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Abstract

Activated hepatic stellate cells (HSC) are responsible for excess extracellular matrix (ECM)
protein deposition in liver fibrosis. Previously, our group reported that the natural compound
oridonin induces apoptosis, inhibits cell proliferation, and down-regulates ECM proteins in
activated HSC. In this study, the anti-fibrogenic effects of oridonin derivative CYD0682 on the
activated human LX-2 and rat HSC-T®6 stellate cell lines were investigated.

Methods—Cell proliferation was measured by Alamar Blue assay. Apoptosis was detected by
Cell Death ELISA and staining of Yo-Pro-1 and propidium iodide. Cell cycle was determined by
flow cytometry. Immunoblot and Immunofluorescence staining were performed for cellular
protein expression.
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Results—CYDO0682 treatment significantly inhibited LX-2 cells proliferation in a dose- and
time-dependent manner with an 1Cgq value of 0.49 uM for 48 hours, ~10-fold greater potency than
oridonin. Similar results were observed in HSC-T6 cells. In contrast, 2.5 uM of CYD0682
treatment had no significant effects on proliferation of the human hepatocyte cell line C3A.
CYDO0682 treatment induced LX-2 cell apoptosis and S-phase cell cycle arrest, and was associated
with activation of p53, p21, and cleaved-caspase-3. The myofibroblast marker protein a-smooth
muscle actin and major ECM proteins type | collagen and fibronectin were markedly suppressed
in a time- and dose-dependent fashion by CYDO0682. Furthermore, pre-treatment with CYD0682
blocked TGFp-induced type I collagen and fibronectin production.

Conclusion—In comparison with oridonin, its novel derivative CYD0682 may act as a more
potent anti-hepatic fibrosis agent.

1. Introduction

Hepatic fibrosis is a final common pathway of both acute and chronic diseases that if left
untreated may lead to cirrhosis [1-3]. In 2010, there were 31 million disability-adjusted life
years lost and 2% of all deaths were due to liver cirrhosis [4]. Reversal of hepatic fibrosis
and removal of the etiological agent may prevent this loss in quality and duration of life.
Hepatic stellate cells (HSC) or previously known as Ito cells are a resident cell of the hepatic
parenchyma and act as the major Vitamin A-storing cell [5]. In the quiescent state, the HSC
regulates extracellular matrix (ECM) homeostasis, vasoregulation, and metabolic
homeostasis [6].

Hepatic stellate cells (HSC) are the principal effector cells of the fibrogenic process [1, 3,
7-9]. Following liver injury, the HSC is activated, which is characterized by increased
production of a-smooth muscle actin (a-SMA), loss of vitamin A stores, rapid proliferation,
and production of extracellular matrix (ECM) proteins. A variety of stimuli were involved in
HSC activation such as transforming growth factor B (TGF-), lipopolysaccharide (LPS)/
toll-like receptors, tissue hypoxia, platelet-derived growth factors (PDGF), nicotinamide
adenine dinucleotide phosphate-oxidase (NADPH), and the renin-angiotensin system [10,
11]. The deposition of ECM proteins and the phenotypic change of the HSC to a
myofibroblast-like cell lead to fibrous tissue band formation that may lead to cirrhosis and
liver failure [8].

Deactivation of HSC is a possible strategy for the treatment of hepatic fibrosis [10, 12].
Oridonin is an extract isolated from the plant Rabdosia rubescens, and has been studied
extensively for its potent anti-inflammatory and anticancer effects [13-17]. Recently, our
team reported on the antifibrotic effects of oridonin [18]. Oridonin inhibited HSC
proliferation, induced cell cycle arrest, promoted apoptosis, and suppressed endogenous and
transforming growth factor-f (TGF-B) induced ECM protein production [18]. However, in
many cases, the potency of oridonin is relatively moderate. Therefore, it is imperative to
develop novel derivatives of oridonin via structural modifications to enhance the potency.
Zhou et al. developed several oridonin analogs and have demonstrated their anticancer
effects to be more potent than oridonin [14, 19-21]. We hypothesize that the oridonin analog

J Surg Res. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bohanon et al.

