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Abstract: Hepatic fibrosis is the first stage of liver disease, and can progress to a chronic status,
such as cirrhosis or hepatocellular carcinoma. Excessive production of extracellular matrix (ECM)
components plays an important role in the development of fibrosis. Mechanistically, transforming
growth factor beta (TGFB)-induced phosphorylation of Smad is thought to be a key signaling
pathway in the development of liver fibrosis. Although the natural isoquinoline alkaloid oxoglaucine
(1,2,9,10-tetramethoxy-7H-dibenzo(de,g)quinolin-7-one) exerts numerous beneficial effects, including
anti-cancer, anti-inflammatory, and anti-osteoarthritic effects in diverse cell types, the effects of
oxoglaucine on liver fibrosis and fibrogenic gene expression have not been fully elucidated. The
aim of this study is to evaluate the signaling pathway and antifibrotic activity of isoquinoline
alkaloid oxoglaucine in TFG-induced hepatic fibrosis in vitro. Using Hepalclc? cells and primary
hepatocytes, we demonstrated that oxoglaucine treatment resulted in inhibition of the expression
of fibrosis markers such as collagen, fibronectin, and alpha-SMA. Subsequent experiments showed
that oxoglaucine suppressed TGF3-induced phosphorylation of Smad2 and reactive oxygen species
(ROS) generation, without altering cell proliferation. We further determined that the increase in
Smad?7 by oxoglaucine treatment is responsible for the inhibition of Smad2 phosphorylation and the
anti-fibrogenic effects. These findings indicate that oxoglaucine plays a crucial role in suppression of
fibrosis in hepatocytes, thereby making it a potential drug candidate for treatment of liver fibrosis.

Keywords: liver fibrosis; oxoglaucine; TGFp signaling; collagen type 1; reactive oxygen species

1. Introduction

Hepatic fibrosis is a consequence of extracellular matrix (ECM) deposition in response
to chronic liver injury, and it contributes to an increased risk of hepatocellular carcinoma [1].
Various factors, such as non-alcoholic steatohepatitis (NASH), chronic HCV infection,
non-alcoholic fatty liver disease (NAFLD), and autoimmune hepatitis are leading causes
of liver fibrosis [2,3]. Due to chronic inflammation in all of these conditions, there is an
excessive production of fibrogenic matrix, which can lead to liver cirrhosis. This is defined
as a late stage of progressive fibrosis, with disruption of the physiological structure and
function of the liver [4]. At the molecular and cellular levels, different signaling pathways
and numerous cell—cell interactions affect liver fibrosis [5,6]. Various growth factors play
crucial roles in ECM deposition and activation of hepatic stellate cells (HSCs), which
are a major source of myofibroblasts in the fibrotic liver region. For example, platelet-
derived growth factor (PDGF) signaling stimulates the Ras-MAPK pathway which, in turn,
increases intracellular calcium levels and liver fibrosis [7]. Recent research has shown that
angiogenesis contributes to the development of fibrosis during long-term liver damage.
There is a positive relationship between vascular endothelial growth factor (VEGF) and liver
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fibrosis [8]. In this study, HSC activation was significantly inhibited in hepatocyte-specific
Vegfa-deletion mice during HCC progression. Most importantly, transforming growth factor
beta (TGFf) is thought to be a master mediator of fibrogenesis [9,10]. TGFf{3 ligands bind
to a heterotetrameric receptor complex comprising one of the seven type I receptors in
combination with one of the five type Il receptors [11]. Once the ligand-receptor complex
has formed, activation of kinase activity results in phosphorylation cascades involving the
transcription factor Smad2/3 [12,13]. Phosphorylated Smad2/3 accumulates in the nucleus,
where it directly regulates the transcription of important profibrotic genes, such as collagen
and fibronectin [14]. Additionally, TGFf has been known to increase ROS generation, which
plays a crucial role in stimulating liver fibrosis [15] As a negative-feedback regulator, Smad?7
interferes with the interaction between TGFf3 type I receptor and Smad2 [16,17]. Moreover,
Smad? can suppress TGFf3 signaling in a type I receptor-independent manner [18].

Oxoglaucine is a phytochemical compound that belongs to the family of isoquinoline
alkaloids, and it is found in various herbs, such as Sarcocapnos baetica and Sarcocapnos
saetabensis [19]. Similar to berberine, which is another type of isoquinoline alkaloid, ox-
oglaucine has various biological effects, such as antifungal, anticancer, and antiplatelet
activity [20-22]. Interestingly, previous studies have also implicated oxoglaucine in inflam-
mation [23-25]. Remichkova et al. reported that oxoglaucine inhibits lipopolysaccharide
(LPS)-mediated TNFo and IL-6 production in peritoneal macrophages [26]. Oxoglaucine
also inhibits the expression of pro-inflammatory cytokines, including TNFe, IL-6, IL-1f3,
and MMP-13 in OA chondrocytes [27]. Finally, low doses (1 or 2 mg.kg~!) of oxoglaucine
improved the outcome of Klebsiella pneumonia infection in vivo [28]. Although there is
a strong relationship between fibrosis and inflammation [29], the potential effects of
oxoglaucine on hepatic fibrosis, and the cellular mechanism by which oxoglaucine ex-
erts its effect in murine hepatocytes, remain unclear. This study, therefore, investigated
whether oxoglaucine suppresses TGF(} signaling and the expression of fibrogenic markers
in Hepalclc? cells and primary hepatocytes, in addition to investigation of the mechanisms
responsible for oxoglaucine-mediated antifibrotic effects.

2. Results
2.1. Effect of Oxoglaucine on Cellular Viability

The chemical structure of oxoglaucine is shown in Figure 1A. To verify the non-
cytotoxic concentration of oxoglaucine, we performed a WST1 assay to assess mouse
Hepalclc7 cell viability. A previous study showed that 20 uM oxoglaucine exhibited very
low cytotoxicity in a liver carcinoma cell line [30]. Consistent with this research, there
were no significant changes in Hepalclc? cell viability up to a concentration of 15 uM
(Figure 1B). However, 30 pM oxoglaucine reduced the cell viability. Light microscopy
imaging further indicated that 24 h of exposure to 10 uM oxoglaucine did not induce any
changes in the cell number or morphology (Figure 1C). In addition, we evaluated the
proportion of apoptotic cells following oxoglaucine treatment by flow cytometry. As shown
in Figure 1D, in contrast to 5-fluorouracil (5FU) treatment, which greatly increased the
percentage of early and late apoptotic cells, the percentage of apoptotic cells was similar
between the vehicle- and oxoglaucine-treated groups. Similar to this result, oxoglaucine
did not increase cleaved forms of effector caspase 3 either (Figure 1E). Thus, we confirmed
that 10-15 uM oxoglaucine did not affect hepatocyte viability.
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Figure 1. Determination of the non-toxic concentration of oxoglaucine in hepatocytes. (A) Chemical
structures of oxoglaucine. (B) Survival of Hepalclc? cells after dose-dependent oxoglaucine treatment
for 24 h. (C) Light microscopy cell images were obtained after 24 h of 10 uM oxoglaucine treatment.
(D) Apoptosis was analyzed by FACS assay using Annexin V/7-ADD double staining, following 24 h
of oxoglaucine treatment. The mean for the total amount of apoptotic cells from four independent
experiments is presented. (E) Cleaved caspase 3 levels were determined. Values are shown as & S EM
*p <0.05 and ** p < 0.01. N.S indicates not significant.

