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Antioxidant activities of anastatin A & B derivatives
and compound 38c's protective effect in a mouse
model of CCl,-induced acute liver injury
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Anastatins A and B, two flavonoid compounds isolated from desert plant Anastatica hierochuntica, have
protective activities for primary rat hepatocytes. Anastatins A and B, and their derivatives, were
synthesized by our group previously. In this study, the antioxidant activity and cytotoxicity of these
compounds were studied using chemical assessment methods, cell proliferation inhibition experiments,
and cell oxidative damage models. The best compound, 38c, was used to study the hepatoprotection
activity and mechanism by using a CCly-induced liver injury model in mice. The results show that most
of these flavonoid compounds have good antioxidant activity and low cytotoxicity in vitro. Among them,
the most potent compound was 38c, which exhibited a protective effect on CCly-induced hepatic injury
by suppressing the amount of CYP2E1. These findings indicate that anastatin flavonoid derivatives have
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Introduction

More than 4000 uniquely structured flavonoids have been iden-
tified in plants, most of which are found in vegetables, fruits,
herbs, nuts, seeds, spices, stems, flowers, tea, and red wine."”
Most flavonoids have pharmacological activities such as anti-
tumor, antioxidant, antiviral, and anti-inflammatory effects.*™
Two new flavonoids, anastatins A and B (Fig. 1A and B), were
isolated from Anastatica hierochuntica in Egypt by Yoshikawa.' A
preliminary biological evaluation revealed that both compounds
exhibited protective effects on p-galactosamine-induced cytotox-
icity in primary cultured mouse hepatocytes. Moreover, their
protective activities were stronger than the well-known and
commercial hepatoprotective drug, silybin."

Liver damage is caused by a variety of pathogenic factors, such
as oxidative stress, immune reactions, hepatitis viruses, ethanol,
drugs, and various toxic substances.'*** This damage can progress
to liver fibrosis and cirrhosis.?*** An accumulation of free radicals
is an important pathogenic mechanism leading to liver injury.
When the amount of chemical poisons and drugs ingested by the
body is excessive, or genetic metabolic disorders occur, a large

“China International Science and Technology Cooperation Base of Food
Nutrition/Safety and Medicinal Chemistry, Tianjin University of Science and
Technology, Tianjin 300457, China. E-mail: tyo201485@tust.edu.cn; yupeng@tust.
edu.cn

*School of Life Sciences, Shandong First Medical University, Shandong Academy of
Medical Sciences, Changcheng Road 619, Tai'an City 271000, Shandong province,
China

‘Sorbonne Université, Institut Parisien de Chimie Moléculaire, UMR8232 CNRS, 4
Place Jussieu, 75005 Paris, France. E-mail: yongmin.zhang@upmc.fr

This journal is © The Royal Society of Chemistry 2020

potential therapeutic utility against oxidative hepatic injury.

amount of reactive metabolites, such as electrophilic groups and
free radicals, are generated. These can then damage unsaturated
fatty acids in phospholipid molecules in cellular membranes
causing changes in membrane structure and permeability.>
Oxidative changes in the structure and function of the membrane
leads to liver cell damage.**** Therefore, developing new and
highly effective antioxidant drugs is very important to prevent or
reduce the accumulation of free radicals, and provide
hepatoprotection.

The hepatoprotective effects of anastatins A and B appear to
be related to their antioxidant activity. To identify new types of
antioxidants and study their mechanisms of action, chemical
and cell-based assessments, and in vivo studies are needed.*®
The chemical antioxidant evaluation method is fast, reproduc-
ible, and convenient. Antioxidant capacity can be demonstrated
by the ability of a chemical to inhibit or remove free radicals
such as 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH).

H,0, is the main reactive oxygen species with high cell
membrane permeability, and can cause intracellular lipid per-
oxidation and DNA damage. It is often used to mimic oxidative
stress-induced injury in vitro. H,O,-induced oxidative damage
in PC12 and L02 cells can be used to evaluate the properties of
antioxidants in vitro.*” The PC12 cell line was derived from the
adrenal medulla of a rat pheochromocytoma, and is a model
system used for neurological and neurochemical studies. L02
cells were derived from human normal liver cells and are
a model system for human liver disease research.?®

A mouse model of CCl-induced liver injury is often used to
evaluate the in vivo effects of antioxidants.?*?° CCl, is metabolized

RSC Adv, 2020, 10, 14337-14346 | 14337


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra00822b&domain=pdf&date_stamp=2020-04-09
http://orcid.org/0000-0002-8527-1111
http://orcid.org/0000-0001-8493-5812
http://orcid.org/0000-0002-6460-1484
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00822b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010024

Open Access Article. Published on 14 April 2020. Downloaded on 4/4/2026 1:57:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

HQ  oH OH
OH
O H o o
5 o. OH
» o o
woL") ® Hou o
OH O
HO OH O
OH ©

(%)Anastatins A (%)Anastatins B

Fig.1 Chemical structure of anastatins A (A), anastatins B (B) and 38c (C).

by cytochrome P450 2E1 (CYP2E1) to generate unstable tri-
chloromethyl radicals, peroxyl trichloromethyl radicals, and
reactive oxygen species.*** The main mechanism of CCl,-
induced liver injury involves the trichloromethyl metabolite and
other free radicals.