Page 3

CYDO0682 will have similar anti-fibrogenic activity on activated hepatic stellate cells and be
more potent than the parent compound.

2. Methods

2.1. Reagents

All cell culture mediums and trypsin were purchased from Life Technology Corp. (Carlsbad,
CA). Oridonin was purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO). Transforming
growth factor B1 (TGF-B) was purchased from R&D Systems Inc. (Minneapolis, MN).
Propidium iodide was purchased from MP Biomedicals, LLC (Solon, OH). HOESCHT
33342 (Cat#83218) was purchased from AnaSpec Inc.(Fremont, CA). CYDO0682 is a novel
analogue of 1-ene designed from oridonin by removal of 1-hydroxyl group and introduction
of a double bond in the A-ring (Figure 1). CYD0682 was synthesized following our
previously reported protocols [14].

2.2. Cell culture and treatment

The human immortalized HSC line LX-2 and rat immortalized HSC line HSC-T6 as well as
the human hepatocyte cell lines C3A were purchased from American Type Cell Culture
(ATCC, Manassas, VA) and cultured and cultured as described previously [18]. All
experiments were performed on cells within 6 weeks of culture from liquid nitrogen.
CYDO0682 was dissolved in dimethyl sulfoxide (DMSQ) at a 1:1000 dilution for cell
treatments. DMSO (0.1%) was used for negative control.

2.3. Western immunoblotting

Whole cell extracts were prepared as previously described [18]. Antibody against a-smooth
muscle actin (a-SMA) (Cat#5228) was purchased from Sigma-Aldrich Co. LLC. (St. Louis,
MO). Anti-Collagen Type | polyclonal antibody (600-401-103) was purchased from
Rockland Immunochemicals Inc. (Gilbertsville, PA). Antibodies against Fibronectin
(sc-6952) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). GAPDH
antibody (10R-G109A) was purchased from Fitzgerald Industries (Concord, MA). Anti-p21
(Cat#556431) was purchased from BD Biosciences (San Jose, CA). Anti-p53 (Cat#2527),
phospho-p53 (Cat#9286), and phospho-Smad2/3 (Cat#8828) were purchased from Cell
Signaling Technology Inc. (Danvers, MA). Apoptosis Western Blot Cocktail (ab136812)
was purchased from Abcam (Cambridge, MA).

2.4. Detection of apoptosis

Cell Death Detection was carried out as previously described [18]. Apoptosis was
determined using a Cell Death Detection ELISA Kit (product # 11 774 425 001, Roche
Diagnostics Corp. Indianapolis, IN) following manufacturer's protocol. Assay was
performed in duplicate and repeated twice. For the detection of apoptosis by Yo-Pro-1, we
followed our previously described method [18]. Yo-Pro-1 uptake was determined by Nikon
Eclipse Ti confocal microscope at 20X magnification (Nikon Instruments Inc. Melville,
NY). For the detection of apoptosis by propidium iodide (PI) cells Pl uptake was determined
by Nikon Eclipse Ti confocal microscope at 20X magnification (Nikon Instruments Inc.
Melville, NY) as previously described [18].
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2.5. Immunofluorescence staining

Immunofluorescence staining was carried out as previously described [18]. After indicated
treatments and staining, the cells were visualized by Nikon Eclipse Ti confocal microscope
at 20X magnification (Nikon Instruments Inc. Melville, NY).

2.6. AlamarBlue/cell viability assay

Cell viability was assessed by AlamarBlue assay (Cat#Dal1025, Life Technologies, Grand
Island, NY) following manufacturer's instructions. Fluorescence intensity was monitored
using a SpectraMax M2 microplate reader (Molecular Devices, LLC, Sunnyvale, CA) with
excitation and emission wavelengths set at 540 and 590 nm, respectively. Assay was
performed in triplicate and repeated at least three times.