2.2. Oxoglaucine Attenuates TGFB-Induced Phosphorylation of Smad2 and Fibrogenic
Gene Expression

To investigate the effects of oxoglaucine on TGFf signaling, Hepalclc7 cells and
primary hepatocytes were pretreated with oxoglaucine for 24 h, then exposed to TGFf3
for 6 h. We found that TGFf-induced phosphorylation of Smad2 in Hepalclc? cells
was significantly inhibited (approximately 40% lower than in the cells treated only with
TGFp) by pretreatment with oxoglaucine, without any effect on the total Smad2 protein
level (Figure 2A). Similar to Hepalclc? cells, oxoglaucine also attenuated TGFB-induced
phosphorylation of Smad2 in primary hepatocytes (Figure 2B). Previous studies have
demonstrated that TGF( activates MAPK and PI3K signaling pathways in a context-
dependent manner [31,32]. In our study, TGF(3 treatment in Hepalclc? cells increased AKT
phosphorylation, whereas ERK phosphorylation remained similar to that in the vehicle
group. However, the phosphorylation of AKT in Hepalclc? remained unchanged after
oxoglaucine treatment (Figure 2A). In marked contrast, AKT phosphorylation in primary
hepatocytes on oxoglaucine treatment was significantly decreased (Figure 2B).
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Figure 2. Effects of oxoglaucine pretreatment on TGFf-induced Smad2 phosphorylation. Hepalclc7
cells (A) and primary hepatocytes (B) were treated with the indicated concentrations of oxoglaucine
for 24 h, followed by TGFf (5 ng/mL) stimulation for an additional 6 h. The lysates were subjected to
immunoblot assay using various primary antibodies (left panel). The right panel shows quantification
of the phospho/total Smad2. Values are shown as & S.EM * p <0.05 and ** p < 0.01.

Next, we investigated whether TGFf3-mediated fibrogenic gene expression was af-
fected by oxoglaucine treatment. TGFf primarily increases type I collagen, fibronectin
protein, and gene expression, together with aSMA, to induce fibrosis [33]. Similar to
the effect on Smad2 phosphorylation, exposure to oxoglaucine inhibited the transcript
levels of fibrosis-related markers such as collagen type 1 alpha 1, xSMA, and fibronectin
in Hepalclc? cells (Figure 3A) and primary hepatocytes (Figure 3B). Meanwhile, there
was no significant difference in Timpl mRNA levels (Figure 3A). Finally, pretreatment
with oxoglaucine significantly inhibited the protein expression of collagen type 1 alpha 1
induced by TGFp stimulation (Figure 3C), indicating that oxoglaucine can significantly
suppress the fibrosis status in vitro. Moreover, treatment with oxoglaucine alone did not
affect Smad2 phosphorylation or the mRNA levels of fibrogenic markers, except for a-SMA
(Supplemental Figure S1A,B). Activated hepatic stellate cells (HSCs) also play a crucial role
in liver fibrosis. Thus, we investigated whether oxoglaucine could regulate TGFf3 signaling
and expression of fibrogenic markers in human hepatic stellate cells. Similar to Hepalclc?,
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there were no significant changes in cell morphology or HSC viability (Supplemental
Figure S1C). Although oxoglaucine pretreatment largely suppressed the TGF(3-induced
collagen type 1 alpha 1 and alpha-SMA levels, phosphorylation of Smad2 was not affected
by oxoglaucine in stellate cells (Supplemental Figure S1D).
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Figure 3. Oxoglaucine suppressed TGFp-induced fibrogenic gene expression in hepatocytes. TGFp
(5 ng/mL)-induced fibrosis-related genes (Collal, aSMA, Fnl, and Timpl) were analyzed under
oxoglaucine pretreatment conditions in Hepalclc? cells (A) and primary hepatocytes (B) using qPCR.
Each gene was normalized by Gapdh. (C) Protein levels of collagen type 1 alpha 1 after oxoglaucine
treatment. Normalization was performed by actin. Values are shown as = S.EM * p < 0.05, ** p < 0.01,
and *** p < 0.001. N.S indicates not significant.

2.3. Oxoglaucine Suppresses the mRNA Levels of Pro-Inflammatory Cytokines

Inflammation is a representative outcome of liver disease, and is associated with
hepatic fibrosis and cirrhosis [34]. Importantly, TGFf is a crucial modulator of T-cell home-
ostasis, and functions as an important link between immune and fibrogenic cells [34,35].
Therefore, we examined whether oxoglaucine affects the expression of pro-inflammatory cy-
tokines. As shown in Figure 4A, TGFf3 significantly increased /6 and Ccl2 mRNA levels in
Hepalclc? cells. Interestingly, oxoglaucine treatment decreased TGF3-induced II6 and Ccl2
expression. However, mRNA levels of Tnf-alpha remained similar among all experimental
conditions (Figure 3A). Next, we evaluated the expression of pro-inflammatory cytokines
in primary hepatocytes. Only ll6was found to be induced by TGF( stimulation, and the
increased Il6levels were suppressed by oxoglaucine (Figure 4B). These results suggest that
oxoglaucine blocks inflammation by reducing the levels of various inflammatory cytokines.
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Figure 4. Oxoglaucine alleviated TGFf3-induced inflammatory cytokine expression. (A) Hepalclc7
cells and (B) primary hepatocytes were incubated with oxoglaucine for 24 h, followed by TGFf
stimulation, and the transcript levels of 116, CcI2, and Tnfx were then determined. Values are shown
as £ S.EM *p < 0.05 and *** p < 0.001. N.S indicates not significant.

