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Effective therapy for liver fibrosis is lacking. Here, we examined whether LP340,
the lead candidate of a new-generation of hydrazide-based
HDAC1,2,3 inhibitors (HDACi), decreases liver fibrosis. Liver fibrosis was
induced by CCl4 treatment and bile duct ligation (BDL) in mice. At 6 weeks
after CCl4, serum alanine aminotransferase increased, and necrotic cell death
and leukocyte infiltration occurred in the liver. Tumor necrosis factor-α and
myeloperoxidase markedly increased, indicating inflammation. After 6 weeks,
α-smoothmuscle actin (αSMA) and collagen-1 expression increased by 80% and
575%, respectively, indicating hepatic stellate cell (HSC) activation and
fibrogenesis. Fibrosis detected by trichrome and Sirius-red staining occurred
primarily in pericentral regions with some bridging fibrosis in liver sections. 4-
Hydroxynonenal adducts (indicator of oxidative stress), profibrotic cytokine
transforming growth factor-β (TGFβ), and TGFβ downstream signaling
molecules phospho-Smad2/3 also markedly increased. LP340 attenuated
indices of liver injury, inflammation, and fibrosis markedly. Moreover, Ski-
related novel protein-N (SnoN), an endogenous inhibitor of TGFβ signaling,
decreased, whereas SnoN expression suppressor microRNA-23a (miR23a)
increased markedly. LP340 (0.05 mg/kg, ig., daily during the last 2 weeks of
CCl4 treatment) decreased 4-hydroxynonenal adducts and miR23a production,
blunted SnoN decreases, and inhibited the TGFβ/Smad signaling. By contrast,
LP340 had no effect on matrix metalloproteinase-9 expression.
LP340 increased histone-3 acetylation but not tubulin acetylation, indicating
that LP340 inhibited Class-I but not Class-II HDAC in vivo. After BDL, focal
necrosis, inflammation, ductular reactions, and portal and bridging fibrosis
occurred at 2 weeks, and αSMA and collagen-1 expression increased by
256% and 560%, respectively. LP340 attenuated liver injury, ductular
reactions, inflammation, and liver fibrosis. LP340 also decreased 4-
hydroxynonenal adducts and miR23a production, prevented SnoN
decreases, and inhibited the TGFβ/Smad signaling after BDL. In vitro,
LP340 inhibited immortal human hepatic stellate cells (hTERT-HSC)
activation in culture (αSMA and collagen-1 expression) as well as miR23a
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production, demonstrating its direct inhibitory effects on HSC. In conclusions,
LP340 is a promising therapy for both portal and pericentral liver fibrosis, and it
works by inhibiting oxidative stress and decreasing miR23a.
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1 Introduction

Liver fibrosis is the excessive accumulation of extracellular
matrix (ECM) including collagen in the liver, which occurs in
patients with many chronic liver diseases (Pinzani, 1999; Bataller
and Brenner, 2005). Depending on the background chronic liver
disease, liver fibrosis may begin primarily around portal tracts
(portal fibrosis), such as in chronic cholestatic liver disease and
viral hepatitis, or occurs initially in pericentral and perisinusoidal
areas (pericentral/perivenular fibrosis), such as in alcohol-associated
liver disease (Pinzani, 1999; Bataller and Brenner, 2005). As hepatic
fibrosis advances, bridging fibrosis is formed and ultimately
cirrhosis occurs (Pinzani, 1999; Bataller and Brenner, 2005). In
its advanced stage, liver cirrhosis, parenchymal cells are replaced by
collagen fibers, liver architecture becomes distorted, and hepatic
blood flow is disturbed, leading to portal hypertension, chronic liver
failure, severe complications, and death (Crawford, 2002; Rahimi
and Rockey, 2013). Liver fibrosis/cirrhosis affects >100 million
people and represents one of the most common causes of death
in adults in the world (Friedman, 2003; Asrani et al., 2019).
Moreover, 60%–90% of cases of hepatocellular carcinoma (HCC),
a highly malignant tumor, arise on a background of liver fibrosis
(Scaglione et al., 2015).

Although the most effective anti-fibrotic therapies are those
targeting the underlying diseases causing fibrogenesis, such as
antiviral therapy for viral hepatitis and iron chelation for
hemochromatosis (Powell and Kerr, 1970; Poynard et al., 2002;
Hadziyannis et al., 2003), therapy for many liver diseases is still
lacking, working only in certain patient populations, or incompletely
effective. Moreover, onset of many liver diseases and the subsequent
development of liver fibrosis is often insidious. In the U.S, majority
of liver disease patients do not know that they have liver disease until
advanced fibrosis occurs, which substantially delays the treatment of
the underlying diseases (Scaglione et al., 2015). Despite extensive
studies, FDA-approved pharmaceutical therapy for fibrosis is still
unavailable. The only clinically proven treatment for cirrhosis is
liver transplantation (LT), whereas the availability of LT is very low
due to the severe shortage of donor livers (Meirelles Junior et al.,
2015). Thus, blockade of common profibrogenic and
proinflammatory pathways and/or stimulation of resolution of
fibrosis represents possible alternative therapeutic approaches. No
doubt, development of effective antifibrotic therapy is an urgent
need for medicine.

Histone deacetylases (HDACs) are a group of epigenetic
enzymes that catalyze histone deacetylation, which subsequently
alters gene expression (Kuo and Allis, 1998). Histone deacetylation
is also strongly associated with dysregulated expression of
microRNAs, which can affect numerous biological and
pathological processes (Suzuki et al., 2013; Soliman et al., 2018;
Ramzan et al., 2021). In addition to deacetylating histones, HDACs