2.7. Cell cycle analysis by flow cytometry

Nuclear DNA content was measured by using PI staining and fluorescence-activated cell
sorter analysis as previously described [18]. Pl-stained nuclei were stored at 4°C at least 3
hours before fluorescence-activated cell sorter analysis using BD FACSCanto Il flow
cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ) at the University of Texas
Medical Branch Flow Cytometry and Cell Sorting Core Facility. ModFit LT for Win32
software was used for data analysis (Verity Software House, Inc., Topsham, ME).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software Inc. La
Jolla, CA).Data presented as mean + standard error of the mean (SEM), with significance
defined as p < 0.05.

3. Results
3.1. Inhibitory effects of CYD0682 on HSC proliferation is more potent than oridonin

The structure of CYD0682 as compared to the parent compound, oridonin, is shown in
Figure 1. CYDO0682 is a novel analogue of 1-ene designed from oridonin by removal of 1-
hydroxyl group and introduction of a double bond in the A-ring. HSC proliferation is a
hallmark of HSC activation and indicates the transformation from a quiescent to a
myofibroblast phenotype [3]. To assess the antiproliferative effects of CYDO0682 in
comparison with oridonin, we treated human LX-2 cells for 48 hours at indicated
concentrations and used Alamar Blue assay to determine cell viability. Dose response curves
were calculated using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla,
CA). Figure 2a demonstrates a significant increase in potency of CYD0682 compared to
oridonin (ICsq 0.49 PM vs 7.33 uM, respectively; P<0.0001). CYD0682 further inhibits
LX-2 proliferation in a time-dependent manner, following treatment for 24, 48, or 72 hours
there was a 21.93% =+ 2.35, 74.61% =+ 0.85, and 70.03% = 6.40 inhibition, respectively.
Next, we determined the effects of CYDO0682 on rat HSC-T6 cell line. Figure 2c illustrates
similar findings to LX-2 cells with potent inhibition of growth at forty-eight hours with an
ICsq calculated as 0.59 uM. Additionally, we measured the potency of CYD0682 on
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hepatocytes (C3A cells) and obtained a significant reduction in potency with an ICsg of 3.28
UM (Figure 2d).

3.2. CYDO0682 induces S-phase cell cycle arrest and inhibits HSC activation

The effects of CYD0682 on LX-2 cell cycle progression were assessed using flow
cytometry. Since the majority of cells were in GO-G1 phase under resting conditions, the
cells were not synchronized prior to flow cytometry. CYDO0682 treatment for 24 hours
results in a significant increase in S-phase cell cycle arrest compared to the control, 44.56%
+ 2.56 vs. 30.20% + 1.00, P = 0.0065 (Figure 3a). Next, cell cycle regulatory proteins were
examined using Western blot following CYD0682 treatment for indicated time points.
Figure 3b illustrates an increase in p21 expression levels with a 60% increase at 24 hours.
Activated p53 (p-p53) expression levels were increased by 52% and 70% at 12 and 24
hours, respectively. a-SMA, a marker of HSC activation, was significantly reduced after
CYDO0682 (0.75 uM) treatment (Figure 3d, e) [8].

3.3. CYDO0682 induces LX-2 cell apoptosis

The role of apoptosis in decreased LX-2 cell viability was explored. First, the Cell Death
Detection ELISA, an assay that measures histone-associated DNA fragments which are
markers of apoptosis, was used [22]. There was a significant induction of apoptosis
following CYDO0682 treatment after 24 hours. Next, Yo-Pro-1 and propidium iodide (PI)
staining were used to determine if these effects were due to early or late apoptosis. Hoechst
33342 stains double-stranded DNA with an intact plasma membrane as a control, Yo-Pro-1
stains DNA in cells with a disrupted plasma membrane and is used as an early marker of
apoptosis, whereas Pl is a marker of late apoptosis [23, 24]. CYD0682 induced both early
and late apoptosis in LX-2 cells (Figure 4b).

Finally, the involvement of the caspase cascade in CYDO0682 induced apoptosis was
examined. The ratio of cleaved-caspase 3 to procaspase 3 protein levels was elevated
following CYD0682 treatment, suggesting that apoptosis occurred through a caspase-3
dependent pathway (Figure 4c).