2.4. Effect of Oxoglaucine on ROS Levels in Hepatocytes

Reactive oxygen species (ROS) contribute to initiation and progression of TGFf3-
mediated fibrosis [36]. Thus, we further investigated whether oxoglaucine could suppress
TGFp-induced cellular ROS production. Interestingly, pre-treatment of oxoglaucine re-
sulted in lower the ROS levels (Figure 5A). Expectedly, oxoglaucine alone treatment did
not significantly affect basal level of intracellular ROS (Supplemental Figure S1E). AMP-
activated protein kinase (AMPK) is a highly conserved sensor of adenosine nucleotide
levels that is activated when energy is depleted. AMPK regulates whole-body energy
homeostasis by affecting various metabolic tissues, such as skeletal muscle, liver, and
adipose tissues [37]. Since AMPK inhibits the TGFf signaling pathway and ROS accu-
mulation [38-40], we further investigated AMPK activation by oxoglaucine by measuring
AMPK and its downstream target, acetyl-CoA carboxylase (ACC) phosphorylation. As
shown in Figure 5B, oxoglaucine treatment, both with and without TGFf3, did not increase
phosphorylation of AMPK and ACC. Previous studies also demonstrated that TGFf(3 in-
creased production of ROS by regulating NADPH oxidase (NOX) levels in hepatocytes [36].
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We confirmed that the transcript levels of NOX4, which involved in TGFp-induced ROS
generation, remained similar after oxoglaucine treatment (Figure 5C).
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Figure 5. Oxoglaucine suppressed TGF3-induced ROS production without affecting AMPK phosphory-
lation. (A) Measuring ROS levels using FACS analysis by DCFDA staining with indicated conditions.
Results are represented as mean values from three independent experiments. (B) Hepalclc? cells were
incubated with oxoglaucine alone for the indicated time (left panel). Additionally, oxoglaucine was
pretreated for 24 h, followed by TGFf stimulation. AMPK activation was evaluated using anti-phospho-
AMPK (pAMPK) and phospho-acetyl-CoA carboxylase (pACC) antibodies. (C) The NOX4 transcript
levels were analyzed under the indicated condition. Values are shown as + SEM * p < 0.05, and
** p < 0.001. N.S indicates not significant.

2.5. Suppression of Smad7 Blocks the Anti-Fibrogenic Effects of Oxoglaucine

To determine how oxoglaucine affects TGF{3-mediated Smad2 phosphorylation and
fibrogenic gene expression, TGF receptor expression was analyzed. In accordance with
previous studies [41,42], TGF( increased expression of the TGF type I (TARI) receptor
(Figure 6A). However, the transcript levels of type I (TRRI) receptors were not significantly
affected by oxoglaucine treatment. Because Smad? could inhibit the phosphorylation of
Smad?2, we further investigated whether oxoglaucine could modulate Smad? transcript
levels. Compared with TGFf alone, pretreatment with oxoglaucine further increased
Smad7 mRNA levels (Figure 6A). Next, to determine whether Smad? is required for the
effect of oxoglaucine, we performed silencing experiments. Based on the qPCR results, the
knockdown efficiency was approximately 35% (Figure 6B). Importantly, the decrease in
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Smad2 phosphorylation by oxoglaucine treatment was largely attenuated when the cells
were transfected with Smad?7 siRNA (Figure 6C). As expected, the suppression of collagen
type 1 alpha 1 mRNA levels by oxoglaucine was largely recovered under Smad?7 silencing
conditions (Figure 6D). Interestingly, there was a trend toward increased TGF-induced
Collal expression in Hepalclc? cells when Smad? siRNA was transfected. We speculated
that TGF[ responsiveness could be further increased when the feedback inhibitor, Smad?,
was silenced. Taken together, these results suggest that regulation of Smad7 by oxoglaucine
is also an important mechanism for oxoglaucine-mediated TGF(} signaling suppression, as
well as anti-fibrogenic effects.
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Figure 6. Oxoglaucine decreased collagen type 1 expression through Smad?7. (A) gPCR analysis of
TGFR1 and Smad7 mRNA expression under the indicated conditions. (B) Knockdown efficiency of
Smad? in siRNA-transfected cells. Hepalclc? cells were transfected with Smad7 siRNA as indicated
(50 nM final concentration). After 8 h, oxoglaucine was added for 24 h. Cell lysates were subjected to
Western blot analysis to determine the level of Smad2 phosphorylation (C), and the mRNA level of
collagen type 1 alpha 1 was determined by qPCR (D). (E) Working mechanisms illustrating the protective
effects of oxoglaucine against TGFf3-induced fibrosis. Values are shown as == S.EM * p < 0.05, ** p < 0.01,
and *** p < 0.001. N.S indicates not significant.

3. Discussion

In the present study, we demonstrated that oxoglaucine, which is known to exert anti-
cancer and anti-inflammatory activities, also inhibits TGF(3-induced fibrosis by affecting the
TGF receptor-mediated signaling pathway and ROS generation in hepatocytes (Figure 6E).
Importantly, the oxoglaucine concentrations used in this study had anti-fibrogenic activity,
without exerting a discernible effect on cell viability. Thus, this study clearly suggests a
novel function of oxoglaucine through its effect on Smad2 phosphorylation in Hepalclc?
cells and primary hepatocytes.

Our results suggest that oxoglaucine increases TGF3-induced Smad? transcript levels.
As a negative regulator, Smad? can decrease cell surface type 1 receptor levels or interfere
with complex formation between regulatory Smads and DNA elements [18]. In addition,
Smad? interacts with receptor-regulated Smad (R-Smad) proteins, such as Smad2 and
Smad3, upon TGF-f3 signaling, and it directly inhibits R-Smad activity [43]. Previous stud-
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ies have shown that TGF( also activates the AKT pathway in smooth muscle and cancer
cells through the TGF receptor [44,45]. However, we found that TGFf3 receptor transcript
levels were not largely attenuated by oxoglaucine, and the AKT phosphorylation induced
by TGEf was also not significantly affected (Figure 2A). Thus, rather than regulating re-
ceptor expression, another mechanism for the anti-fibrogenic effect of oxoglaucine exists.
Meanwhile, oxoglaucine largely suppressed AKT phosphorylation in primary hepatocytes,
in contrast to Hepalclc? cells (Figure 2B). When we consider activation of the AKT signal-
ing pathway has been found to increase the expression of collagen and other extracellular
matrix proteins, oxoglaucine-mediated AKT inhibition, especially in primary hepatocytes,
could contribute to the reduction of fibrosis. To prove this possibility, chromatin binding
of Smad2 to DNA elements or co-IP experiments between Smad7 and Smad2 after ox-
oglaucine treatment under constitutively active AKT expression should be performed in
both Hepalclc?7 and primary hepatocytes. Additionally, it is not clear how oxoglaucine sup-
pressed ROS levels in hepatocytes. Because mRNA levels of ROS production enzymes were
not changed (Figure 5C), perhaps anti-oxidant components are affected by oxoglaucine to
reduce TGFB-induced ROS levels. Consistent with this hypothesis, isoquinoline alkaloids
have been reported to have ROS scavenging properties [46].