also remove acetyl moieties from lysine residues on non-histone
proteins, thus affecting their activation, localization, function, and
degradation (Kiernan et al., 2003; Glozak et al., 2005). Eighteen
isoforms of HDAC exist in mammals, belonging to 4 classes
(Hammond et al., 2017; Yoon et al., 2019). HDACs regulate
many biological and pathological processes, including cell death,
proliferation, inflammation, fibrosis, and cancer (Shao et al., 2004;
Tao et al., 2014; Li et al., 2020). In recent years, accumulated
evidence suggests that HDACs stimulate fibrogenesis in several
organs, such as the heart, lung, kidney, and liver (Van Beneden
et al., 2013; Chen et al., 2015; Moran-Salvador and Mann, 2017;
Yoon et al., 2019). As global levels of acetylation of histones H3 and
H4 progressively decrease, hepatic stellate cell (HSC) activation, a
key step of liver fibrosis, occurs (Chen et al., 2015). Inhibition of
HDAC1-3 (Class I HDAC) suppresses HSC activation and induces
apoptosis and autophagic cell death of activated HSC (Liu et al.,
2013; Shaker et al., 2013). Some studies show that knockdown of
HDAC4, but not HDAC5 or HDAC6 (Class II HDAC), partially
hinders HSC activation through induction of microRNA-29
(Mannaerts et al., 2013). Some HDAC inhibitors (HDACi) [e.g.,
trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA)]
have been shown to decrease fibrotic responses in vitro and in vivo
(Mannaerts et al., 2010; Shaker et al., 2013; Van Beneden et al., 2013;
Chen et al., 2015). However, successful clinical trials of HDACi
against liver fibrosis have not been reported. Possibly, different
subtypes of HDAC exert different effects on the development and
resolution of fibrosis. Therefore, isozyme selective HDACi may be
needed for prevention/treatment of fibrosis. Moreover, all HDACi
currently on the market are for cancer therapy, and all have poor in
vivo pharmacokinetics (PK), low HDAC isozyme selectivity, and
long-term safety concerns regarding potential mutagenicity (Shen
and Kozikowski, 2016). Therefore, more selective, potent, and safe
HDACi are needed for assessment in treating liver fibrosis.

Recently, we described a new generation of hydrazide-based
HDACi that inhibit HDAC1,2,3 both allosterically and
competitively. These HDACi have substantially higher potency,
excellent PK properties, and lower toxicity (McClure et al., 2016;
Li et al., 2018). Moreover, we showed recently that LP342, one of the
lead compounds of new class of HDACi, protects against hepatic
ischemia/reperfusion injury (Samuvel et al., 2023). In this study, we
explored whether LP340, another lead compound, decreases liver
fibrosis and examined potential mechanisms of its protection.

2 Materials and methods

2.1 Materials

The sources of all chemicals, antibodies, and other reagents are
listed in Supplementary Table S1 in “Supplementary Material.”
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2.2 Synthesis of LP340

The molecular structure, synthesis, purification, and
characterization of LP340 are described elsewhere (Jiang et al., 2022).

2.3 Animals

Liver fibrosis was induced in mice by bile duct ligation (BDL) and
carbon tetrachloride (CCl4) treatment, respectively (Trams and
Symons, 1957; Rehman et al., 2008; Rehman et al., 2016). For BDL,
male C57Bl/6 mice (8–9 weeks, Jackson Laboratory, Bar Harbor, ME)
underwent a midline abdominal incision under isoflurane (2%–3%)
anesthesia. The common bile duct was located, double ligated near the

liver with 6-0 nylon suture, and transected between ligatures. For sham
operation, the abdomen was opened under isoflurane anesthesia and
then closed without BDL. During surgery, body temperature was
maintained at ~37°C with warming lamps. Mice were gavaged with
LP340 (0.05 mg/kg) or equal volume of vehicle (0.5% DMSO, 0.5%
hydroxypropyl methyl cellulose) at 2 h after surgery and once daily
afterwards for 2 weeks at which time the mice were euthanized. To
induce liver fibrosis with CCl4, male mice were injected with CCl4 (1:
3 dilution in corn oil; 1.0 µL of dilution/g mouse, i.p.) or an equal
volume of corn oil once every 3 days for up to 6 weeks. Since a previous
study showed that female mice are more tolerant to CCl4 hepatotoxicity
(Zhang et al., 2012), female mice were treated with 1.5 µL of the CCl4
dilution/g mouse, i.p.). Both male and female mice were treated with
LP340 (0.05 mg/kg, i.g.) or equal volume of vehicle once daily during
the last 2 weeks of CCl4 treatment (Figure 1A). Mice were euthanized
after 6 weeks of CCl4 treatment. All animals were given humane care in
compliance with institutional guidelines using protocols approved by
the Institutional Animal Care and Use Committee of the Medical
University of South Carolina (protocol number ARC# 2018-00641).

2.4 Culture of immortal human hepatic
stellate cells

Activation of HSC is the key step in liver fibrosis. Therefore, we
examined if LP340 suppressesHSC activation in vitro. Immortal human
HSC (hTERT-HSC), a cell line that is often used to study the cell biology
of human HSC in vitro (Schnabl et al., 2002), were cultured in DMEM
high glucose medium (Supplementary Table S1) supplemented with
10% fetal bovine serum (FBS) at 5% CO2 and 37°C for 24 h to reach
~70% confluence and then changed to the DMEM medium with 0.5%
FBS and with or without LP340 (0.1 and 0.3 µM) for another 48 h.
hTERT-HSCwere then collected, lysedwith ice-cold lysis buffer (Subedi
et al., 2019), and lysates were used for immunoblotting or microRNA-
23a (miR23a) measurement.

2.5 Serum alanine aminotransferase
measurement

At the end of experiments, blood and liver were collected from
mice under ketamine/xylazine anesthesia (90 mg/kg and 10 mg/kg,
i.p.). Blood was collected by puncture of the inferior vena cava, and
serum was isolated and stored at −80°C until use. Serum alanine
aminotransferase (ALT) activity was determined using a commercial
kit (Supplementary Table S1) according to the manufacturer’s
instructions.

2.6 Histology and immunohistochemistry

After collection, part of the liver was stored at −80°C until use
later, and the other part was fixed in 10% neutralized formaldehyde
for 24–48 h and then embedded in paraffin. Liver sections (5 µm)
were stained with hematoxylin-eosin (H&E) for histological
examination. Liver sections were also stained with Mason’s
trichrome staining and Sirius red/Fast green staining to reveal
liver fibrosis (Kiernan, 2015; Rehman et al., 2016).