3.4. CYDO0682 downregulates endogenous ECM proteins in LX-2 cells

HSC activation results in an overexpression of ECM proteins, including type | collagen and
fibronectin [25]. CYD0682 treatment significantly decreased the expression of type |
collagen and Fibronectin. As early as 12 hours post treatment, type | collagen levels are
significantly reduced as compared to the control (12 hours; 30% = 1 p < 0.001. 24 hours;
24% = 5 p < 0.05. 48 hours; 51% * 10 p < 0.05. 72 Hours; 44% + 10 p < 0.05). Fibronectin
levels initially increase (12 hours; 45% + 7 p < 0.05. 24 hours; 31% + 6 p < 0.05.) then
decline significantly at 72 hours (43% + 7 p < 0.05) (Figure 5a). CYDO0682 reduces type |
collagen levels in a dose-dependent manner (Figure 5b). Immunofluorescence staining of
type I collagen was performed on LX-2 cells following CYD0682 treatment. CYD0682
treatment results in a marked reduction in type | collagen (Figure 5c).
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3.5. CYDO0682 attenuates TGF-p-induced ECM production in LX-2 cells

TGF-B is one of the most potent stimulators of HSC [26, 27]. CYDO0682 pretreatment for 24
hours followed by TGF-p stimulation for 24 hours resulted in a near complete inhibition of
fibronectin and type | collagen (Figure 6a). CYDO0682 had no significant effect on TGF-§ —
induced pSmad 2/3 protein levels (Figure 6b). Previously, our group demonstrated that
oridonin resulted in a significant reduction in TGF-B-induced p-Smad 2/3 nuclear
translocation and DNA binding [18]. Interestingly, CYDO0682 did not significantly influence
TGF-B-induced p-Smad 2/3 nuclear translocation or DNA binding (data not shown).
Additionally, increasing concentrations of TGF-$ (5 and 10 ng/mL) had similar expression
of total Smad and p-Smad 2/3 (data not shown). Further, CYDO0682 pretreatment or
simultaneous treatment with 5 or 10 ng/mL TGF-$ had the same effect as Figures 6 a, b, and
c (data not shown).

4. Discussion

In this study, we investigated CYD0682, the potentially more potent anti-fibrogenic
properties of the 1-ene analog of oridonin, compared to its parent compound. Natural
compounds have played a significant role in human disease with over 150 common drugs in
use today that were derived from natural products [28]. Natural products may have some
issues including limited potency, efficacy and drug like properties that need to be optimized
for further drug development. Some natural compounds may have limited availability from
natural resources and have very complex structures that make synthesis and production
costly and inefficient [29]. Oridonin is a naturally rich and readily available compound that
has been extensively studied in the cancer and inflammation literature [15, 17, 30, 31].
Further, oridonin has been previously shown to inhibit HSC proliferation with a moderate
potency, cause S-phase arrest, increase HSC apoptosis, attenuate endogenous a-SMA and
ECM production and block TGF- signaling [18]. The oridonin structure has several
hydroxyl groups thus making it too polar with limited bioavailability.[16, 32] CYDO0682 is a
novel analog of oridonin newly designed by removal of 1-hydroxyl group on A-ring to
improve lipophilicity thus improving the cell permeability and potency.[14]

CYDO0682 has been shown to inhibit HSC proliferation with enhanced potency in both a
time- and dose-dependent fashion. CYDO0682 exhibits a 15-fold increase in ICgqg value in
HSC cells with minimal effect on C3A cell proliferation and viability as compared to
oridonin. We chose C3A cells because they are a clonal derivative of the widely used human
hepatocellular carcinoma HepG2 cell line and known for its better-differentiated hepatocyte
phenotype.[33] Further, CYDO0682 induced a significant increase in S-phase cell cycle arrest
leading to deactivation of the HSC. CYD0682 significantly induced both early and late
apoptosis in LX-2 cells. Finally, CYD0682 administration resulted in the attenuation of
endogenous ECM production and inhibition of TGF-B-induced ECM production at a
significantly lower concentration than oridonin [18].