Autophagy is an evolutionarily conserved pathway that targets long-lived or defective
organelles during degradation. Under nutrient deprivation, autophagy supplies energy for
the degradation of cellular components. Autophagy is also known to be involved in various
diseases, such as cancer, neurodegenerative diseases, and fibrosis [47,48]. Interestingly,
a recent study by Zhong et al. demonstrated that oxoglaucine relieves osteoarthritis by
activating autophagy, and inhibition of autophagy reverses the inflammation-alleviating
effect of oxoglaucine [27]. Inflammation plays a key role in the development and progres-
sion of liver fibrosis. Chronic inflammation causes the liver to produce excess collagen,
which can impair liver function and ultimately lead to liver failure. Autophagy, on the
other hand, is a process by which cells remove damaged parts and reduce inflammation,
thereby preventing the development of chronic diseases associated with inflammation,
such as liver fibrosis. Several studies have shown that enhancing autophagy can have an
anti-inflammatory effect that may a protective effect against liver fibrosis, by promoting the
removal of damaged cellular components. Although we also confirmed that oxoglaucine
largely inhibited the mRNA levels of inflammatory cytokines (Figure 4A), the potential
contribution of autophagy to this effect remains unclear. Given that autophagy-deficient
mice (Atg5~/~) have been reported to exhibit increased hepatic levels of inflammatory cy-
tokines and fibrosis after chronic carbon tetrachloride (CCly) administration [49], it would
be interesting to determine whether oxoglaucine regulates inflammation and fibrosis in
hepatocytes by affecting autophagy.

As previously mentioned, isoquinoline derivatives and compounds containing iso-
quinoline motifs have been investigated for their potential effects on liver fibrosis. For
example, sanguinarine has demonstrated anti-fibrotic effects in liver fibrosis models [50].
It can suppress the expression of fibrotic markers, such as a-SMA and TGFf1, thereby
reducing fibrosis progression. Additionally, tetrahydropalmatine, an isoquinoline alkaloid,
has been investigated for its hepatoprotective effects, including its ability to mitigate liver
fibrosis. Tetrahydropalmatine inhibits activation of hepatic stellate cells, reduces colla-
gen deposition, and attenuates inflammation in experimental models of liver fibrosis [51].
Based on database analysis, chemical structures between tetrahydropalmatine (THP) and
glaucine are relatively similar, differing only by the presence of an extra double bond in
glaucine (ChEBI Search, Tanimoto Score: 0.82). Interestingly, L-THP has been shown to
exert anti-fibrotic effects by inhibiting autophagy and the TGFf31/Smad pathway in hepatic
fibrosis in mice and cell models [51]. While these findings are promising, it is important to
note that research on isoquinoline compounds for liver fibrosis is still in its early stages,
and further studies are needed to validate their effectiveness and mechanism of action.

In summary, we demonstrated that oxoglaucine significantly suppresses TGF3-induced
hepatic fibrosis, and that regulation of Smad?7 levels is an important factor in the inhibition
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of Smad?2 phosphorylation. Furthermore, inhibition of ROS generation by oxoglaucine con-
tributes to the anti-fibrogenic activity. Since TGFf3 pathway-targeting reagents have been
shown to have therapeutic effects on liver fibrosis, oxoglaucine appears to be a potential
therapeutic drug for alleviating fibrosis. Nevertheless, further in vivo investigations are
warranted to provide further support for our results.

4. Materials and Methods
4.1. Cell Culture and Material Treatment

Murine hepatoma (Hepalclc?) cells were purchased from the American Type Cul-
ture Collection (ATCC). The Hepalclc? cells were maintained in Dulbecco modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Human hepatic stellate cells (LX-2) were a kind gift of Prof.
Seonghwan Hwang (College of Pharmacy, Pusan National University), and cultured in
high-glucose Dulbecco modified Eagle’s medium (DMEM) supplemented with 2 mM L-
Glutamine and 10 % FBS (Gibco). The cells were maintained at 37 °C with 5% CO, in
a humidified chamber. For dose-dependent treatments, oxoglaucine was pretreated at
specific doses for 24 h. Recombinant TGFf3 was purchased from Abcam (Cambridge, MA,
cat. no. ab5003). Oxoglaucine was purchased from ChemFaces (cat. no. CFN90508).

4.2. Isolation of Primary Hepatocyte

Hepatocytes were isolated from adult male C57BL/6 mice using a two-step collagenase
perfusion method, as previously described [52]. Briefly, under anesthesia, the peritoneal cavity
was opened, and the liver was perfused in situ via the portal vein for 4 min at 37 °C with
calcium-magnesium (CM)-free Hank’s Balanced Salt Solution (HBSS) buffer for 7 min followed
by CM-free Hank’s balanced salt solution (HBSS) buffer containing type IV collagenase. The
liver was then removed and gently minced, and the released cells were dispersed in DMEM
(low glucose) containing 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The
solution containing the mixed cells and debris was passed through a 100 pum cell strainer.
Hepatocytes were inoculated into collagen-coated plates (5 x 10° cells/well in 6-well plates
and 1.25 x 10° cells per well in 24-well plates) in Williams” Medium E with serum free, 1%
penicillin/streptomycin, and 0.1 pM dexamethasone. All animal experiments were performed
according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals
and protocols approved by the Pusan National University-Institutional Animal Care and Use
Committee (PNU-IACUC; approval no. PNU-2021-3156).

4.3. WST1 Assay

For the WST1 assay, Hepalclc7 cells were seeded in 96-well culture plates
(2 x 10* cells/well) and cultured for 24 h, after which the cells were exposed to vari-
ous doses of oxoglaucine. After discarding the incubation medium, the cells were treated
with WST1 reagent (Sigma-Aldrich, St. Louis, MO, USA, cat. no. 5015944001) and dissolved
in growth medium for 1 h in a CO; incubator at 37 °C. After discarding the solution, 100 uL
DMSO was added to each well, and the plate was vortexed for 10 min. The absorbance of
the assay solution was measured at a wavelength of 540 nm.

4.4. Fluorescence-Activated Cell Sorting (FACS) Assay

To measure apoptosis, Hepalclc? cells were maintained in 6-well culture dishes and
incubated with the indicated concentrations of oxoglaucine for 24 h. After trypsinization,
the cells were detached and collected by centrifugation (1500 rpm for 5 min). The harvested
cells were incubated with FITC-Annexin V (BD Biosciences, San Jose, CA, USA, cat. no.
556419) and 7-ADD (BD Biosciences, San Jose, CA, cat. no. 559925) in the dark for 20 min.
The proportions of living and apoptotic cells were determined by flow cytometry (FACS
Aria; BD Biosciences, San Jose, CA). 5-Fluorouracil (Sigma-Aldrich, St. Louis, MO, cat. no.
F6627-1G) was used as a positive control. For measuring ROS production, the cells were
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stained with 50 pM 2,7-Dichlorofluoroscin Diacetate (DCFDA, Sigma-Aldrich, St. Louis,
MO, cat. no. 287810) solution for 20 min at 37 °C according to the instructions.