FIGURE 1
LP340 increases histone-3 acetylation and decreases alanine
aminotransferase release and necrosis after CCl4 treatment. Male
micewere injectedwith CCl4 (1:3 dilution in corn oil; 1.0 µL of dilution/
g mouse, i.p.) or equal volume of corn oil once every 3 days for
6 weeks. LP340 (0.05 mg/kg, ig daily) or equal volume of vehicle (Veh)
was administered during the last 2 weeks of CCl4 treatment. Blood
and liver were collected after 6 weeks of CCl4 or corn oil treatment.
(A) regimen of CCl4 and LP340 treatment. (B) representative
immunoblots for acetylated histone-3 (acH3), acetylated tubulin
(acTub), and housekeeping protein GAPDH; (C, D), quantification of
acH3 and acTub immunoblots by densitometry. (E–G) representative
images of liver histology. Bar is 50 µm. (H) serum ALT. *, p < 0.05 vs.
vehicle; **, p < 0.01 vs. vehicle; ##, p < 0.01 vs. CCl4 without LP340.
Data are means ± SEM (n = 3–4/group).
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Proliferation of cholangiocytes was detected by
immunohistochemical staining of cytokeratin-19 (CK19). Liver
sections were deparaffinized and rehydrated, followed by antigen
retrieval using antigen unmasking solution (Supplementary Table
S1) according to the manufacturer’s instructions. Liver sections were
pre-blocked with 3% H2O2 in distilled water and 2% bovine serum
albumin (Supplementary Table S1) in 1% phosphate buffered saline
with 0.1% Tween-20 (PBS-T) for 1 h at room temperature. Liver
sections were then incubated with primary antibody for CK19 from
rabbit (Supplementary Table S1, 1:500 dilution) at room
temperature for 1 h. After washing in PBS-T 3 times (3 min
each), sections were incubated with peroxidase conjugated
secondary anti-rabbit antibody using a VECTASTAIN ABC kit
(Supplementary Table S1). 3,3′-Diaminobenzidine (DAB)
(Supplementary Table S1) was used to detect peroxidase. The
sections were then counterstained with 1/5 Harris hematoxylin

solution (Supplementary Table S1) for 1 min at room
temperature. Liver images were acquired using a Zeiss
AX10 microscope (White Plains, NY) and 10x - 40x objective lenses.

2.7 Detection ofmicroRNA-23a in liver tissue
and cell lysates

miRNAs were extracted from liver tissue (100 mg) or hTERT-HSC
lysates using a miRNeasy micro-Kit (Supplementary Table S1)
according to the manufacturer’s instructions. cDNAs were
synthesized from 10 ng RNA using a miCURY LNA RT kit
(Supplementary Table S1). Customized probes for miR23a and
housekeeping gene U6 were used (Supplementary Table S1). Real-
time PCR was performed using iQ™ SYBR Green Supermix
(Supplementary Table S1) and a Bio-Rad CFX 96 Real time PCR
System with incubations at 55°C for 5 min and 95°C for 5 min, followed
by 39 cycles at 95°C for 10 s and 60°C for 1 min. The results were
normalized to the expression of U6 miRNA. miR23a expression was
determined by the delta-delta Ct method (Krishnasamy et al., 2016).

2.8 Immunoprecipitation of Smad4

Liver tissue was collected after 6 weeks of CCl4 treatment and
homogenized in ice-cold lysis buffer (Subedi et al., 2019). The protein
contents of lysates were determined using a Pierce BCAprotein assay kit
(Supplementary Table S1) according to themanufacturer’s instructions.
Liver lysates with 500 μg protein was immunoprecipitated (IP) using a
Pierce classic immunoprecipitation kit (Supplementary Table S1) with
mothers against decapentaplegic homolog-4 (Smad4) antibody (5 μg,
Supplementary Table S1) according to manufacturer’s instruction.
Protein contents in immunoprecipitates were measured, and
immunoprecipitates with equal amount of protein were loaded to
each lane (Liu et al., 2015). Smad4 and Ski-related novel protein-N
(SnoN) were measured by immunoblotting (IB) as described below.

2.9 Immunoblotting

Livers were collected at 2 weeks after BDL or sham-operation or
6 weeks after treatment with CCl4 or corn oil. Liver tissue was
homogenized in ice-cold lysis buffer, as described above.
Immunoblotting of proteins in tissue lysates, immunoprecipitates, or
hTERT-HSC lysates was performedwith primary antibodies specific for
the proteins of interest, as described previously (Rehman et al., 2008).
The sources of antibodies are shown in Supplementary Table S1.
Horseradish peroxidase-conjugated secondary antibodies
(Supplementary Table S1) were applied after removal of primary
antibodies by washing with TBS-T solution, and detection was by
chemiluminescence (Rehman et al., 2008).

2.10 Statistical analysis

Groups were compared using ANOVA plus Student-Newman-
Keul’s post hoc test using p < 0.05 as the criterion of significance. Values
are means ± SEM. Group sizes are described in figure legends.

FIGURE 2
LP340 decreases inflammatory responses after CCl4 treatment.
Male mice were treated, and livers were collected as described in
Figure 1. (A) representative immunoblots for tumor necrosis factor-α
(TNFα), myeloperoxidase (MPO), and housekeeping protein
GAPDH. (B,C) quantification of TNFα and MPO immunoblots by
densitometry. Veh, vehicle; **, p < 0.01 vs. vehicle; #, p < 0.05 vs. CCl4
without LP340; ##, p < 0.01 vs. CCl4 without LP340. Data are means ±
SEM (n = 4/group).
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3 Results

3.1 LP340 increases histone-3 but not
tubulin acetylation in the liver

To determine if LP340 inhibits Class I HDAC in vivo, we
assessed the acetylation status of histone-3 (substrate for Class I
HDAC) in livers of male mice. After CCl4 treatment, acetylated
histone-3 (acH3) decreased by 55% in vehicle-treated mice but
increased ~90% in LP340-treated mice (Figures 1B, C). By
contrast, acetylation of tubulin (substrate for Class II HDAC)
was not altered by CCl4 or LP340 (Figures 1B, D). These data
demonstrate that LP340 inhibits Class I but not Class II
HDACs in vivo.

3.2 LP340 decreases liver injury and
inflammation after CCl4 treatment

In male mice, liver histology was normal after vehicle
treatment (Figure 1E). After 6 weeks of CCl4 treatment, small

necrotic foci with leukocyte infiltration (necro-inflammatory
foci) and foci of leukocytes alone without overt necrosis
developed (Figure 1F). Many necro-inflammatory foci
localized in centrilobular regions, but some necro-
inflammatory foci were scattering throughout the liver lobule.
Cell swelling was also observed in some hepatocytes (not shown).
Treatment with LP340 decreased these pathological changes
(Figure 1G). ALT was measured at 6 weeks after vehicle or
CCl4 treatment. In male mice, serum ALT was 80 U/L in
vehicle-treated mice. After 6 weeks of CCl4 treatment, ALT
increased to ~200 U/L (Figure 1H). Treatment with
LP340 during the last 2 weeks of CCl4 administration
decreased serum ALT to ~80 U/L, indicating an attenuation of
CCl4-induced liver injury (Figure 1H).

