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ARTICLE INFO ABSTRACT

Keywords: Acetaminophen (APAP) overdose-induced hepatotoxicity is tightly associated with oxidative stress.
Octahydrocurcumin Tetrahydrocurcumin (THC) and octahydrocurcumin (OHC), the primary and final hydrogenated metabolites of
Tetrahydrocurcumin curcumin (CUR), possess stronger antioxidant activity in vitro. The present study was performed to investigate
Acetaminophen the potential and mechanism of OHC and THC against APAP-induced hepatotoxicity in parallel to CUR. Our
I(();t;iz;t_l;:f;tress results showed that OHC and THC dose-dependently enhanced liver function (ALT and AST levels) and alleviated
CYP2E1 histopathological deterioration. Besides, OHC and THC significantly restored the hepatic antioxidant status by

miring level of MDA and ROS, and elevated levels of GSH, SOD, CAT and T-AOC. In addition, OHC and THC
markedly suppressed the activity and expressions of CYP2E1, and bound to the active sites of CYP2E1. Moreover,
OHC and THC activated the Keap1-Nrf2 pathway and enormously enhanced the translational activation of Nrf2-
targeted gene (GCLC, GCLM, NQO1 and HO-1) against oxidative stress, via inhibiting the expression of Keap1
and blocking the interaction between Keapl and Nrf2. Particularly, OHC and THC exerted superior hepato-
protective and antioxidant activities to CUR. In conclusion, OHC and THC possess favorable hepato-protective
effect through restoring antioxidant status, inhibiting CYP2E1 and activating Keap1-Nrf2 pathway, which might
represent promising antioxidants for the treatment of APAP-induced hepatotoxicity.

1. Introduction

Tetrahydrocurcumin (THC, Fig. 1B) and octahydrocurcumin (OHC,
Fig. 1C), the food-derived antioxidants, are the primary and final hy-
drogenated metabolites of curcumin (CUR, Fig. 1A). CUR is a popular
cooking spice, food pigment, and flavouring agent derived from the
rhizome of Curcuma longa, which is widely used for the treatment of
liver disorders (Ireson et al., 2002; Kocaadam and Sanlier, 2017; Zhao

et al., 2015). Nowadays, attention has been focused on OHC and THC
due to their similar but superior beneficial properties to CUR, including
anti-inflammatory (Zhao et al., 2015), anti-tumor (Liu et al., 2017;
Zhang et al., 2018), and especially antioxidant activities (Somparn
et al., 2007). THC, the primary and major hydrogenated metabolite of
CUR, possesses protective effect against various diseases such as renal
damage, diabetes and hypertension (Murugan and Pari, 2010;
Nakmareong et al., 2011; Pari and Murugan, 2004; Song et al., 2015).
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Fig. 1. Chemical structures of (A) Curcumin, (B) Tetrahydrocurcumin and (C) Octahydrocurcumin.

However, the potential hepato-protective effect of THC against acute
liver injury remained obscure. OHC, the final hydrogenated metabolite
of CUR, is rarely explored largely ascribed to its poor availability.

Acetaminophen (APAP) overdose is a worldwide leading cause of
drug-induced hepatotoxicity. APAP toxicity accounts for above 40% of
acute liver failure cases in the United States, Great Britain and Europe
(Lee, 2017). When taken at therapeutic dose, over 90% of APAP is
metabolized into nontoxic products. And about 5-8% of APAP is me-
tabolized into a toxic metabolite, N-acetyl-p-benzoquinoneimine
(NAPQI) by the cytochrome P450 system (mainly CYP2E1). Under
normal circumstances, NAPQI is rapidly converted to nontoxic products
by glutathione (GSH) (Lancaster et al., 2015). However, once APAP is
overdosed, excessive NAPQI will be formed, which depletes hepatic
GSH stores (Xu et al., 2017). Subsequently, the remaining NAPQI will
react with the cellular proteins and cause oxidative stress, microsomal
membrane damage, and even cell death (Das et al., 2011).

The Kelch-like ECH-associated protein 1 (Keapl)-nuclear factor er-
ythroid 2 related factor 2 (Nrf2) system plays a critical role in the he-
patic oxidative injury, and has been considered as a prospective target
for liver diseases. Nrf2 serves as an essential regulator of an array of
detoxifying and antioxidant defense genes expression in the liver (Lu
et al., 2016). Keapl is known as a negative regulator of Nrf2 (Kaspar
et al., 2009). Under unstressed conditions, Keapl binds to Nrf2 in the
cytoplasm and promotes the degradation of Nrf2. Under oxidative
stress, Keapl is inactivated, while Nrf2 is stabilized. Therefore, the

newly synthesized Nrf2 is accumulated and constantly activated (Sha
et al., 2015). As a result, Nrf2 translocates into the nucleus and induces
the expressions of a battery of cyto-protective genes such as glutamate
cysteine ligase catalytic subunit (GCLC), glutamate-cysteine ligase
modifier subunit (GCLM), NAD(P)H quinone oxidoreductase 1 (NQO1),
and heme oxygenase-1 (HO-1), all of which play an important role in
the detoxication of APAP (Sha et al., 2015; Shin et al., 2013).

