigra
HSG myofibroblast-

PCR demonstrated that IL-13, PGE2, and PGI2 enhanced the s SecrevN like phenotype

expression of TGF-B1 and PDGF. (2) BrdU and CCK8 assays re-

vealed that IL-13, PGE2, and PGI2 dramatically enhanced the

proliferation and cell activity of HSCs. (3) The PKC activity as-
say showed that the activity of PKC was increased by IL-13,

PGE2, and PGI2. (4) ELISA, Western blotting, and RT-PCR dem- Figure 6. Graphical abstract of this study, showing HSCs effected
onstrated that PKC enhanced the expression of TGF-B1 and by IL-13, PGE2, and PGI2 through PKC pathway.
PDGF at both the protein and mRNA levels. (5) BrdU and CCK8
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assays revealed that PKC significantly enhanced the prolifer-
ation and cell activity of HSCs. Overall, these results suggest
that IL-13, PGE2, and PGI2 significantly enhance the synthe-
sis and secretion of TGF-f1 and PDGF in HSCs via PKC activa-
tion. All of these proteins notably increased the proliferation
and cell activity of HSCs.

Liver fibrosis is a dynamic wound-healing response that oc-
curs following liver injury, hepatotropic virus infection (main-
ly hepatitis virus B and virus C), and long-term alcohol con-
sumption [28]. The key source of liver fibrosis is HSCs [3,9],
which can synthesize TGF-B1 and PDGF in a paracrine and
autocrine manner. Previous studies showed that both TGF-B1
and PDGF exert their functions on HSCs and accelerate the fi-
brosis process, even when initial hepatic injury factors are re-
moved [1,9]. Recently, liver fibrosis was suggested to be re-
versible before its final stage [3]. If the synthesis of TGF-B1
and PDGF by HSCs can be inhibited, liver fibrosis can be re-
lieved or reversed [3,9]. However, the upstream treatment tar-
gets remain unclear. Direct disruption of the TGF-B gene in-
duces serious inflammatory reactions and tumors [18]. PKC is
thought to participate in regulating TGF- in glomerulus me-
sangial cells [20]. IL-13, PGE2, and PGI2 are involved in pul-
monary fibrosis, which originates from similar regions during
embryonic development. The present study evaluated the func-
tions of IL-13, PGE2, and PGI2 in HSC activation.

In vitro, to elucidate whether IL-13, PGE2, and PGI2 are involved
in the synthesis of TGF-B1 and PDGF, we treated HSCs with
these drugs and then evaluated the expression of TGF-B1 and
PDGF. Our results showed that IL-13, PGE2, and PGI2 signifi-
cantly increased the secretion of TGF-1 and PDGF compared
to the control. These results were further examined by ELISA,
Western blotting, and RT-PCR. Hence, IL-13, PGE2, and PGI2 reg-
ulate the synthesis and secretion of TGF-B1 and PDGF in HSCs.
We also found that the proliferation and cell activity of HSCs
was greatly enhanced by IL-13, PGE2, and PGI2 according to
BrdU and CCK8 assay results. We also found that the activity
of PKC was enhanced in response to IL-13, PGE2, and PGI2. To
confirm PKC function in the IL-13, PGE2, and PGI2 pathways
and determine whether PKC is involved in the synthesis of
TGF-B1 and PDGF, we treated HSCs with PMA (a PKC agonist)
and calphostin C (a PKC antagonist) to assess the expression
of TGF-B1 and PDGF. PKC is a protein kinase involved in mul-
tiple cellular activities. Our results showed that PMA signifi-
cantly increased the secretion of TGF-1 and PDGF compared
to in control cells, whereas calphostin C inhibited TGF-B1 and
PDGF secretion according to ELISA, Western blotting, and RT-
PCR. These results were supported by the observations that
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proliferation and cell activity of HSCs were greatly enhanced
by PMA but suppressed by calphostin C according to the BrdU
and CCK8 assays, which agree with the results of a previous
study [3]. Hence, PKC, which was increased by treatment with
IL-13, PGE2, and PGI2, up-regulates the synthesis and secre-
tion of TGF-B1 and PDGF in HSCs. Therefore, IL-13, PGE2, and
PGI2 stimulate the synthesis and secretion of TGF-31 and PDGF
via the PKC pathway.

However, the present study did not assess the direct rela-
tionship between these cytokines (IL-13, PGE2, and PGI2) and
some significant markers of hepatic fibrosis in vivo, such as
over-deposition of the ECM, a-SMA, and procollagen. The lat-
ter 2 markers indicate HSC activation and the occurrence and
degree of hepatic fibrosis [2,3,13]. H3 histone is a significant
and clear indicator of cell proliferation [13,29]. If IL-13, PGE2,
and PGI2 are considered as potential treatment targets, their
siRNAs must be developed to down-regulate the cytokines and
elucidate how hepatic fibrosis is inhibited. IL-13, PGE2, and
PGI2 gene knockout mice will be valuable for investigating
their effects on the susceptibility to hepatic fibrosis in normal
mice. A recent study suggested that hepatocytes, rather than
bystander cells, are involved in hepatic fibrosis and exerts ef-
fects on the ECM, matrix metalloproteinases, and proliferation
of HSCs directly by secreting various cytokines and hormones,
such as TGF-B, connective tissue growth factor, PDGF, and an-
giotensin Il [2]. Therefore, we hypothesized that hepatocytes
are regulated by IL-13, PGE2, and PGI2. Other studies suggest-
ed that the classical intracellular effectors of TGF-, Smad pro-
teins, particularly Smad 1, 2, and 3, are involved in hepatic fi-
brosis [30-32]. Smad7, an antagonist related to Smad 2 and
3, is a potent target for the inhibition or reversion of hepat-
ic fibrosis [32-34]. Hence, the relationship between these cy-
tokines (IL-13, PGE2, and PGI2) and Smad proteins should be
evaluated to determine the signaling pathway involving TGF-B1.

Conclusions

In conclusion, we found that IL-13, PGE2, and PGI2 stimulated
the activation of HSCs by increasing the synthesis and secre-
tion of TGF-B1 and PDGF in HSCs. In addition, PKC stimulated
the secretion of TGF-B1 and PDGF in HSCs. These results in-
dicate that IL-13, PGE2, and PGI2 are therapeutic targets for
hepatic fibrosis via the PKC pathway.
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