Consistent with increased leukocyte infiltration in liver sections
after CCl4 treatment, tumor necrosis factor-α (TNFα), a
proinflammatory cytokine, increased ~140% (Figures 2A, B).
Myeloperoxidase (MPO), a marker of polymorphonuclear cell
infiltration, also increased 98% after CCl4, indicating
inflammation. LP340 blunted these inflammatory responses by
74% after CCl4 treatment (Figures 2A, C).

FIGURE 3
LP340 decreases liver fibrosis after CCl4 treatment. Male mice were treated, and livers were collected as described in Figure 1. (A–C) representative
images of tichrome-stained liver sections. Bar is 100 μm; (D–F) representative images of Sirius red/Fast green-stained liver sections. Bar is 100 µm. (G)
representative immunoblots for α-smooth muscle actin (αSMA), collagen-1 (Col-1), and housekeeping protein GAPDH. (H,I) quantification of αSMA and
Col-1 immunoblots by densitometry. Veh, vehicle; **, p < 0.01 vs. vehicle; #, p < 0.05 vs. CCl4 without LP340; ##, p < 0.01 vs. CCl4 without LP340.
Data are means ± SEM (n = 4/group).
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We also examined whether LP340 protects against liver injury in
female mice after CCl4 treatment. Since a previous study showed
that female mice are more tolerant to CCl4 hepatotoxicity (Zhang
et al., 2012), female mice were treated with a higher dose of CCl4.
After 6 weeks of CCl4, serum ALT increased to 150 U/L
(Supplementary Material, Supplementary Figure S1). With
LP340 treatment, serum ALT was only 88 U/L. Scattered small
necro-inflammatory and inflammatory foci were again observed,
which LP340 also blunted (Supplementary Figure S1).

3.3 LP340 decreases liver fibrosis after
CCl4 treatment

Liver fibrosis was visualized by Mason’s trichrome staining and
Sirius red/Fast green staining of liver sections (Kiernan, 2015; Rehman
et al., 2016). After trichrome staining, collagen stained blue (Figures
3A–C), whereas after Sirius red staining, collagen was red (Figures
3D–F). In vehicle-treated male mice, collagen staining occurred only in

portal tracts and around large vessels. After CCl4 treatment, both
trichrome and Sirius red staining markedly increased, primarily in
centrilobular regions and around venules. Bridging fibrosis also
occurred. In some portal areas, collagen staining was also slightly
increased (Figures 3B, E). LP340 decreased liver fibrosis after CCl4
treatment (Figures 3C, F).

Activation of HSC is a critical step in development of liver
fibrosis. α-Smooth muscle actin (αSMA), an indicator of HSC
activation, increased ~80% after CCl4 treatment in male mice
(Figures 3G, H). With LP340 treatment, αSMA increased only
~20%. Liver fibrosis is characterized by increased formation of
extracellular matrix, especially collagen. Collagen-1 expression
increased 575% after CCl4 treatment. With LP340 treatment,
collagen-1 expression increased only ~70%. (Figures 3G, I).

In female mice, trichrome staining and collagen-1 expression
also increased (Supplementary Material, Supplementary Figures
S2A-S2E)), indicating that CCl4 treatment also caused fibrosis in
females at a higher dosage. LP340 again blunted fibrosis in female
mice (Supplementary Figures S2A-S2E).

FIGURE 4
LP340 inhibits oxidative stress and TGFβ/Smad signaling but does not alter matrix metalloproteinase-9 expression after CCl4 treatment. Male mice
were treated, and livers were collected as described in Figure 1. (A) representative immunoblots for 4-hydroxynonenal (4-HNE) adducts, transforming
growth factor-β1 (TGFβ1), mothers against decapentaplegic homolog2,3 (Smad2,3), phospho-Smad2,3 (pSmad2,3), matrix metalloproteinase-9 (MMP9),
and housekeeping protein GAPDH. (B–F) quantification of 4-HNE adducts, TGFβ1, Smad2,3, pSmad2,3 and MMP9 immunoblots by densitometry.
Veh, vehicle; *, p < 0.05 vs. vehicle; **, p < 0.01 vs. vehicle; #, p < 0.05 vs. CCl4 without LP340; ##, p < 0.01 vs. CCl4 without LP340. Data aremeans ± SEM
(n = 4/group).
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3.4 LP340 decreased oxidative stress and
inhibited TGFβ/Smad signaling after CCl4
treatment but did not alter matrix
metalloproteinases-9 expression

CCl4 is known to cause oxidative stress, and oxidative stress can cause
tissue damage and stimulate fibrosis (Bataller and Brenner, 2005; Rehman
et al., 2016; Unsal et al., 2021). Therefore, we measured hepatic 4-
hydroxynoneal (4-HNE) adduct formation, an indicator of lipid
peroxidation, after CCl4 treatment. After vehicle treatment, weak bands
of 4-HNE adducts were present (Figure 4A). After 6 weeks of CCl4
treatment, the density of 4-HNE adducts bands increased 91% (Figures
4A, B). With LP340 treatment, 4-HNE did not increase (Figures 4A, B).

Transforming growth factor-beta (TGFβ) is a potent profibrotic
cytokine (Bataller and Brenner, 2005; Xu et al., 2016; Dewidar et al.,
2019). TGFβ1 expression in liver increased ~300% after CCl4 treatment
inmalemice receiving vehicle but only increased ~80% inmice receiving
LP340 (Figures 4A, C). Expression of mothers against decapentaplegic
homolog-2,3 (Smad2,3), the major TGFβ downstream signaling
molecules (Xu et al., 2016; Dewidar et al., 2019), was not altered by
CCl4 or LP340 treatment (Figures 4A, D). By contrast, the phospho-

Smad2,3 (pSmad2,3)/Smad2,3 ratio increased ~85% after CCl4,
indicating Smad2,3 activation (Figures 4A, E). LP340 blunted CCl4-
induced Smad2,3 activation (Figure 4). In female mice, LP340 also
blunted TGFβ1 expression after CCl4 treatment (Supplementary
Material Supplementary Figure S2D, S2F).

Matrix metalloproteinases (MMPs) are proteinases that degrade
the extracellular matrix, thus suppressing and reversing fibrosis (Duarte
et al., 2015). In male mice, MMP9, a major MMP in the liver, was not
significantly altered by CCl4 or LP340 (Figures 4A, F).