Oxidative stress is involved in the various toxicities associated with
APAP (Wang et al., 2017), and therefore OHC and THC with prominent
antioxidant properties may be effective in the suppression of oxidative
stress associated with APAP treatment. In the present study, we fol-
lowed our previous highly effective route to produce OHC (Zhang et al.,
2018), and comparatively deciphered the potency and mechanism of
OHC and THC against APAP-induced hepatotoxicity. For the first time,
OHC was revealed to exert pronounced hepato-protective effect. THC
also exhibited appreciable hepato-protective effect against APAP-in-
duced hepatotoxicity. The mechanism was intimately associated with
suppressing CYP2E1 through inhibiting its expression and binding to its
active sites, maintaining redox homeostasis, and activating the Keapl-
Nrf2 antioxidant signaling pathway through inhibiting the expression
of Keap1 and blocking the binding of Keap1 to Nrf2, thus triggering the
transcriptional and translational activation of Nrf2-mediated anti-
oxidant response elements (Fig. 10). Moreover, OHC and THC possessed
superior hepato-protective effect to their progenitor CUR in combating
against APAP-induced hepatotoxicity.



D.-D. Luo et al. Food and Chemical Toxicology 123 (2019) 349-362

Table 1 To the best of our knowledge, it was the first study to delineate the
Primer sequences for target genes. hepato-protective effect of OHC and THC in APAP-induced liver injury,
and also the innovative endeavor to comparatively explore the anti-
oxidant activity of hydrogenated metabolites THC and OHC in vivo. Our
Forward Reverse results might add new dimension to the hepato-protective effect and
mechanism of CUR and its metabolites, which further corroborated the

Gene Primer sequence (5"-3")

CYP2E1  CGTTGCCTTGCTTGTCTGGA AAGAAAGGAATTGGGAAAGGTCC . - . . -

GaLC TGGCTTTGAGTGCTGCATCT ATCACTCCCCAGCGACAATC medicinal application of turmeric as a functional food in the treatment
GCLM TCACAATGACCCGAAAGAACTG  ACCCAATCCTGGGCTTCAAT of hepatic disorders. This insight was envisaged to enlighten the
NQO1 GGTTTACAGCATTGGCCACACT ~ AACAGGCTGCTTGGAGCAAA knowledge on the development of food-derived OHC and THC as novel
HO-1 CAGCCCCACCAAGTTCAAAC GGCGGTCTTAGCCTCTTCTGT antioxidants for the treatment of APAP-induced liver injury. OHC and

GAPDH  AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA . . O
THC may serve as promising lead scaffolds for the lead optimization for

novel curcumin analogs.
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Fig. 2. Differential effects of THC, OHC and CUR on the levels of (A) AST and (B) ALT in serum. Data are presented as the mean = SD (n = 10). ##p < 0.01 versus
control group. 'p < 0.05, ™p < 0.01 versus APAP-treated group. Ap < 0.05,%%p < 0.01 versus treatment of CUR group.
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APAP + NAC (200 mg/kg)
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Fig. 3. Differential effects of THC, OHC and CUR on the liver histological alternations (original magnification x 100). CV: central vessel; Solid arrows: inflammatory
cell infiltration; Open arrow: sinusoidal dilation; Rectangle: vacuolation. The scale indicates 50 pm.

2. Materials and methods
2.1. Chemical compounds and reagents

Chemical compounds. OHC was synthesized and purified according to
our previous report, with purity over 98.0% (Zhang et al., 2018). CUR,
THC, APAP, N-acetyl cysteine (NAC), p-nitrophenol, 4-nitrocatechol
and NADPH were all purchased from Sigma-Aldrich Chemical Co., Ltd.
(St. Louis, MO, USA).

Commercially available kits. Kits for measurement of alanine transa-
minase (ALT), glutathione (GSH), malondialdehyde (MDA), catalase
(CAT), superoxide dismutase (SOD), and total antioxidant capacity (T-
AOC) were all purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Enzyme-linked immunosorbent assay
(ELISA) kit for reactive oxygen species (ROS) was obtained from Beijing
Andy Huatai Technology Co., Ltd. (Beijing, China).

Reagents for Western blot analysis. Nuclear and cytoplasmic protein
extraction kit was purchased from Keygene Biotech Co., Ltd. (Nanjing,
China). Radioimmunoprecipitation assay (RIPA) lysis buffer, stripping
buffer and bicinchoninic acid (BCA) protein assay kits were obtained
from Beyotime Institute of Biotechnology (Shanghai, China). Primary
antibodies against CYP2E1, Keapl, Nrf2, GCLC, GCLM, NQO1, heme
oxygenase-1 (HO-1), GADPH, Histone H3, and horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibodies were all obtained
from Affinity Biosciences, Cell Signal Transduction (Cambridge, UK).
Polyvinylidene difluoride (PVDF) membranes were obtained from GE
Healthcare Life Sciences (Pittsburgh, PA, USA).