4.5. RNAi Experiment

Scrambled siRNA and siRNAs against Smad7 (sense: 5-GAGGCTGTGTTGCTGTGAA-
3’, antisense: 5'-TTCACAGCAACACAGCCTC-3') were purchased from Bioneer Corporation
(Daejeon, Republic of Korea). According to the manufacturer’s protocol for siRNA transfection,
12.5 pL of Opti-MEM™ containing 10 uM siRNA was added to 12.5 uL of Opti-MEM™
containing 2 pL of Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA), after incubation
for 5 min at room temperature. After gentle mixing, the siRNA-Lipofectamine™ mixture
was incubated at room temperature for 15 min, then added to the Hepalclc? cells. The final
concentration of the siRNA used in the silencing experiment was 50 nM.

4.6. Immunoblotting

The following antibodies were used for immunoblotting: anti-caspase 3 (Cell Signaling
#96625), anti-cleaved caspase 3 (Cell Signaling #9661S), anti-phospho-Smad2 (Ser465/467)
(Cell Signaling #3108S), anti-Smad?2 (Cell Signaling #5339S), anti-phospho-p44 /42 MAPK
(Thr202/Tyr204) (Cell Signaling #4370S), anti-phospho-Akt (Ser473) (Cell Signaling #92715),
anti-phospho-AMPK (Thr172) (Cell Signaling #25355), anti-phospho-acetyl-CoA carboxy-
lase (Ser79) (Cell Signaling #3661S), anti-collagen type I (Invitrogen #PA5-29569), and
anti-TGF beta Receptor I (TGFBR1) (Abclonal, #A0708). Immunoblotting was performed
by harvesting the treated cells and isolating total proteins. To prepare total cell lysates,
the cells were washed with cold PBS and then lysed in cold lysis buffer (40 mM HEPES,
pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate,
50 mM NaF, 1.5 mM Na3V0O4, 1 mM PMSF, 5 mM MgCl,, 0.5% Triton X-100, and protease
inhibitor cocktail). The lysates were sonicated briefly, denatured by heating for 5 min at
95 °C, subjected to SDS-PAGE (9% acrylamide gels), followed by electrophoretic transfer
to nitrocellulose membranes. After blocking with 5% non-fat milk in Tris-buffered saline
containing 0.05% Tween 20 (TBS-T, pH 7.6), the membranes were incubated overnight at
4 °C with the primary antibodies. After washing the membranes three times with TBS-T,
the blots were incubated with HRP-conjugated secondary antibody, washed three times
with TBS-T, and protein bands were detected by enhanced chemiluminescence (ECL system;
GE Healthcare, Chicago, IL, USA). Densitometric analysis was performed using Image]
software (ver 1.51).

4.7. Quantitative RI-PCR

Total RNA was extracted using TRIzol® reagent (Invitrogen, Carlsbad, CA), and cDNA
was reverse-transcribed from 3 ug of total RNA using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, cat. no. 4368813). PCR amplifica-
tion mixtures (20 uL) were prepared by mixing 10 puL of 2x SYBR™ Green PCR Master
Mix (Applied Biosystems, Waltham, MA, cat. no. 4364344), 2 uL of primer mix (1 uM
forward and 1 uM reverse primers), and 8 pL of diluted cDNA templates. Real-time
quantitative PCR was performed on a QuantStudio™ Real-Time PCR system (Applied
Biosystems, Waltham, MA) using the following conditions: 95 °C for 1 min, followed by 40
amplification cycles at 95 °C for 15 s, 60 °C for 15 s (annealing), and 72 °C for 30 s. After
amplification, a melting curve analysis was performed according to the manufacturer’s in-
structions. The oligonucleotide sequences for this study were as follows: a-SMA, forward 5'-
TGCTGACAGAGGCACCACTGAA-3, reverse 5'- CAGTTGTACGTCCAGAGGCATAG-3/;
Fn1, forward 5'-CCCTATCTCTGATACCGTTGTCC-3/, reverse 5'- TGCCGCAACTACTGTG
ATTCGG-3'; Timp1, forward 5'- TCTTGGTTCCCTGGCGTACTCT-3/, reverse 5'-GTGAGTG
TCACTCTCCAGTTTGC-3'; Collal, forward 5'-CCTCAGGGTATTGCTGGACAAC-3/, re-
verse 5'- CAGAAGGACCTTGTTTGCCAGG'; Smad7, forward 5'-GTCCAGATGCTGTACC
TTCCTC-3/, reverse 5'- GCGAGTCTTCTCCTCCCAGTAT-3'; 1I-6, forward 5'- TCGTGGAA
ATGAGAAAAGAGTTG-3, reverse 5-AGTGCATCATCGTTGTTCATACA-3'; Ccl2, for-
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ward 5'-ACAAGAGGATCACCAGCAGC-3, reverse 5'- GGACCCATTCCTTCTTGGGG-3';
Tnfa, forward 5'- CTGAGGTCAATCTGCCCAAGTAC-3/, reverse 5'- CTTCACAGAGCAAT
GACTCCAAAG-3'; Nox4, forward 5'-CGGGATTTGCTACTGCCTCCAT-3/, reverse 5'-GT
GACTCCTCAAATGGGCTTCC-3'. Gapdh, forward 5'-CAAGGTCATCCATGACAACTTT
G-3/, reverse 5'-GGCCATCCACAGTCTTCTGG-3'. Expression levels were measured by
AACT analysis.

4.8. Statistical Analysis

All data were evaluated using GraphPad software (Version 8.01, San Diego, CA, USA)
and are expressed as means + the S.E.M. Data for multiple variable comparisons were
analyzed by a one-way ANOVA with Tukey post hoc test, and comparisons between two
groups were analyzed by unpaired two-tailed Student’s t-test, with a p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28134971/s1, Figure S1: Oxoglaucine alone did not affect
fibrogenic gene expression or intracellular ROS levels in hepatocytes.

Author Contributions: Conceptualization: B.A. and K.-M.L.; data curation: J.H.; formal analysis:
B.A. and S.M.; funding acquisition: P.S.; investigation: P.S. and W.-5.S.; supervision: P.S.; validation:
S.M. and C.L,; visualization: K.-M.L.; writing—original draft: B.A., P.S.; writing—review and editing:
PS. and J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (2020R1C1C1005500).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare that they have no competing interest.