3.5 LP340 inhibited microRNA-23a but
increased SnoN after CCl4 treatment

Previous studies showed that downregulation of miR23a inhibits
TGFβ signaling by increasing Ski-related novel protein-N (SnoN) (Xu
et al., 2018). We therefore explored if inhibition of HDAC1,2,3 alters
miR23a expression. In male mice, miR23a increased 6.8-fold after CCl4
treatment, but only increased 1.6-fold in mice with LP340 treatment
(Figure 5A). SnoN is a negative regulator of TGF-β/Smad signaling
(Zeglinski et al., 2015). SnoN decreased by half after CCl4 treatment,
which LP340 reversed (Figures 5B, C). SnoN directly interacts with
Smad4, thus interfering formation of the Smad4 and pSmad2/3 complex
(Wu et al., 2002; Zeglinski et al., 2015). SnoN-Smad4 interaction was
examined by IP of Smad4 followed by IB for SnoN. After CCl4 treatment,
SnoN co-immunoprecipitation with Smad4 decreased ~40%, which
LP340 reversed (Figures 5D, E).

3.6 LP340 decreases liver injury and
inflammation after bile duct ligation

Hepatic cholestatic injury is typically associated with occurrence
of portal fibrosis. Accordingly, we examined whether LP340 also
inhibits BDL-induced cholestatic liver injury. In male mice, liver
histology revealed normal liver architecture after sham-operation
(Figure 6A). After BDL, numerous areas of focal necrosis developed
(Figure 6B). Moreover, leukocyte infiltration increased markedly
within and/or around focal necrosis, forming necro-inflammatory
foci. In mice with LP340 treatment, focal necrosis areas were smaller
and leukocyte infiltration within and/or around focal necrosis was
markedly decreased (Figure 6C). Consistent with increased
leukocyte infiltration in liver sections after BDL, proinflammatory
cytokine TNFα increased by 387% (Figures 6D, E). With
LP340 treatment, TNFα increased only by 60% (Figures 6D, E).

Serum ALT averaged 26 U/L (Figure 6F) after sham-
operation. After BDL, ALT increased to ~560 U/L at 2 weeks
after BDL (Figure 6F). When mice were treated with LP340, ALT
after BDL only increased to ~240 U/L (Figure 6F). Together,
these data showed that LP340 also decreased liver injury and
inflammation after BDL.

3.7 LP340 decreases ductular reactions after
bile duct ligation

Cholestasis typically causes a ductular reaction that is characterized
by bile duct proliferation and hyperplasia. In H&E-stained liver sections

FIGURE 5
LP340 decreases microRNA-23a and increases SnoN expression
and SnoN/Smad4 complex formation after CCl4 treatment. Male mice
were treated, and livers were collected as described in Figure 1. (A)
hepatic microRNA-23a (miR23a) detected by qPCR. (B)
representative immunoblots of Ski-novel protein (SnoN) and
housekeeping protein GAPDH. (C) quantification of SnoN. (D)
representative immunoblots of Smad4-bound SnoN detected after
immunoprecipitation (IP). (E) quantification of Smad4-bound SnoN. *,
p < 0.05 vs. vehicle; **, p < 0.01 vs. vehicle; #, p < 0.05 vs. CCl4 without
LP340; ##, p < 0.01 vs. CCl4 without LP340. Data are means ± SEM
(n = 4/group).
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from sham-operated mice, normal portal structure was observed
(Figure 7A). After BDL, portal regions markedly enlarged with
increased numbers of bile ducts as well as some bile ducts enlarging
in size (Figure 7B). Connective tissue around portal tracts also increased
(Figure 7B). Cholangiocyte proliferation was also detected by
immunohistological staining for CK19, a marker of cholangiocytes
(Figures 7D–F). After BDL, CK19-positive cells markedly increased,
consistent with occurrence of ductular reactions (Figure 7B), which
LP340 attenuated (Figures 7C, F).

3.8 LP340 decreases liver fibrosis after bile
duct ligation

Liver fibrosis was revealed by trichrome and Sirius-red staining
in liver sections. In shammice, trichrome and Sirius-red labeling was
confined to portal tracts and around large vessels (Figures 8A, D).
After BDL in male mice, trichrome and Sirius-red staining became
more intense and more widely distributed in enlarged portal areas,
consistent with portal fibrosis (Figures 8B, E). Bridging fibrosis also

occurred in some areas. LP340 treatment attenuated these fibrotic
changes after BDL (Figures 8C, F).

αSMA expression increased ~246% after BDL, indicating HSC
activation (Figures 8G, H). Collagen-1 expression increased by
~560% after BDL, indicating fibrogenic process (Figures 8G, I).
With LP340 treatment, αSMA and collagen-1 expression increased
only 62% and 114%, respectively, after BDL.

3.9 LP340 decreases oxidative stress and
microRNA-23a, increases SnoN expression,
and inhibits TGFβ/Smad signaling after bile
duct ligation

Oxidative stress occurs in cholestatic liver injury and fibrosis
(Zhong et al., 2002; Zhong et al., 2003; Heidari and Niknahad,
2019). We examined if LP340 decreases oxidative stress after BDL.
In extracts of livers from sham-operatedmice,Western blotting showed
only weak bands of 4-HNE adducts (Figure 9A). After BDL, 4-HNE
adducts increased 81%, which LP340 blocked (Figures 9A, C).

FIGURE 6
LP340 decreases liver injury and inflammation after bile duct ligation. Blood and livers were collected 2 weeks after BDL or sham operation (Sham).
(A–C) representative images of H&E-stained liver sections. Arrows identify necro-inflammatory foci. Bar is 50 µm. (D) representative immunoblot images
of TNFα and GAPDH; (E) quantification of TNFα immunoblots; (F) serum ALT; $, p = 0.052 vs. sham; *, p < 0.05 vs. sham; **, p < 0.01 vs. sham; ##, p <
0.01 vs. BDL without LP340. Data are means ± SEM (n = 3–4/group).
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We also examined alterations in the TGFβ/Smad pathway
after BDL. Hepatic TGFβ1 expression increased ~470% after BDL
compared to sham operation (Figures 9B, D), and
Smad2,3 expression increased ~70% after BDL (Figures 9B, E).
Phospho-Smad2,3 (pSmad2,3) was barely detectable in sham-
operated mice and increased markedly after BDL (Figures 9B, E).
The ratio of pSmad2,3 to Smad2,3 increased ~290% after BDL,
indicating Smad2,3 activation (Figure 9F). LP340 blunted both
TGFβ1 and Smad2,3 expression as well as Smad2,3 activation
(Figures 9B–F). After BDL, miR23a increased 3.8-fold, whereas
SnoN decreased ~44% (Figures 10A–C). LP340 blunted
alterations of both miR23a and SnoN (Figure 10).