Reagents for real-time PCR analysis. Trizol reagent was purchased
from Thermo Fisher Scientific Inc. (Massachusetts, USA). FastKing RT
kit was obtained from Tiangen Biotech Co., Ltd. (Beijing, China).
ChamQ Universal SYBR qPCR Master Mix was provided by Vazyme
Biotech Co., Ltd. (Nanjing, China). The primer sequences for CYP2E1,
GCLC, GCLM, HO-1, NQO1 and GAPDH were from Sangon Biotech Co.,
Ltd. (Shanghai, China).

2.2. Animals and treatments

Male Kunming mice (20-25g, 6-8 weeks) were purchased from
Guangdong Medical Laboratory Animal Center (Foshan, China). All
mice were specific pathogen-free and fed under a standard condition
(constant temperature of 24 = 1°C and a 12/12h light-dark cycle) for
at least 7 days before the experiment. All animal experiments were
performed in accordance with procedures approved by the Animal
Experimental Ethics Committee of Guangzhou University of Chinese

Medicine (dSPF, 2014021), and the experimental protocols followed
the Guide for the Care and Use of Laboratory Animals.

One hundred mice were randomly divided into 10 groups: control
(saline, 0.1 ml/10g, i.g.), APAP (saline, 0.1 ml/10g, i.g.), NAC
(200 mg/kg, i.g.), CUR (100 mg/kg, i.p.), THC (25, 50 and 100 mg/kg,
i.p.) and OHC (25, 50 and 100 mg/kg, i.p.). All mice were fasted for
16 h prior to the induction of experimental liver injury. Mice were in-
itially pretreated with corresponding agents. After pretreatment for
30min, all mice except those in the control group received in-
traperitoneal injection of APAP (220 mg/kg) to induce liver injury. The
dosages used in the present study were selected based on previous
studies (Pang et al., 2016; Leong et al., 2012; Liu et al., 2016; Oh et al.,
2011) and our pilot trial. After injection of APAP for 12 h, all mice were
sacrificed. Blood samples were collected and kept at room temperature
for 90 min, and then centrifuged for 15min (1000 x g, 4 °C) to obtain
serum. Serum samples were stored at —80 °C for subsequent analysis.
Besides, liver tissues were obtained following abdomen dissection. Parts
of liver tissues were snap-frozen in liquid nitrogen and stored at —80 °C
for subsequent analysis. The same parts of each liver were removed and
fixed in 10% buffered formalin for liver histological analysis. To further
investigate the underlying mechanism, samples from OHC and THC
(100 mg/kg) groups were used for the subsequent studies including
histological observation, liver ROS level, CYP2E1 activity, real-time
PCR and Western blot analysis.

2.3. Measurement of serum ALT and AST levels

The serum levels of ALT and AST, serving as indicators of liver
function, were measured using commercially available kits according to
the manufacturer's instructions.

2.4. Measurement of hepatic oxidative stress markers

Liver tissues were thawed and added with saline ice, and then
homogenized to obtain 10% liver homogenate. The homogenate was
centrifuged for 15min (2500 rpm, 4°C) to obtain the supernatant.
Subsequently, the supernatant was used for the analyses of MDA, GSH,
SOD, CAT, and T-AOC levels by commercially available kits according
to the manufacturers’ instructions.

2.5. Liver histological observation

The fixed liver tissues were embedded in paraffin, sliced into 5um
and stained with hematoxylin and eosin following routine procedures.
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Fig. 4. Differential effects of THC, OHC and CUR on the liver antioxidant status: (A) MDA; (B) GSH; (C) SOD; (D) CAT; (E) T-AOC and (F) ROS. Data are presented as
the mean + SD (n = 10). *#p < 0.01 versus control group. **p < 0.01 versus APAP-treated group. “p < 0.05, **p < 0.01 versus treatment of CUR group.

The histological alternations in the hepatic tissues were observed and
photographed using an Olympus microscope (BX-46; Olympus, Tokyo,
Japan).

2.6. Measurement of liver ROS level

Liver tissues collected from different groups were melted (2-8 °C)
and homogenized in ice-cold PBS (pH 7.4). After centrifugation at
3000 rpm for 20 minat 4 °C, the supernatant was collected for ROS
measurement using a mouse ROS detection assay kit following the
manufacturer's instructions (Kong et al., 2018; Lin et al., 2018).

2.7. Measurement of hepatic CYP2E1 activity

Liver microsomes were isolated following the previous methods
with some modifications (Yue et al., 2009). Briefly, liver tissues col-
lected from different groups were melted and homogenized in ice-cold
50 mM Tris with 1.15% (w/v) KCl (pH 7.4). After centrifugation for
20 min (10000 x g, 4 °C), the supernatant was collected and centrifuged

for 30 min (20000 x g, 4 °C). The protein concentration of the final su-
pernatant was determined by the BCA protein assay kit. CYP2E1 ac-
tivity was determined by measuring the hydroxylation ratio of 4-ni-
trophenol to 4-nitrocatechol and expressed as pmol/min/mg protein
following the previous method (Bray and Rosengren, 2001).