We have previously synthesized anastatins A and B and a series
of their derivatives (including compound 38c).** See Appendix A
for their chemical structures. In our earlier research on
compound 1 and 2 of anastatins B derivatives, we found that both
compounds 1 and 2 had good antioxidant and radical scavenging
abilities in vitro. Both compounds showed cytoprotective activity
in H,O,-treated PC12 cells. Both of they were potent hep-
atoprotectants in a mouse model of CCl;-induced hepatotoxicity.**
The result suggests that our series of compounds from anastatins
A and B are a good class of antioxidants. This study aimed to
investigate the antioxidant and hepatoprotective effects of analogs
of anastatins A and B by in vitro chemical evaluation experiments,
H,0,-induced oxidative damage in PC12 and L02 cells, and
a mouse CCl -induced liver injury model.

Materials and methods

Materials

ABTS, DPPH, thiazolyl blue tetrazolium bromide (MTT), ferric
chloride (FeCls), vitamin C (VC), carbon tetrachloride (CCl,), were
purchased from Sigma-Aldrich (Beijing, China). Glacial acetic acid,
gallic acid (GA) was purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China), tri-distilled water was produced by
a Milli-Q system (Molsheim, France). Cereal third transaminase
(ALT), aspartate transaminase (AST), lactate dehydrogenase (LDH),
glutathione (GSH), CYP2E1 ELISA assay kit were produced by
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Sodium acetate buffer solution was prepared as follow:
accurately weighed sodium acetate 0.246 g (3 mmol) powder
completely dissolved in 100 mL of water to prepare a 30 mM
sodium acetate solution; accurately measured 0.172 mL (3
mmol) of glacial acetic acid and added it to 99.828 mL of water
to prepare 30 mM acetic acid solution; accurately measure
7.5 mL of sodium acetate solution and 92.5 mL of acetic acid
solution, adjust the pH of mixture to 3.6.

Concentrated ABTS" solution was prepared as follow:
accurately weighed 0.549 g (1 mmol) of ABTS powder,
completely dissolved in 100 mL of sodium acetate buffer, and
then added 35% H,0, 172.7 uL to it, store at 4 °C in the dark
environment, overnight. This solution was kept for 6 months at
4 °C. Working solutions (50 uM) were prepared by diluting the
concentrated ABTS"" solution in sodium acetate buffer solution.
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DPPH'" ethanol solution was prepared as follow: accurately
weighed 19.7 mmol DPPH, dissolve and mix in 250 mL of
absolute ethanol to obtain a 78.8 mM DPPH ethanol solution,
and store at 4 °C in the dark environment.

Antioxidant activity by ABTS'* assay

VC and GA, two well-known potent antioxidant, were used as
a positive control. In the system control group (Acontrol), added
130 uL of ABTS'" working solution and 5.5 uL. DMSO; in the
system blank group (Apjank), added 130 pL of sodium acetate
buffer solution and 5.5 pL. DMSO; in the sample control group
(4,), added 130 pL of sodium acetate buffer solution and 5.5 pL
of samples or positive control (VC or GA) to be tested at 0.02,
0.06, 0.2, 0.6, 2, 6 and 20 mM in DMSO; in the sample group
(4,), added 130 pL of ABTS'" working solution and 5.5 uL of the
same samples or positive control as group A;. All groups were
shaken thoroughly for 30 s, and let stand at room temperature
for 10 min. OD measured at 650 nm by Synergy H1 Hybrid
Multi-Mode Microplate Reader (Winooski, USA). Each group
performed three replicates and averaged. Finally, the measured
values are calculated by the following formula (1) to obtain the
ABTS'" radical scavenging rate of the test compound.

(Acomrol - Ablank) - (AZ - Al)
Acomrol - Ablank

E= x 100%, (1)

ECso values for the test compound were calculated from
three independent experiments by nonlinear regression using
GraphPad Prism 7.0.

Antioxidant activity by DPPH" assay

In the system control group (Acontror), added 50 pL DPPH" working
solution and 50 puL. DMSO; in the system blank group (Apiank),
added 50 pL of absolute ethanol and 50 pL of the sample solution
in DMSO; in the sample control group (4;), added 50 pL of
absolute ethanol and 50 L of sample or positive control (VC or
GA) in each concentration (0.02, 0.06, 0.2, 0.6, 2, 6 and 20 mM) in
DMSO; in the sample group (4,), added 50 pL of DPPH" working
solution and 50 pL of the same samples or positive control as
group 4;. All groups incubation at 37 °C for 30 minutes, placed the
liquid in a 96-well plate, and measure the OD value at 540 nm by
Synergy H1 Hybrid Multi-Mode Microplate Reader. Each group
performed three replicates and averaged. Finally, the measured
values are calculated by the following formula (2) to obtain the
DPPH" radical scavenging rate of the test compound.