3.10 LP340 inhibits hTERT-HSC
activation in vitro

HSC undergo spontaneous activation during culture. In the
lysates of hTERT-HSC after 48 h culture without LP340, overt
expression of αSMA and collagen-1 occurred (Figures 11A–C),
indicating activation of these cells. With exposure to 0.1 and
0.3 µM LP340, αSMA expression decreased by 42% and 51%, and
collagen-1 expression decreased by 58% and 66%, indicating
suppression of HSC activation in a dose-dependent faction
(Figures 11A–C). LP340 at 0.1 and 0.3 µM also decreased
miR23a expression in hTERT-HSC by 72% and 76%,
respectively (Figure 11D). These results demonstrate that
LP340 directly inhibits miR23a expression and HSC activation
in vitro.

4 Discussion

4.1 LP340 protects against hepatic fibrosis
in vivo

Liver fibrosis is a major medical problem with high morbidity and
mortality (Friedman, 2003; Asrani et al., 2019). Importantly, insidious
initiation and development of liver fibrosis substantially delay the
treatment of underlying diseases. Therefore, antifibrotic treatment is
much needed to decrease mortality caused by liver fibrosis (Scaglione
et al., 2015). Many antifibrotic treatments targeting various fibrotic
pathways have been assessed in liver fibrosis, such as angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, interferon,
pioglitazone, colchicine, farglitazar, simtuzumab, non-coding RNAs,
pegbelfermin, natural herbs, and transplantation of stem cells
(Friedman, 2015; Rockey et al., 2015; Trautwein et al., 2015).
Unfortunately, only a very few of these treatments show modest
effects in clinical trials, whereas most other treatments are ineffective
(Friedman, 2015;Malaguarnera et al., 2015; Rockey et al., 2015; Trautwein
et al., 2015; Zhang et al., 2023). The lack of broadly effective treatment for
fibrosis continues to fuel the search for new molecular targets of fibrosis
and effective drugs for prevention and therapy.

Recently, a new class of hydrazide-based HDACi targeting Class I
HDAC was discovered by high-throughput screening, although the
potencies of these initial hydrazide-based inhibitors was weaker than
the first generation HDACi vorinostat (Wang et al., 2015). Through
medicinal chemistry refinements, we developed novel HDACi with an
additive inhibition mechanism via interaction with both competitive and
allosteric sites of HDAC, resulting in higher potency and more specific
target engagement (McClure et al., 2016; Li et al., 2018; Jiang et al., 2022).
These new HDACi are highly potent (effective at low nanomolar levels)
and have better isoform selectivity for HDAC1,2,3 and better PK
properties than current FDA-approved HDACi on the market,
especially in oral bioavailability and total systemic exposure. For
example, the EC50s of LP340 for inhibiting HDAC1, 2, and 3 are
3.52, 18.14 and 0.38 nM respectively but are >10,000 nM for other
HDACs (Jiang et al., 2022). LP340 can achieve oral bioavailability greater
than 95%, and the maximum concentration in blood it can achieve
(Cmax) is greater than 100 µM (Jiang et al., 2022).

In this study, we explored whether LP340 can be used as anti-fibrotic
therapy in twomouse models of hepatic fibrosis–CCl4 and BDL, which
are most widely used models for pericentral and portal fibrosis,
respectively. We showed that both CCl4 and BDL caused necrosis,
increased ALT release, proinflammatory cytokine formation, and
leukocyte infiltration, indicating liver injury and inflammatory
responses (Figure 1; Figure 2; Figure 6). LP340 blunted all these
alterations. CCl4 treatment caused primarily pericentral fibrosis,
whereas BDL caused mostly portal fibrosis (Figure 3; Figure 8), as
expected. Bridging fibrosis occurred in each model as revealed by
collagen staining with both trichrome and Sirius-red (Figure 3;
Figure 8). Expression of αSMA and collagen-1 markedly increased
after both CCl4 and BDL, demonstrating HSC activation and the
fibrogenic process at molecular level (Figure 3; Figure 8).
LP340 decreased fibrosis as revealed histologically and by molecular
markers (Figure 3; Figure 8). Moreover, LP340 directly inhibited hTERT-
HSC activation in vitro (Figure 11). Overall, these results suggest that
LP340 not only decreases liver injury but is also a promising therapy for
both pericentral and portal fibrosis. Importantly, in BDL, LP340 gavage

FIGURE 7
LP340 decreases ductular reactions after bile duct ligation. Livers
were collected 2 weeks after BDL or sham operation (Sham). (A–C)
representative images of liver histology after H&E staining. (D–F)
representative images of immunohistological staining for CK19.
Bars are 25 μm. n = 3–4/group.
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was started right after surgery, whereas in the 6-week CCl4 model,
LP340 was given only in the last 2 weeks, suggesting LP340 is
effective both as a prevention and treatment strategy.

4.2 LP340 decreases oxidative stress

Liver fibrosis results from wound-healing responses to repeated
injury during the progression of most chronic liver diseases (Bataller
and Brenner, 2005; Zhang et al., 2023). Many cellular and molecular
signals contribute to the initiation and progression of liver fibrosis,
including cell death, oxidative stress, mitochondrial dysfunction,
inflammatory processes, proinflammatory/profibrotic cytokines,
vasoactive substances, adipokines, microRNAs, ductular reactions,
and genetic factors (Gabele et al., 2003; Bataller and Brenner, 2005;
Zhang et al., 2023). Chronic liver injury stimulates a multicellular
response involving many hepatic resident and infiltrating cells, which
release a variety of mediators to stimulate inflammatory, proliferative,
and profibrogenic responses (Guo et al., 2009; Brenner et al., 2012;
Higashi et al., 2017). In response to these mediators, HSC become
activated and transform into myofibroblast-like cells that acquire
proinflammatory, contractile, and fibrogenic properties. Activated

HSCs migrate to and accumulate in sites where tissue injury occurs,
producing a collagen-rich ECM to repair damaged liver tissue (Brenner
et al., 2012; Higashi et al., 2017). However, dysregulated, excessive
profibrogenic processes eventually lead to fibrosis/cirrhosis. By contrast,
removal of activated HSCs by apoptosis and increased collagenolytic
activity by upregulation of MMPs lead to resolution of fibrosis (Arthur,
2002; Bataller and Brenner, 2005).