2.8. Protein extraction and western blot analysis

Liver tissues collected from different groups were thawed, homo-
genized with RIPA lysis buffer, and centrifuged for 5min (15000 X g,
4 °C) to obtain the total protein. The nuclear and cytoplasmic proteins
were extracted using a commercially available nuclear and cytoplasmic
protein extraction kit in accordance with the manufacturer's instruc-
tions. The protein concentration was determined by the BCA protein
assay kit and then stored at —80 °C for subsequent Western blot ana-
lysis.

Fifty ug of protein was electrophoresed on 6%-12% SDS-PAGE and
then transferred onto PVDF membranes. Subsequently, membranes
were blocked with 5% skim milk powder in TBST for 1h, and then
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Fig. 5. Differential effects of THC, OHC and CUR on CYP2EI1 in liver: (A) Enzymatic activities; (B) Densitometry analysis of mRNA level; (C) Representative protein
expression band; (D) Densitometry analysis of protein level; (E) 3D and (F) 2D diagrams of the hydrogen bonds interaction between OHC and CYP2E1; (G) 3D and (H)
2D diagrams of the hydrogen bonds interaction between THC and CYP2E1; (I) 3D and (L) 2D diagrams of the hydrogen bonds interaction between CUR and CYP2E1.
Data are presented as the mean + SD (n = 3). *”p < 0.01 versus control group. "p < 0.05, **p < 0.01 versus APAP-treated group. *’p < 0.01 versus treatment of

CUR group.

Table 2
Docking score of OHC, THC and CUR with CYP2E1 and Keapl.

Protein Chemical Docking score
molecules compounds
Lead IT H-bond Amino acid Ligand H-bond
score atom length
@&
CYP2E1 OHC —-6.11 2 SER366 H20 2.2
(PDB H21 2.3
ID: THC -570 3 ARG344 H21 2.3
3E6D) GLY441 022 2.0
ASN143 025 1.9
CUR —-6.21 3 LEU215 H21 4.8
ASN219 021 2.2
SER366 024 2.0
Keapl (PDB OHC —-5.11 4 LEU365 H22 1.8
ID: VAL606 022 2.0
5FNU) GLY367 022 2.3
H23 2.3
THC —-7.01 4 VAL465 020 2.1
VAL512 H21 2.1
021 1.8
SER508 023 2.3
CUR -832 7 ASN414 020 2.3
ASN382 020 2.1
021 2.5
GLY367 022 1.8
VAL606 022 2.1
H23 2.4
ILES59 023 21

incubated with primary antibodies against CYP2E1 (1:1000), Keapl
(1:1000), Nrf2 (1:1000), HO-1 (1:1000), NQO1 (1:1000), GCLC
(1:1000), GCLM (1:500) and GAPDH (1:1000) at 4 °C overnight. Then
membranes were washed with TBST for three times and incubated with
HRP-conjugated anti-rabbit antibodies (1:3000) at room temperature
for 1 h. Immunolabelled proteins were revealed by ECL reagents and
photographed with the ChemiDoc™ MP System bio-imaging analyzer
(Bio-Rad, American). The relative optical densities were analyzed using
Image J software (Rawak Software, Germany). All blots were normal-
ized to GAPDH or Histone H3 expression.

2.9. Total RNA extraction and real-time PCR analysis

Total RNA was extracted from liver tissues using Trizol reagent in
accordance with the manufacturer's instructions. NanoDrop 2000 ul-
tramicrospectrophotometer (Thermo, American) was used to measure
the concentration and purity of the extracted RNA. Subsequently, cDNA
was reversely transcripted from 1 pg of total RNA using FastKing RT kit
in accordance with the manufacturer's instructions. The cDNA was re-
versed at — 20 °C for subsequent analysis.

Real-time PCR was performed with ChamQ Universal SYBR qPCR
Master Mix according to the manufacturer's instructions in the CFX 96
Real-Time PCR Detection System (Bio-Rad, American). The primer se-
quences were shown in Table 1. The expression of target genes for each
group was normalized to the GAPDH gene.

2.10. Molecular docking simulation

Molecular docking assay was carried out to investigate the potential
interaction between candidate compounds (OHC, THC and CUR) and
the target proteins (CYP2E1 and Keapl) by the AutoDock 4.26
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software. The crystal structures of CYP2E1 (PDB ID: 3E6I) and Keapl-
inhibitor complex (PDB ID: 5FNU) were derived from the RCSB Protein
Data Bank (https://www.rcsb.org/). The 3D structures of OHC
(PubChem CID: 13888132), THC (PubChem: CID 124072) and CUR
(PubChem CID: 969516) were obtained from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/).  The grid boxes were
30 x 30 x 30 A, computed with a grid spacing of 0.375 A. The search
was carried out with the Lamarckian Genetic Algorithm, populations of
150 individuals and maximum number of energy 2.5 x 10°. Besides, a
mutation rate of 0.02 has been evolved for 10 generations in each
docking. A root mean square deviation (RMSD) tolerance for each cycle
was set at 2.0 A. The interaction between ligands and proteins was
evaluated by sorting the different complexes with respect to the pre-
dicted binding energy (kcal/mol).

2.11. Statistical analysis

All data were presented as the mean + standard deviation (SD).
Statistical comparisons between mean values of individual groups were
carried out using one-way analysis of variance (ANOVA) with Duncan's
multiple range tests by IBM SPSS. p < 0.05 means the difference has
reached statistical significance.