HSC proliferation is a key step in the hepatic response to injury. Increased proliferation
allows for a significant surge in ECM, cytokine, growth factor and a-SMA production [34].
CYD0682 demonstrated a potent ability to inhibit HSC proliferation and cell viability in
both human and rat cell lines at much lower concentrations than the parent compound
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oridonin. This was associated with an S-phase arrest and induction of apoptosis. G1/S
checkpoint serves a major site of DNA repair regulation and is characterized by an increase
in phosphorylated-p53 which causes an increase in p21 protein production [35]. Here, we
show that CYDO0682 treatment results in protein accumulation of phosphorylated-p53 and
p21, which is often seen with S-phase cycle arrest, and may lead to cell death via apoptosis
[35]. Apoptosis of HSC following CYD0682 treatment appears to be p53 dependent.
Phosphorylated p53 may induce apoptosis via caspase-3 [36]. CYDO0682 treatment increased
expression of cleaved-caspase-3, suggesting a possible mechanism of apoptosis. This
finding is different than the possible caspase-3 independent apoptosis pathway following
oridonin treatment suggested previously [18].

Liver fibrosis is characterized by excessive accumulation of ECM proteins. A reduction in
ECM protein production is a promising means of slowing or reversing the scar forming
process [37]. CYDO0682 treatment resulted in a significant reduction of endogenous and
TGF-B-induced type | collagen and fibronectin production, achieving similar results to
oridonin at a 10-fold less concentration. These findings may make CYDO0682 a promising
anti-fibrogenic agent. Type | collagen protein levels were significantly reduced in both a
time- and dose-dependent fashion. Interestingly, fibronectin levels were initially elevated
and later significantly reduced. This finding was also seen following oridonin treatment and
the mechanism for this needs further elucidation [18]. TGF-B is one of the most potent
stimulators of hepatic fibrosis [26]. Following TGF-f stimulation, the TGF-f receptor
complex is activated and begins a series of protein interactions that most commonly activate
Smad 2 and Smad 3. Smad 2 and 3 dimerize and translocate to the nucleus with Smad 4.
Once in the nucleus, the complex activates transcription factors resulting in increased
expression of ECM proteins most notably type I collagen and fibronectin [38]. Oridonin
inhibited this signaling pathway, but CYDO0682 appears to work through a Smad
independent pathway. There have been recent reports of Smad independent TGF-f signaling
in many models [39, 40]. These findings warrant deeper studies to determine the exact
function of CYDO0682.

This is an in vitro study of hepatic fibrosis using activated hepatic stellate cells. Further
studies are imperative to identify and validate possible direct cellular targets of the drug
candidate and translate to clinical use [41]. As the initial step of the normal sequence for
drug development, the reported finding highlights the possible modes of action for
CYDO0682 in activated HSC.

5. Conclusion

In activated human and rat hepatic stellate cells, CYDO0682 has demonstrated a significant
ability to attenuate hepatic fibrogenesis in vitro. Further, CYDO0682 is significantly more
potent than its parent compound, oridonin. CYD0682 may have a great potential to act as a
promising anti-fibrogenic agent for the treatment of hepatic fibrosis.
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Figure 1.
Chemical structures of oridonin and its new analogue CYD0682.
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Figure 2. CYD0682 more potently inhibits HSC proliferation than oridonin
LX-2 cells (A), HSC-T6 cells (C) and C3A hepatocytes (D) were treated with a series of

concentrations of CYD0682 for 48 hours, and cell viability was determined using Alamar
Blue assay. Dose response curves were calculated using GraphPad Prism 5.0. LX-2 cells
were treated with 0.75 uM of CYDO0682 for 24, 48, and 72 hours; cell viability was
measured by Alamar Blue assay (B). P-values shown compared to vehicle (0.1% DMSO, 0
UM). The results are representative of at least three independent experiments.
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Figure 3. CYD0682 induces LX-2 cell cycle arrest
CYDO0682 induces S-phase cell cycle arrest (A). LX-2 cells were treated with CYD0682