References

1.  Bataller, R,; Brenner, D.A. Liver fibrosis. J. Clin. Investig. 2005, 115, 209-218. [CrossRef]

2. Dongiovanni, P.; Romeo, S.; Valenti, L. Hepatocellular carcinoma in nonalcoholic fatty liver: Role of environmental and genetic
factors. World J. Gastroenterol. 2014, 20, 12945-12955. [CrossRef]

3. Friedman, S.L. Liver fibrosis—From bench to bedside. J. Hepatol. 2003, 38 (Suppl. 1), S38-S53. [CrossRef]

4.  Kisseleva, T.; Brenner, D.A. Mechanisms of fibrogenesis. Exp. Biol. Med. 2008, 233, 109-122. [CrossRef]

5. Acharya, P.; Chouhan, K.; Weiskirchen, S.; Weiskirchen, R. Cellular Mechanisms of Liver Fibrosis. Front. Pharmacol. 2021, 12, 671640.
[CrossRef] [PubMed]

6. Mallat, A; Lotersztajn, S. Cellular mechanisms of tissue fibrosis. 5. Novel insights into liver fibrosis. Am. J. Physiol. Cell. Physiol.
2013, 305, C789-C799. [CrossRef]

7. Ying, H.Z; Chen, Q.; Zhang, W.Y.; Zhang, H-H.; Ma, Y,; Zhang, S.Z.; Fang, ].; Yu, C. PDGF signaling pathway in hepatic fibrosis
pathogenesis and therapeutics (Review). Mol. Med. Rep. 2017, 16, 7879-7889. [CrossRef] [PubMed]

8. Shen, H.; Yu, H,; Li, Q.-Y;; Wei, Y.-T; Fu, J.; Dong, H.; Cao, D.; Guo, L.-N.; Chen, L.; Yang, Y.; et al. Hepatocyte-derived VEGFA
accelerates the progression of non-alcoholic fatty liver disease to hepatocellular carcinoma via activating hepatic stellate cells.
Acta Pharmacol. Sin. 2022, 43, 2917-2928. [CrossRef] [PubMed]

9.  Meng, X.M.; Nikolic-Paterson, D.J.; Lan, H.Y. TGF-beta: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016, 12, 325-338.
[CrossRef]

10. Stewart, A.G.; Thomas, B.; Koff, ]. TGF-beta: Master regulator of inflammation and fibrosis. Respirology 2018, 23, 1096-1097.
[CrossRef]

11.  Heldin, C.H.; Moustakas, A. Signaling Receptors for TGF-beta Family Members. Cold Spring Harb. Perspect Biol. 2016, 8, a022053.
[CrossRef] [PubMed]

12.  Yoshida, K.; Matsuzaki, K.; Mori, S.; Tahashi, Y.; Yamagata, H.; Furukawa, E,; Seki, T.; Nishizawa, M.; Fujisawa, J.; Okazaki, K.
Transforming growth factor-beta and platelet-derived growth factor signal via c-Jun N-terminal kinase-dependent Smad2/3
phosphorylation in rat hepatic stellate cells after acute liver injury. Am. J. Pathol. 2005, 166, 1029-1039. [CrossRef]

13. Massague, J.; Seoane, J.; Wotton, D. Smad transcription factors. Genes Dev. 2005, 19, 2783-2810. [CrossRef]

14. Tsukada, S.; Westwick, ] K.; Ikejima, K.; Sato, N.; Rippe, R.A. SMAD and p38 MAPK signaling pathways independently regulate

alphal(l) collagen gene expression in unstimulated and transforming growth factor-beta-stimulated hepatic stellate cells. J. Biol.
Chem. 2005, 280, 10055-10064. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28134971/s1
https://www.mdpi.com/article/10.3390/molecules28134971/s1
https://doi.org/10.1172/JCI24282
https://doi.org/10.3748/wjg.v20.i36.12945
https://doi.org/10.1016/S0168-8278(02)00429-4
https://doi.org/10.3181/0707-MR-190
https://doi.org/10.3389/fphar.2021.671640
https://www.ncbi.nlm.nih.gov/pubmed/34025430
https://doi.org/10.1152/ajpcell.00230.2013
https://doi.org/10.3892/mmr.2017.7641
https://www.ncbi.nlm.nih.gov/pubmed/28983598
https://doi.org/10.1038/s41401-022-00907-5
https://www.ncbi.nlm.nih.gov/pubmed/35508720
https://doi.org/10.1038/nrneph.2016.48
https://doi.org/10.1111/resp.13415
https://doi.org/10.1101/cshperspect.a022053
https://www.ncbi.nlm.nih.gov/pubmed/27481709
https://doi.org/10.1016/S0002-9440(10)62324-3
https://doi.org/10.1101/gad.1350705
https://doi.org/10.1074/jbc.M409381200

Molecules 2023, 28, 4971 13 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

Sanchez-Valle, V.; Chavez-Tapia, N.; Uribe, M.; Mendez-Sanchez, N. Role of oxidative stress and molecular changes in liver
fibrosis: A review. Curr. Med. Chem. 2012, 19, 4850-4860. [CrossRef] [PubMed]

Ebisawa, T.; Fukuchi, M.; Murakami, G.; Chiba, T.; Tanaka, K.; Imamura, T.; Miyazono, K. Smurfl interacts with transforming
growth factor-beta type I receptor through Smad?7 and induces receptor degradation. J. Biol. Chem. 2001, 276, 12477-12480.
[CrossRef] [PubMed]

Heuchel, R.; Itoh, S.; Kawabata, M.; Heldin, N.E.; Heldin, C.H.; ten Dijke, P. Identification of Smad7, a TGFbeta-inducible
antagonist of TGF-beta signalling. Nature 1997, 389, 631-635.