3. Results

3.1. Protective effects of OHC and THC against APAP-induced
hepatotoxicity

Serum AST and ALT levels are vital indicators for the evaluation of
liver function. As shown in Fig. 2, as anticipated, APAP overdose ob-
viously induced liver injury with increased AST and ALT levels (all
p < 0.01). However, pretreatment with OHC and THC significantly
decreased the elevated AST and ALT levels in a dose-dependent manner
in mice, indicative of relieved hepatotoxicity (allp < 0.01). Moreover,
OHC even regulated liver function to resemble physiological condition
(100 mg/kg, p > 0.05). It was worthwhile to note that THC and OHC
exhibited similar effect as CUR in reducing AST level at a low dose of
50mg/kg (all p > 0.05). THC showed more profound effect than CUR
at a dose of 100 mg/kg in decreasing ALT level (p < 0.05). OHC also
exhibited superior effect to CUR at doses of 50 and 100 mg/kg in at-
tenuating ALT level (p < 0.05 for 50 mg/kg; p < 0.01 for 100 mg/kg).

The liver histological alterations were exhibited in Fig. 3. When
compared with the control group, administration with APAP induced
obvious disarrangement of hepatic cells, extensive hepatocyte vacuo-
lation, inflammatory cell infiltration and sinusoidal dilation. However,
OHC and THC pretreatment remarkably impeded the deleterious al-
ternations, massively reduced the disarrangement of hepatic cells, de-
creased hepatocyte vacuolation and diminished sinusoidal dilation. The
incidence and severity of histopathological deteriorations in the OHC
and THC pretreatment groups were obviously lower than those of CUR
group at the same dose (100 mg/kg). Importantly, pretreatment with
OHC (100 mg/kg) substantially attenuated liver histopathological al-
terations. The obvious differential protective effects on liver function
and histological deterioration indicated that OHC and THC possessed
more appreciable protective effect against APAP-induced hepatotoxi-
city in parallel to CUR.
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3.2. Effects of OHC and THC on liver antioxidant status

Changes in MDA contents could reflect the oxidative damage to cell
membrane lipids. Fig. 4A showed that APAP significantly enhanced the
liver MDA level (p < 0.01). However, administration with OHC and
THC markedly decreased the hepatic MDA content in a dose-dependent
manner (all p < 0.01). OHC and THC reduced MDA content to the
level similar to that of CUR at a low dose of 25mg/kg (all p > 0.05).
Importantly, THC showed more profound inhibitory effect than CUR at
the same dose of 100 mg/kg (p < 0.05). While OHC exhibited superior
anti-lipid peroxidation effect to CUR at doses of 50 and 100 mg/kg
(» < 0.05 for 50 mg/kg; p < 0.01 for 100 mg/kg).

GSH, SOD, CAT are known as the primary antioxidant enzymes.
Besides, GSH is the antidote of NAPQI, and T-AOC can reflect the total
antioxidant capacity. As shown in Fig. 4B-E, administration with APAP
significantly decreased the levels of GSH, SOD, CAT and T-AOC (all
p < 0.01) as compared with the control group. In contrast, pretreat-
ment with OHC and THC obviously restored levels of these antioxidant
indexes at doses of 50 and 100 mg/kg (all p < 0.01). The restorative
capacity of OHC on GSH, SOD and CAT was more pronounced than that
of CUR at 100 mg/kg (p < 0.05 for GSH; p < 0.01 for SOD; p < 0.05
for CAT).

NAPQI adducts with mitochondrial proteins leading to ROS for-
mation. As shown in Fig. 4F, APAP treatment significantly increased the
level of ROS as compared to the control group (p < 0.01). Never-
theless, pretreatment with OHC and THC at a dose of 100 mg/kg ap-
parently decreased the ROS level in parallel to the APAP group (all
p < 0.01). Importantly, THC and OHC exhibited more appreciable ef-
fect in decreasing ROS level relative to CUR at the same dose (all
p < 0.01), which indicated that THC and OHC might possess superior
antioxidant effect to CUR against APAP-induced liver injury.

3.3. Effects of OHC and THC on CYP2E1 expression and molecular docking
analysis

Excessive intake of APAP can be metabolized into NAPQI mainly
through CYP2E1. As shown in Fig. 5A, APAP overdose significantly
decreased the CYP2E1 activity (p < 0.01), which might result from the
hepatocellular damage caused by APAP (Xie et al., 2016). Although
pretreatment with CUR and THC exhibited differential CYP2E1 in-
hibitory activities, the difference failed to reach statistical significance.
However, pretreatment with OHC obviously inhibited the CYP2E1 ac-
tivity (p < 0.01), about 2-fold lower than that of the APAP group.
Fig. 5B-D also revealed that 220 mg/kg APAP significantly up-regu-
lated the gene and protein expressions of CYP2E1 by over 2-fold as
compared with the control (all p < 0.05). However, OHC and THC
pretreatment provoked a 2-3 fold down-regulation on the transcrip-
tional and translational expressions of CYP2E1 relative to the APAP
group (p < 0.01 for mRNA; p < 0.05 for protein).