The liver is an important site of ROS production due to its
active metabolic and detoxification activities (Allameh et al.,
2023). Oxidative stress develops in prevalent infectious,
metabolic, drug-induced, cholestatic, autoimmune, and genetic
liver diseases, such as viral hepatitis B or C, alcohol-associated
liver disease, metabolic dysfunction-related steatotic liver
disease, primary biliary cirrhosis, and Wilson’s disease
(Allameh et al., 2023). ROS attack many biologically
important macromolecules (e.g., lipids, proteins, DNA) and
cause mitochondrial dysfunction, leading to cell injury and
death (Hensley et al., 2000; Kim et al., 2003; Corpas and
Barroso, 2013). Experimental and clinical evidence shows that
oxidative stress also plays a critical role in the development of
fibrosis by stimulating/amplifying inflammatory and profibrotic
responses via increased expression and activation of

FIGURE 8
LP340 decreases liver fibrosis after bile duct ligation. Livers were collected 2 weeks after BDL or sham operation (Sham). (A–C) representative
images of trichrome-stained liver sections. Bar is 100 µm. (D–F) representative images of Sirius red/Fast green-stained liver sections. Bar 100 µm. (G)
representative immunoblots for α-smooth muscle actin (αSMA), collagen-1 (Col-1), and housekeeping protein GAPDH. (H,I) quantification of αSMA and
Col-1 immunoblots by densitometry. **, p < 0.01 vs. sham; ##, p < 0.01 vs. BDL without LP340. Data are means ± SEM (n = 4/group).
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proinflammatory/profibrotic mediators (e.g., TNFα, TGFβ, IL-
1β) (Sanchez-Valle et al., 2012; Allameh et al., 2023). Oxidative
stress also causes senescence in cholangiocytes and stimulates
senescence-related bile ductular reactions, thus causing release of
cholangiokines (e.g., TGFβ, connective tissue growth factor) that
stimulate fibrosis in cholestatic liver disease (Nakanuma et al.,
2015; Carpino et al., 2017; Sato et al., 2019; Cai et al., 2023). ROS
and products of lipid peroxidation stimulate quiescent HSC to
transdifferentiate into an activated, highly proliferative
myofibroblast-like phenotype (Svegliati-Baroni et al., 2001a;
Svegliati-Baroni et al., 2001b; Gandhi, 2012). Antioxidant
plant polyphenols, over-expression of mitochondrial
superoxide dismutase-2 (SOD2, which degrades superoxide),
mitochondrial targeting antioxidant MitoQ, and activation of
aldehyde dehydrogenase-2 (ALDH2, metabolically detoxifies
lipid peroxidation-produced toxic aldehydes) all attenuated
liver injury and fibrosis after BDL or CCl4 treatment (Zhong
et al., 2002; Zhong et al., 2003; Wimborne et al., 2019).

In this study, oxidative stress occurred after CCl4 treatment
and BDL, as indicated by increased 4-HNE adduct formation
(Figure 4; Figure 9). LP340 blunted increases of 4-HNE,
suggesting that LP340 decreases oxidative stress (Figure 12).

Previous studies showed that HDACs epigenetically regulate the
kelch-like ECH associated protein 1(Keap1)/nuclear factor E2-
related factor 2 (Nrf2)/antioxidant pathway (Guo et al., 2015). In
cultured Raw-264.7 macrophages, HDAC inhibition decreases
Keap1 expression, a suppressor of Nrf2 (Wang et al., 2012).
Under normal conditions, Keap1 and Nrf2 form a complex that
remains localized in the cytosol. When Keap1 decreases, Keap1/
Nrf2 dissociation leads to Nrf2 translocation into nuclei and
then increased expression of many antioxidant proteins that
contain antioxidant response elements (AREs) in their promoter
regions (Kensler et al., 2007; Wang et al., 2012). TSA, a pan
HDAC inhibitor, decreases infarct volume after stroke in wild-
type mice, and this effect is abolished by Nrf2-deficiency (Wang
et al., 2012). Consistent with an antioxidant effect of HDACi, we
recently showed that LP342 decreases 4-HNE formation,
increases expression of antioxidant proteins, and protects
against hepatic ischemia/reperfusion injury (Samuvel et al.,
2023). Therefore, LP340 likely inhibits liver injury and

FIGURE 9
LP340 decreases oxidative stress and TGFβ/Smad signaling after
bile duct ligation. Livers were collected 2 weeks after BDL or sham
operation (Sham). (A,B) representative immunoblot for 4-HNE
adducts, TGFβ1, Smad2,3, pSmad2,3 and housekeeping protein
GAPDH. (C–F) quantification of 4-HNE adducts, TGFβ1, Smad2,3,
pSmad2,3 immunoblots. *, p < 0.05 vs. sham; **, p < 0.01 vs. sham; &,
p = 0.088 vs. sham; ##, p < 0.01 vs. BDL without LP340. Data are
means ± SEM (n = 4/group).

FIGURE 10
LP340 decreases microRNA-23a and increases SnoN after bile
duct ligation. Livers were collected 2 weeks after BDL or sham
operation (Sham). (A) hepatic miR23a detected by qPCR. (B)
representative immunoblots for SnoN and housekeeping protein
GAPDH. (C) quantification of SnoN immunoblots. *, p < 0.05 vs. sham;
#, p < 0.05 vs. BDL without LP340. Data are means ± SEM (n =
4/group).
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fibrosis, at least in part, by increasing expression of antioxidant
proteins through activation of the Nrf2 pathway, thus inhibiting
oxidative stress.