(0.75 uM) for 24 hours. Cells were stained with propidium iodide and analyzed by flow
cytometry as described in Methods. (B) and (C) CYDO0682 affects cell cycle regulatory
proteins. LX-2 cells were treated with vehicle (0.1% DMSO) or CYD0682 (0.75 uM) for
indicated time points. Whole cell lysates were analyzed by Western blot with antibodies for
p53, p-p53, and p21. CYDO0682 inhibits a-SMA expression (D). Whole cell lysates were
analyzed by Western blot with antibodies for a-SMA. GAPDH was used as loading control.
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The experiments were repeated three times and representative data are shown. a-SMA
immunofluorescence (green) is marked reduced following CYDO0682 treatment (E). LX-2
cells were treated with CYDO0682 (0.75 uM) for 24 hours and stained as described in
Methods. DAPI staining was used as a control (blue).
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Figure 4. CYDO0682 promotes LX-2 cell apoptosis

Apoptosis by CYD0682 was evaluated by Cell Death detection ELISA (each conducted in
triplicate) after CYDO0682 treatment (at indicated concentrations) for 24 hours. CYD0682
treatment resulted in significant apoptosis (A). Early and late apoptosis were elevated
following CYD0682 (0.75 uM) treatment for 24 hours (B). Hoechst 33342 is a nuclear stain
used as a control. Yo-Pro-1 is a marker of early apoptosis and propidium iodide is a marker
of late apoptosis. Whole cell lysates were analyzed by Western blot with antibodies for
procaspase 3 and cleaved-caspase3 (C). LX-2 cells were treated at indicated time points with

0.75 uM of CYD0682. GAPDH was used as a loading control. The results are representative
of at least three independent experiments.

Histone-associated DNA
(405 nm reading)
o
g

0_
CYD0682 (UM) 0

Control

C Time (h) 0 12 24 48 72
CYDO0682 (0.75 uM) — + + + +

Procaspase-3 i S SN S a—
Cleaved-caspase-3 3 -

7.1 0] [ ————
1.4+

P &
CYD0682

-
-
il

cleaved-caspase 3
to procaspase 3)

—_
=)
1

Relative Density (ratio of

0.9-

J Surg Res. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bohanon et al. Page 16

A 12 h 24 h 48 h 72 h B CYD0682 (LIM) 0 0.20 0.35 0.50 0.75
CyDo0682 (0.75 uM) —  + -+ - + - T Type | Collagen s s e
Type | Collagen e . —_ e — GAPDH = -
FIDrONECHN e S s S o s 1.2+
GAPDH " c s s wit quay g g >g
L —1 o -
= 1.5+ Type | Collagen 2 13
>0 =
_-00:, < i * ; * i * . * ] 08_
£ G 1.0 20
ae S 5
03D o & 06
20 5
k=] % 0.5+ =
@ £ 0.4
[e]
£
C Control CYDO0682 (0.75 uM)
2.0 Fibronectin ",
5 "
2% 157 2
c O |
[0]
oL
oo 1.0
> @
T X
2 g 0.5+
o
[=
~ 0

Figure 5. CYD0682 suppresses endogenous ECM protein expression
LX-2 cells were incubated with CYD0682 (0.75 M) at time points as indicated. Whole cell

lysates were analyzed by Western blot with antibodies for type I collagen and fibronectin
(A). LX-2 cells were treated with CYD0682 at indicated doses for 24 hours (B). GAPDH
was used as loading control. The results are representative of at least three independent
experiments. LX-2 cells were treated for 24 hours with 0.75 uM of CYDO0682 and stained
for type I collagen (green) and DAPI nuclear stain (blue). The images were overlaid and
demonstrate a drastic reduction in type I collagen staining (C).
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Figure 6. CYD0682 inhibits TGF-f induced pSmad activity and ECM production
LX-2 cells were preincubated with CYD0682 (0.75 uM) for 24 hours and then treated with

TGF-B (2 ng/mL) for 24 hours, whole cell lysates were analyzed by Western blot with
antibodies for fibronectin and type I collagen (A). GAPDH was used as loading control.
Nuclear protein levels of phosphorylated-Smad2/3 were analyzed by Western blot (B).
Lamin B was used as a loading control. The results are representative of at least three
independent experiments.
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