Furthermore, THC normalized the CYP2E1 gene and protein over-
expressions to closely resemble normal levels (p > 0.05). OHC even
exhibited approximately 2-fold suppressive effect on the gene and
protein expressions of CYP2E1 when compared with the control group
(p < 0.01 for gene; p < 0.05 for protein). Noteworthily, OHC and
THC both exhibited stronger effect than CUR in inhibiting CYP2E1
mRNA expression (all p < 0.01), which was in concert with the com-
parative effects of THC, OHC and CUR on liver ALT levels, histological
alternation, and antioxidant status.

Molecular docking study further indicated that OHC, THC and CUR
all interacted with the active site of CYP2E1 with binding energy of
—6.11, —5.7 and —6.21 kcal/mol, respectively (Table 2 and Fig. 5E-L).
OHC formed hydrogen bonds with the amino acid SER366 of CYP2E1.
THC formed hydrogen bonds with ARG344, GLY411 and ASN143 re-
sidues. CUR also made hydrogen contact with LEU215, ASN219 and
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Fig. 7. Molecular docking results of the (A) schematic diagram, (B) 3D and (C) 2D diagrams of the hydrogen bond interaction between OHC and Keap1; (D) schematic
diagram, (E) 3D and (F) 2D diagrams of the hydrogen bond interaction between THC and Keap1; (G) schematic diagram, (H) 3D and (I) 2D diagrams of the hydrogen

bond interaction between CUR and Keapl.

SER366. These results suggested that OHC and THC revealed distinct
affinities to the binding sites as CYP2E1 inhibitors, which was con-
gruent with the in vivo enzymatic activity and transcriptional and
translational expression levels.

3.4. Effects of OHC and THC on the activation of Keap1-Nrf2 pathway and
molecular docking simulation

Keapl functions as a negative regulator of Nrf2 by binding to Nrf2
in the cytoplasm and promoting its degradation. As shown in Fig. 6B,
treatment with APAP resulted in an increase in the expression of cy-
tosolic Keapl by over 2-fold as compared with the control group
(p < 0.01). However, pretreatment with OHC, THC and CUR all re-
markably suppressed the cytosolic Keapl protein expression (all
p < 0.01). Besides, THC and OHC down-regulated the cytosolic Keapl
expression to closely resemble normal level (all p > 0.05).

As exhibited in Fig. 6C-D, down-regulated expression of Nrf2 in the
nucleus and cytoplasm were observed in the APAP-treated group (all
p < 0.01). However, OHC, THC and CUR all substantially increased
the nuclear Nrf2 and decreased the cytosolic Nrf2 protein expression
levels (all p < 0.01), indicative of the activation of Keapl-Nrf2
pathway. Noteworthily, OHC exhibited a greater inhibitory effect on
cytosolic Keapl protein expression and a superior effect on promoting
the Nrf2 translocation as compared to CUR (p < 0.05 for cytosolic
Keapl; p < 0.01 for nuclear Nrf2).

Moreover, the in silico molecular docking simulation predicted that
OHC, THC and CUR all slided into the crystal structure of Keapl and
disturbed the protein-protein interaction between Keapl and Nrf2, with
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the binding energy of —5.11, —7.01 and —8.32 kcal/mol, respectively
(Table 2 and Fig. 7). Specifically, OHC showed hydrophobic interaction
with LEU365, VAL606 and GLY367 of Keapl. THC formed hydrogen
bonds with VAL465 and SER508. CUR bound with ASN414, ASN382,
VAL606, ILE559, and GLY367. The result indicated that OHC and THC
could insert into the pocket of Keapl and occupy part of the binding site
of Nrf2, therefore disturbing the binding of Keap1 to Nrf2 and resulting
in the activation of Nrf2, which was in line with the in vivo assay.

3.5. Effects of OHC and THC on Nrf2-targeted genes expressions

Nrf2 translocates into the nucleus and induces the expressions of
GCLC, GCLM, NQO1 and HO-1 to detoxify and curb the ROS detri-
mental effect. Glutamate cysteine ligase (GCL), composed of a catalytic
(GCLC) and a modifier (GCLM) subunit, is the key determinant of GSH
synthesis (Lu, 2009). In the present work, treatment with APAP sig-
nificantly inhibited the mRNA and protein expressions of GCLC and
GCLM (Fig. 8, all p < 0.01). In contrast, pretreatment with OHC, THC
and CUR all markedly up-regulated the gene expressions of GCLC and
GCLM (Fig. 8A, all p < 0.05). THC and OHC both obviously enhanced
the protein expressions of GCLC and GCLM (Fig. 8C, p < 0.05 for
GCLC, p < 0.01 for GCLM). While CUR only induced significant pro-
tein expression of GCLM (Fig. 8C, p < 0.01). Impressively, THC
showed stronger enhancing effect than CUR on the gene and protein
expressions of GCLM (Fig. 8A-C, p < 0.05 for gene, p < 0.01 for
protein). While OHC elicited more obvious effect than CUR in stimu-
lating the gene expressions of GCLC and GCLM, and protein expression
of GCLM (Fig. 8A-C, allp < 0.01). The differential effects of CUR, THC
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and OHC on GCL were in line with those on the GSH levels.