Zhang, S.; Fei, T.; Zhang, L.; Zhang, R.; Chen, F; Ning, Y.; Han, Y,; Feng, X.; Meng, A.; Chen, Y. Smad?7 antagonizes transforming
growth factor beta signaling in the nucleus by interfering with functional Smad-DNA complex formation. Mol. Cell. Biol. 2007, 27,
4488-4499. [CrossRef] [PubMed]

Cortijo, J.; Villagrasa, V.; Pons, R.; Berto, L.; Marti-Cabrera, M.; Martinez-Losa, M. Bronchodilator and anti-inflammatory activities
of glaucine: In vitro studies in human airway smooth muscle and polymorphonuclear leukocytes. Br. |. Pharmacol. 1999, 127,
1641-1651. [CrossRef]

Chang, ER.; Wei, ].L.; Teng, C.M.; Wu, Y.C. Antiplatelet aggregation constituents from Annona purpurea. J. Nat. Prod. 1998, 61,
1457-1461. [CrossRef]

Clark, A.M.; Watson, E.S.; Ashfaq, M.K.; Hufford, C.D. In vivo efficacy of antifungal oxoaporphine alkaloids in experimental
disseminated candidiasis. Pharm. Res. 1987, 4, 495-498. [CrossRef]

Wei, ].H.; Chen, Z.F; Qin, J.L.; Liu, Y.C,; Li, Z.Q.; Khan, TM.; Wang, M.; Jiang, Y.; Shen, W.; Liang, H. Water-soluble oxoglaucine-
Y(III), Dy(III) complexes: In vitro and in vivo anticancer activities by triggering DNA damage, leading to S phase arrest and
apoptosis. Dalton. Trans. 2015, 44, 11408-11419. [CrossRef]

Gundogdu, G.; Gundogdu, K.; Nalci, K.A.; Demirkaya, A.K.; Tasci, S.Y.; Miloglu, F.D.; Senol, O.; Hacimuftuoglu, A. The Effect
of Parietin Isolated from Rheum ribes L on In Vitro Wound Model Using Human Dermal Fibroblast Cells. Int. J. Low Extrem.
Wounds 2019, 18, 56—64. [CrossRef]

Tang, T.; Yin, L.; Yang, ].; Shan, G. Emodin, an anthraquinone derivative from Rheum officinale Baill, enhances cutaneous wound
healing in rats. Eur. |. Pharmacol. 2007, 567, 177-185. [CrossRef]

Xiao, D.; Zhang, Y.; Wang, R.; Fu, Y.; Zhou, T.; Diao, H.; Wang, Z.; Lin, Y.; Li, Z.; Wen, L.; et al. Emodin alleviates cardiac fibrosis
by suppressing activation of cardiac fibroblasts via upregulating metastasis associated protein 3. Acta Pharm. Sin. B 2019, 9,
724-733. [CrossRef]

Remichkova, M.; Dimitrova, P.; Philipov, S.; Ivanovska, N. Toll-like receptor-mediated anti-inflammatory action of glaucine and
oxoglaucine. Fitoterapia 2009, 80, 411-414. [CrossRef] [PubMed]

Zhong, G.; Long, H.; Chen, F; Yu, Y. Oxoglaucine mediates Ca(2+) influx and activates autophagy to alleviate osteoarthritis
through the TRPV5/calmodulin/CAMK-II pathway. Br. J. Pharmacol. 2021, 178, 2931-2947. [CrossRef] [PubMed]

Ivanovska, N.; Philipov, S.; Georgieva, P. Inmunopharmacological activity of aporphinoid alkaloid oxoglaucine. Pharmacol. Res.
1997, 35, 267-272. [CrossRef] [PubMed]

Koyama, Y.; Brenner, D.A. Liver inflammation and fibrosis. J. Clin. Investig. 2017, 127, 55-64. [CrossRef] [PubMed]

Liu, Y.-C.; Chen, Z.-F; Shi, Y.-F; Huang, K.-B.; Geng, B.; Liang, H. Oxoglaucine-lanthanide complexes: Synthesis, crystal structure
and cytotoxicity. Anticancer. Res. 2014, 34, 531-536.

Bakin, A.V.; Tomlinson, A.K.; Bhowmick, N.A.; Moses, H.L.; Arteaga, C.L. Phosphatidylinositol 3-kinase function is required
for transforming growth factor beta-mediated epithelial to mesenchymal transition and cell migration. J. Biol. Chem. 2000, 275,
36803-36810. [CrossRef]

Frey, R.S.; Mulder, K. M. Involvement of extracellular signal-regulated kinase 2 and stress-activated protein kinase/Jun N-terminal
kinase activation by transforming growth factor beta in the negative growth control of breast cancer cells. Cancer Res. 1997, 57,
628-633.

Juhl, P.; Bondesen, S.; Hawkins, C.L.; Karsdal, M.A.; Bay-Jensen, A.C.; Davies, M.].; Siebuhr, A.S. Dermal fibroblasts have different
extracellular matrix profiles induced by TGF-beta, PDGF and IL-6 in a model for skin fibrosis. Sci. Rep. 2020, 10, 17300. [CrossRef]
[PubMed]

Seki, E.; Schwabe, R.F. Hepatic inflammation and fibrosis: Functional links and key pathways. Hepatology 2015, 61, 1066—1079.
[CrossRef]

Li, M.O.; Flavell, R.A. TGF-beta: A master of all T cell trades. Cell 2008, 134, 392-404. [CrossRef]

Liu, R.M.; Desai, L.P. Reciprocal regulation of TGF-beta and reactive oxygen species: A perverse cycle for fibrosis. Redox. Biol.
2015, 6, 565-577. [CrossRef] [PubMed]

Mihaylova, M.M.; Shaw, R.J. The AMPK signalling pathway coordinates cell growth, autophagy and metabolism. Nat. Cell. Biol.
2011, 13, 1016-1023. [CrossRef]

Lin, H.; Li, N.; He, H,; Ying, Y.; Sunkara, S.; Luo, L.; Lv, N.; Huang, D.; Luo, Z. AMPK Inhibits the Stimulatory Effects of TGF-beta
on Smad2/3 Activity, Cell Migration, and Epithelial-to-Mesenchymal Transition. Mol. Pharmacol. 2015, 88, 1062-1071. [CrossRef]
Salminen, A.; Hyttinen, ].M.; Kaarniranta, K. AMP-activated protein kinase inhibits NF-kappaB signaling and inflammation:
Impact on healthspan and lifespan. J. Mol. Med. 2011, 89, 667-676. [CrossRef] [PubMed]


https://doi.org/10.2174/092986712803341520
https://www.ncbi.nlm.nih.gov/pubmed/22709007
https://doi.org/10.1074/jbc.C100008200
https://www.ncbi.nlm.nih.gov/pubmed/11278251
https://doi.org/10.1128/MCB.01636-06
https://www.ncbi.nlm.nih.gov/pubmed/17438144
https://doi.org/10.1038/sj.bjp.0702702
https://doi.org/10.1021/np9800046
https://doi.org/10.1023/A:1016479622383
https://doi.org/10.1039/C5DT00926J
https://doi.org/10.1177/1534734618819660
https://doi.org/10.1016/j.ejphar.2007.02.033
https://doi.org/10.1016/j.apsb.2019.04.003
https://doi.org/10.1016/j.fitote.2009.05.016
https://www.ncbi.nlm.nih.gov/pubmed/19481591
https://doi.org/10.1111/bph.15466
https://www.ncbi.nlm.nih.gov/pubmed/33786819
https://doi.org/10.1006/phrs.1996.9994
https://www.ncbi.nlm.nih.gov/pubmed/9264041
https://doi.org/10.1172/JCI88881
https://www.ncbi.nlm.nih.gov/pubmed/28045404
https://doi.org/10.1074/jbc.M005912200
https://doi.org/10.1038/s41598-020-74179-6
https://www.ncbi.nlm.nih.gov/pubmed/33057073
https://doi.org/10.1002/hep.27332
https://doi.org/10.1016/j.cell.2008.07.025
https://doi.org/10.1016/j.redox.2015.09.009
https://www.ncbi.nlm.nih.gov/pubmed/26496488
https://doi.org/10.1038/ncb2329
https://doi.org/10.1124/mol.115.099549
https://doi.org/10.1007/s00109-011-0748-0
https://www.ncbi.nlm.nih.gov/pubmed/21431325