4.3 LP340 inhibits liver fibrosis by altering
microRNA-23a, SnoN, and TGFβ/
Smad signaling

In addition to attenuation of liver injury and subsequent
inflammatory responses, LP340 may inhibit fibrosis by epigenetically
decreasing miR23a expression thus increasing SnoN, a potent suppressor
of TGFβ signaling (Figure 12). TGFβ is a master profibrogenic cytokine
that stimulates HSC activation, proliferation, fibrogenesis, and migration
(Dewidar et al., 2019). TGFβ is produced not only by macrophages and
cholangiocytes but also by activated HSC, thus acting as an
autocrine/paracrine factor. Binding of TGFβ to its receptor
(TβR) leads to phosphorylation of Smad2 and Smad3
(R-Smads). Phosphorylated Smad2 and Smad3 form a
heterocomplex with Smad4 (co-Smad). This complex
translocates to the nucleus and recruits additional
transcriptional coactivators to promote transcription of TGFβ
target genes, such as the gene for αSMA (Figure 12) (Derynck and
Budi, 2019; Dewidar et al., 2019). HDACs enhance TGFβ-
induced trans-differentiation of HSC to myofibroblasts and
ECM production (Chen et al., 2015). During HSC trans-
differentiation, the global acetylation of both histone H3 and
H4 progressively decreases, suggesting increased HDAC activity

(Qin and Han, 2010). In this study, we showed that selective and
potent HDAC1,2,3 inhibitor LP340 suppresses TGFβ/Smad
signaling and HSC activation in vivo (Figure 4; Figure 9).

LP340 possibly works by increasing formation of SnoN, a
protein that interacts with Ski as transcriptional corepressors of
Smad proteins, thus suppressing TGFβ/Smad signaling
(Deheuninck and Luo, 2009; Zeglinski et al., 2015; Tecalco-Cruz
et al., 2018). Ski and SnoN interact simultaneously with Smad4 (Wu
et al., 2002; Deheuninck and Luo, 2009; Zeglinski et al., 2015).
Binding of Ski/SnoN to Smad4 results in displacement of phospho-
Smad2,3 from Smad4, thus disrupting nuclear translocation of Smad
heteromeric complexes and subsequent TGFβ target gene
transcription (Figure 12) (Wu et al., 2002). Another model
proposes that Ski and SnoN block TGFβ signaling by forming an
inhibitory complex with Smad4 that binds to the promoters of TGFβ
target genes and recruits additional corepressors to inhibit TGFβ
target gene expression (Figure 12) (Tecalco-Cruz et al., 2018). Other
studies show that Ski and SnoN proteins also directly interact with
TβRI, thus inhibiting pSmad2,3-Smad4 complex formation
(Ferrand et al., 2010). Many studies have shown inhibitory effects
of Ski/SnoN on fibrosis in various organs (Zeglinski et al., 2015). For
example, SnoN upregulation inhibits TGFβ/Smad signaling and
ameliorates renal fibrosis in diabetic rats (Liu et al., 2017).
Docosahexaenoic acid, an essential n-3 polyunsaturated fatty
acid, increases SnoN, thus decreasing paraquat-induced
pulmonary fibrosis (Chen et al., 2013). Cpd861, a herbal
compound that increases SnoN, alleviates liver fibrosis (Cai et al.,
2006; Chi et al., 2018). Consistently, in this study we observed that

FIGURE 11
LP340 suppresses hTERT-HSC activation andmiR340 formation in vitro. hTERT-HSCwere cultured in DMEMmediumwith 0.5% FBSwith or without
LP340 (0.1 and 0.3 µM) for 48 h. (A) representative immunoblots for α-smooth muscle actin (αSMA), collagen-1 (Col-1), and housekeeping protein
GAPDH. (B,C) quantification of αSMA and Col-1 immunoblots by densitometry, (D) miR23a detected by qPCR. **, p < 0.01 vs. 0 µM LP340. Data are
means ± SEM (n = 3/group).
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SnoN expression markedly decreased after BDL and CCl4 treatment
in association with decreased formation of SnoN/Smad4 complexes,
increased TGFβ/Smad signaling, and liver fibrosis, whereas
LP340 increased SnoN and inhibited hepatic fibrosis after BDL
and CCl4 treatment (Figure 5; Figure 10).

LP340 increases SnoN expression likely through decreasing miR23a.
miR23a plays an important role in initiation and progression of tumors
(Wang et al., 2018). miR23a increases in liver fibrosis and hepatocellular
carcinoma (Bao et al., 2014; Dong et al., 2019). In this study, we showed
that miR23a increases after BDL and CCl4 treatment as well as in
activated human HSC cell line in culture (Figure 5; Figure 10;
Figure 11), which is consistent with previous reports (Dong et al.,
2019). Interestingly, a previous study shows that miR23a increases
TGFβ signaling by decreasing transcription of SnoN (Xu et al., 2018).
Therefore, we examined the effects of inhibition of HDAC1,2,3 by
LP340 on miR23a. We showed that LP340 inhibited the increase of
miR23a and reversed decreases of SnoN and formation of the SnoN/
Smad4 complexes after BDL and CCl4 and in cultured human HSC cell
line (Figure 5; Figure 10; Figure 11).

Taken together, our findings show that LP340, the lead of a new
generation of selective HDACi for HDAC1, 2 and 3, alleviates liver
fibrosis either preventively or when given as therapy. LP340 inhibits
Class I but not Class II HDACs in vivo. These novel HDACi not only
protect against liver injury but also directly inhibit HSC activation.
HDACi likely protect against liver injury and fibrosis by epigenetic
upregulation of antioxidant proteins. Additionally, HDACi inhibit
fibrosis by suppression of miR23a expression, thus increasing SnoN
and inhibiting TGFβ signaling (Figure 12). This new generation of
HDACi may represent a promising new therapy for fibrosis.
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Glossary

acH3 acetylated histone-3

acTub acetylated tubulin

ALT alanine aminotransferase

AREs antioxidant response elements

αSMA α-smooth muscle actin

BDL bile duct ligation

CCl4 Carbon tetrachloride

CK19 cytokeratin

ECM extracellular matrix

FBS fetal bovine serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HDAC histone deacetylase

HDACi histone deacetylase inhibitor

hTERT-HSC immortal human hepatic stellate cells

H&E hematoxylin-eosin

4-HNE 4-hydroxynonenal

HSC hepatic stellate cell

Keap1 kelch-like ECH associated protein 1

miR23a microRNA-23a

MMP9 matrix metalloproteinase-9

MPO myeloperoxidase

NFκB nuclear factor-κB

Nrf2 nuclear factor E2-related factor 2

p53 tumor protein P53

PK pharmacokinetics

ROS reactive oxygen species

SAHA suberoylanilide hydroxamic acid

Ski Sloan-Kettering Institute

Smad mothers against decapentaplegic homolog

SnoN Ski-related novel protein-N

TGFβ transforming growth factor-β

TNFα tumor necrosis factor-α

TSA trichostatin A
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