NQOI1 catalyzes the detoxification of quinones and HO-1 catalyzes
the rate-limiting step in heme catabolism. As shown in Fig. 10, APAP
overdose obviously inhibited the gene and protein expressions of NQO1
and HO-1 (both p < 0.01). Whereas pretreatment with THC sig-
nificantly enhanced the gene and protein expressions of HO-1
(Fig. 9A-C, all p < 0.01), and the enhancing effect on HO-1 gene ex-
pression was superior to that of CUR (Fig. 9A, p < 0.01). Clearly,
pretreatment with OHC significantly induced the gene and protein ex-
pressions of NQO1 and HO-1 (all p < 0.01), with stimulating effect
superior to that of CUR (Fig. 9A-C, all p < 0.01). The differential

effects of CUR, THC and OHC on NQO1 and HO-1 expressions might
result from the inconsistent activatory effect on Keapl-Nrf2 pathway.

4. Discussion

APAP overdose is the most common cause of acute liver failure and
drug-induced hepatotoxicity worldwide (Budnitz et al., 2011;
Manthripragada et al., 2011). Indeed, APAP-induced hepatotoxicity has
served as the most popular, mechanistically well-studied and clinically-
relevant liver injury model for testing potential hepato-protective
candidates (Du et al., 2016). Oxidative stress is deemed as an essential
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toxicological mechanism for APAP. Hence, many food-derived com-
pounds have been evaluated for their antioxidant activities to protect
against APAP-induced hepatotoxicity, such as pyridoxine and sulfor-
aphane (Roh et al., 2018; Wang et al., 2017). CUR, a natural polyphenol
compound and food pigment with antioxidant activity, is known for its
excellent hepato-protective effect against liver diseases (Li et al., 2018).
THC and OHC, the primary and final hydrogenated metabolites of CUR
with superior antioxidant activity in vitro, were deemed to have po-
tential hepato-protective effect (Somparn et al., 2007). In this study, we

followed our previously-established regime to efficiently produce OHC,
and comparatively investigated the therapeutic benefits and mechan-
isms of OHC and THC against APAP-induced hepatotoxicity, by ex-
ploring their modulatory effects on serum hepatic indicators, micro-
structure, redox equilibrium, CYP450 enzyme CYP2E1 and Keap1-Nrf2
pathway, thereby illuminating the potential underlying mechanism of
action at the molecular level (Fig. 10).

Our result indicated that OHC and THC pretreatment exerted no-
table hepato-protective effects against APAP-elicited hepatotoxicity, as
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oxidant signaling pathway promotes the endogenous antioxidants and quenches the oxidative stress. All the above actions collectively contribute to preserving the

redox equilibrium against APAP-induced hepatotoxicity.

evidenced by significantly decreased levels of AST and ALT, and ob-
viously attenuated hepatic histopathological deterioration. OHC and
THC seemed to exert superior hepato-protective effect to CUR against
APAP overdose. It is well-known that excessive APAP is metabolized
into NAPQI mainly through CYP2E1 (Vermeulen et al., 1992). There-
fore, suppression of CYP2E1 activity or its expression can alleviate liver
injury by decreasing NAPQI formation (Ko et al., 2017). To investigate
whether OHC and THC had any effect on CYP2EL, the activity, and gene
and protein expressions of CYP2E1 were investigated. Result indicated
that OHC and THC both significantly inhibited the mRNA and protein
expressions of CYP2E1 (Fig. 5B-D, all p < 0.05). Importantly, OHC
and THC exhibited a more profound suppressive effect than CUR on
CYP2E1 mRNA expression (Fig. 5B, all p < 0.01). OHC also possessed
superior inhibitory effect on CYP2El activity to CUR (Fig. 5A,
p < 0.01). Molecular docking analysis further revealed that OHC and
THC bound to the active sites and interacted with important amino acid
residues including SER366, ASN143 and ARG344, which might con-
tribute to the inhibition of CYP2E1 activity. Hence, the suppressive
effect of OHC and THC on CYP2E1 might play an important role in the
inactivation of APAP biotransformation, therefore contributing to their
hepato-protective effect and detoxification against APAP intoxication
(Du et al., 2016).