Molecules 2023, 28, 4971 14 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Wu, J; Xue, X,; Fan, G.; Gu, Y,; Zhou, E; Zheng, Q.; Liu, R.; Li, Y,; Ma, B.; Li, S. Ferulic Acid Ameliorates Hepatic Inflammation
and Fibrotic Liver Injury by Inhibiting PTP1B Activity and Subsequent Promoting AMPK Phosphorylation. Front. Pharmacol.
2021, 12, 754976. [CrossRef]

Siegert, A; Ritz, E.; Orth, S.; Wagner, J. Differential regulation of transforming growth factor receptors by angiotensin II and
transforming growth factor-betal in vascular smooth muscle. . Mol. Med. 1999, 77, 437-445. [CrossRef]

Yang, Y.; Sun, M,; Li, W,; Liu, C,; Jiang, Z.; Gu, P; Li, ].; Wang, W.; You, R.; Ba, Q.; et al. Rebalancing TGF-beta/Smad7 signaling
via Compound kushen injection in hepatic stellate cells protects against liver fibrosis and hepatocarcinogenesis. Clin. Transl. Med.
2021, 11, e410. [CrossRef]

Yan, X.; Liao, H.; Cheng, M.; Shi, X.; Lin, X.; Feng, X.H.; Chen, Y.G. Smad7 Protein Interacts with Receptor-regulated Smads
(R-Smads) to Inhibit Transforming Growth Factor-beta (TGF-beta)/Smad Signaling. J. Biol. Chem. 2016, 291, 382-392. [CrossRef]
Suwanabol, P.A.; Seedial, S.M.; Zhang, E.; Shi, X.; Si, Y.; Liu, B.; Kent, K.C. TGF-beta and Smad3 modulate PI3K/ Akt signaling
pathway in vascular smooth muscle cells. Am. J. Physiol. Heart Circ. Physiol. 2012, 302, H2211-9. [CrossRef]

Zhang, L.; Zhou, F,; ten Dijke, P. Signaling interplay between transforming growth factor-beta receptor and PI3K/AKT pathways
in cancer. Trends Biochem. Sci. 2013, 38, 612-620. [CrossRef]

Macakova, K.; Afonso, R.; Saso, L.; Mladénka, P. The influence of alkaloids on oxidative stress and related signaling pathways.
Free Radic. Biol. Med. 2019, 134, 429-444. [CrossRef]

Mulcahy Levy, ].M.; Thorburn, A. Autophagy in cancer: Moving from understanding mechanism to improving therapy responses
in patients. Cell. Death Differ. 2020, 27, 843-857. [CrossRef] [PubMed]

Sun, M.; Tan, L.; Hu, M. The role of autophagy in hepatic fibrosis. Am. . Transl. Res. 2021, 13, 5747-5757. [PubMed]

Lodder, J.; Denaés, T.; Chobert, M.-N.; Wan, J.; El-Benna, J.; Pawlotsky, ].-M.; Lotersztajn, S.; Teixeira-Clerc, F. Macrophage
autophagy protects against liver fibrosis in mice. Autophagy 2015, 11, 1280-1292. [CrossRef] [PubMed]

Liu, X.W,; Tang, C.L.; Zheng, H.; Wu, ].X,; Wu, E; Mo, Y.Y,; Liu, X.; Zhu, H; Yin, C.; Cheng, B.; et al. Investigation of the
hepatoprotective effect of Corydalis saxicola Bunting on carbon tetrachloride-induced liver fibrosis in rats by (1)H-NMR-based
metabonomics and network pharmacology approaches. J. Pharm. Biomed. Anal. 2018, 159, 252-261. [CrossRef]

Yu, Q.; Cheng, P.; Wu, J.; Guo, C. PPARgamma/NF-kappaB and TGF-betal /Smad pathway are involved in the anti-fibrotic effects
of levo-tetrahydropalmatine on liver fibrosis. J. Cell. Mol. Med. 2021, 25, 1645-1660. [CrossRef] [PubMed]

Charni-Natan, M.; Goldstein, I. Protocol for Primary Mouse Hepatocyte Isolation. STAR Protoc. 2020, 1, 100086. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fphar.2021.754976
https://doi.org/10.1007/s001090050374
https://doi.org/10.1002/ctm2.410
https://doi.org/10.1074/jbc.M115.694281
https://doi.org/10.1152/ajpheart.00966.2011
https://doi.org/10.1016/j.tibs.2013.10.001
https://doi.org/10.1016/j.freeradbiomed.2019.01.026
https://doi.org/10.1038/s41418-019-0474-7
https://www.ncbi.nlm.nih.gov/pubmed/31836831
https://www.ncbi.nlm.nih.gov/pubmed/34306323
https://doi.org/10.1080/15548627.2015.1058473
https://www.ncbi.nlm.nih.gov/pubmed/26061908
https://doi.org/10.1016/j.jpba.2018.06.065
https://doi.org/10.1111/jcmm.16267
https://www.ncbi.nlm.nih.gov/pubmed/33438347
https://doi.org/10.1016/j.xpro.2020.100086
https://www.ncbi.nlm.nih.gov/pubmed/33111119

	Introduction 
	Results 
	Effect of Oxoglaucine on Cellular Viability 
	Oxoglaucine Attenuates TGF-Induced Phosphorylation of Smad2 and Fibrogenic Gene Expression 
	Oxoglaucine Suppresses the mRNA Levels of Pro-Inflammatory Cytokines 
	Effect of Oxoglaucine on ROS Levels in Hepatocytes 
	Suppression of Smad7 Blocks the Anti-Fibrogenic Effects of Oxoglaucine 

	Discussion 
	Materials and Methods 
	Cell Culture and Material Treatment 
	Isolation of Primary Hepatocyte 
	WST1 Assay 
	Fluorescence-Activated Cell Sorting (FACS) Assay 
	RNAi Experiment 
	Immunoblotting 
	Quantitative RT-PCR 
	Statistical Analysis 

	References