The disequilibrium between the oxidative stress and antioxidant
defense system is the leading cue in the progression of varied hepatic
disorders. Previous study has proved that APAP overdose generated
excessive NAPQI, which subsequently adducted with mitochondrial
proteins, leading to ROS formation and oxidant stress (Du et al., 2016).
Excessive ROS can be scavenged by the antioxidant systems including
low-molecular-weight antioxidants (such as GSH), and enzymes (such
as SOD and CAT) (Ma, 2013). In the present study, as expected, APAP
overdose resulted in oxidative stress with significantly elevated ROS
and MDA levels. In contrast, pretreatment with THC and OHC sig-
nificantly decreased the hepatic MDA and ROS levels, substantially
promoted the liver endogenous antioxidants GSH, SOD and CAT, and
improved the scavenging T-AOC, collectively contributing to the alle-
viation of oxidative stress. It should be noted that THC possessed more
pronounced antioxidant activity than CUR in vivo, which could be il-
lustrated from obviously lower levels of MDA (Fig. 4A,p < 0.05). OHC
also possessed stronger intrinsic antioxidant activity than CUR, which
could be manifested by significantly lower levels of MDA, and markedly
higher levels of GSH, SOD and CAT (Fig. 4A-D, all p < 0.05). Hence,
THC and OHC could effectively restore the cellular redox balance in
APAP-intoxicated mice liver.
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Nrf2 serves as the master regulator of endogenous antioxidant de-
fense. Under physiological condition, Nrf2 binds to Keapl in the cyto-
plasm, remaining inactivated and easily degraded (Sha et al., 2015). In
response to oxidative stress, Nrf2 is released from Keapl and translo-
cates into nucleus, inducing the transcription of a series of antioxidant
genes such as HO-1, NQO1 and GCL (Zhang et al., 2016). Therefore,
inhibition of Keapl or protein-protein interaction between Keapl and
Nrf2 can active the Keap1-Nrf2 pathway against oxidative stress. In the
current work, pretreatment with OHC and THC significantly inhibited
the Keapl protein expression, leading to the decreased degradation of
Nrf2 (Fig. 6, all p < 0.01). Furthermore, molecular docking results
suggested that OHC and THC could insert into Keapl crustal structure
and occupy the Nrf2 binding site on Keapl protein by forming hy-
drogen bonds with specific residues within Keapl protein, thus leading
to the dissociation of Keapl with Nrf2 (Fig. 7). All of these led to the
translocation of Nrf2 into nucleus, inducing the expressions of a host of
Nrf2-targeted genes including GCLC, GCLM, NQO1 and HO-1 (Figs. 8
and 9). It should be noted that THC was more effective than CUR in
promoting the gene expression of HO-1 (Fig. 9A, p < 0.01), and gene
and protein expressions of GCLM (Fig. 8, p < 0.05 & p < 0.01).
Moreover, OHC showed superior effect to CUR in up-regulating the
gene expression of GCLC (Fig. 8, p < 0.01), and gene and protein ex-
pressions of GCLM (Fig. 9, both p < 0.01), NQO1 (Fig. 9,p < 0.01 &
p < 0.05), and HO-1 (Fig. 9, bothp < 0.01). Herewith, OHC and THC
were supposed to restore the hepatic antioxidant status through acti-
vation of Keapl-Nrf2 signaling pathway, thereby curbing ROS detri-
mental effect and subsequently hindering the exacerbation of APAP-
induced liver damage.

Extensive literature have established that the metabolites of CUR
contributed a lot to its bioactivities (Shen and Ji, 2012; Shen et al.,
2016). As the primary and final hydrogenated metabolites of CUR, the
important role of OHC and THC in CUR's hepato-protective effect were
revealed in the present study. Generally, CUR shares analogous struc-
ture with THC and OHC, but differs in the presence of [(-diketone
groups and a, B dienes (Fig. 1). Our comparative evaluation revealed
that hydrogenation of the heptadiene moiety of CUR remarkably en-
hanced the hepato-protective effect (OHC and THC vs. CUR), while the
hydrogenation of 3-diketone caused only a slight change in the hepato-
protective activity (THC vs. OHC).

In spite of the extensive bioactivities, the clinical application of CUR
is restricted by its poor bioavailability, which is largely ascribed to its
hydrophobic nature (Kocaadam and Sanlier, 2017). It should be note-
worthy that THC and OHC have superior aqueous solubility and
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stability to their precursor CUR due to the hydrogenated a, [ dienes
and/or B-diketone (Lin et al., 2010; Saradhi et al., 2010). Herewith, the
hydrogenation of heptadiene moiety and the associated aqueous solu-
bility might perform a more preferable role in enhancing the anti-
oxidant and hepato-protective effect of CUR in vivo, which was con-
gruent with the antioxidant activities of CUR in vitro to some extent
(Somparn et al., 2007). Taken together, the superior hepato-protective
effect of THC and OHC to CUR might be intimately linked to the hy-
drogenation of heptadiene, the improved aqueous solubility and the
enhanced antioxidant activities.

Overall, we have proved for the first time that food-derived OHC
and THC possess pronounced hepato-protective effect against APAP-
induced acute liver injury mainly through CYP2E1l suppression and
Keapl-Nrf2 pathway activation (Fig. 10). OHC and THC have great
potential as novel antioxidants to treat oxidative stress-related liver
disorders, especially in the prevention and treatment of APAP-induced
hepatotoxicity. Besides, the superior hepato-protective effect revealed
in the present study evidently suggests that OHC and THC might be the
active antioxidant form of CUR and play an important role in the he-
pato-protective activities of CUR against APAP-induced hepatotoxicity
in vivo, which buttresses the rationale for the medicinal application of
turmeric as a functional food and dietary therapy for the treatment of
liver diseases. The favorable aqueous solubility and superior anti-
oxidant and hepato-protective activities in vivo indicates that OHC and
THC could serve as promising lead template scaffolds for the design of
novel curcumin analogs.
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