Acontrul - Ablank) - (AZ - Al)

E = (
Acomrol - Ablank

x 100% 2)

ECs, values for the test compound were calculated from
three independent experiments by nonlinear regression using
GraphPad Prism 7.0.

Cell lines and culture conditions

PC12 and L02 cell line were obtained from the Shanghai Insti-
tutes of Biological Sciences (Shanghai, China). Cells were grown

This journal is © The Royal Society of Chemistry 2020
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at 37 °C in RPMI-1640 (Gibco; Beijing; China) supplemented
with 10% fetal bovine serum, 2.05 mM glutamine, and 1%
penicillin/streptomycin in a humidified atmosphere containing
5% CO,. The medium was replaced once every third day.

Cytotoxic activity assay

Inhibition of cell proliferation by test compound or positive
control (GA) were measured by the MTT assay. In brief, PC12
was plated in 96-well plates as 5 x 10° cells per well in 90 pL
medium. After 16 h incubation, DMSO, test compound (1, 10,
100 uM), or GA (1, 10, 100 uM) were added to each well and
incubated for 0.5 h. Then, 10 uL. medium was added and cells
incubated for another 2 h. After 2 h of incubation, 20 uL. MTT
(5 mg mL ") was added to each well and the plates were further
incubated for 4 h. MTT assay was performed using Synergy H1
Hybrid Multi-Mode Microplate Reader. The DMSO-treated
controls were calculated as a cell viability value of 100%. The
inhibitory concentrations (ICs,) were obtained by nonlinear
regression using GraphPad Prism 7.0. For each experiment, ICs,
value was calculated from three independent assays.

MTT assay for H,O,-treated PC12 or L02 cells

H,0,-induced oxidative-damage PC12 or L02 cell model were
established and the cell viability was evaluated by MTT assay as
a measure of the antioxidant activity of test compound GA, was
used as a positive control in MTT assay. PC12 cells were plated in
96-well plates as 5 x 10° cells per mL in 90 uL medium. After 16 h
incubation, 0.5 uL. DMSO, test compound (20 mM in DMSO) or GA
(20 mM in DMSO) were added to each well and incubated for
0.5 h. Afterwards, 10 puL H,0, (1 mM in medium) was added to
half of a 96-well plate, equal volume of medium was added to the
other half of the 96-well plate for 2 h to induce cell injury. After
2 h, 20 uL MTT (5 mg mL~") was added to each well and the plates
were further incubated for 4 h. MTT assay was performed as
mentioned above. In the same compound concentration group,
the medium controls were assigned a cell viability value of 100%.

L02 cells were plated in 96-well plates as 1 x 10° cells per mL
in 90 uL. medium. After 24 h incubation, 0.5 pL. DMSO, test
compound (20 mM in DMSO), or GA (20 mM in DMSO) were
added to each well and incubated for 0.5 h. Afterwards, treat-
ment with the same way as H,0,-induced oxidative-damage
PC12 cells model.

Animal grouping and drug administration

Kunming mice (male, 4 weeks, 18-22 g) were purchased from
Laboratory Animal Center of the Academy of Military Medical
Sciences (Beijing, China). All animal procedures were performed
in accordance with the Guidelines for Care and Use of Laboratory
Animals of Tianjin University of Science and Technology and
approved by the Animal Ethics Committee of Tianjin University of
Science and Technology. The mice were housed at 25 + 2 °C
under a 12 hours light/12 hours dark cycle with access to food and
water libitum. After acclimation for one week, the animals were
randomly divided into 5 groups (n = 8): normal (tri-distilled water
without CCl,; injection), model (tri-distilled water and CCl,
injection), compound 38c (Fig. 1C) treatment groups (50, 100, and
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200 mg kg~ " of compound 38¢ and CCl, injection), and positive
control group (200 mg kg™ " of biphenyldicarboxylate pills (BP,
Beijing Union Pharmaceutical Factory, Beijing, China) and CCl,
injection). Compound 38c and BP were dissolved in tri-distilled
water. Tri-distilled water, compound 38c or BP was i.g. for 10
consecutive days before CCl, injection. 1 h after the final drug
treatment, severe, acute liver damage was induced by i.p. injection
with CCl (0.25% (v/v) peanut oil mixture; 10 mL kg '). The
normal group was intraperitoneally injected with peanut oil. All
mice were starved for 20 h afterwards, and were then sacrificed for
collection of whole blood and liver samples. Liver tissue was
removed, immediately weighed, and then fixed or stored in 10%
neutral buffered formalin, or frozen for histopathological analysis
and determination of biochemical parameters.

Histological analysis

For evaluation of hepatotoxicity, the tissue fixed in 10% formalin
was embedded in paraffin and cut into 5 pm-thick sections for
histomorphological examination. After drying, hepatic tissue
section slides were stained with hematoxylin-eosin (H&E). The
stained sections were visualized using a microscope.

Biochemical analysis

Serum was analyzed for ALT, AST, LDH and CYP2E1 levels
according to the manufacturer's instructions. GSH levels were
determined in hepatic homogenates using a commercial kit.
The results were corrected for their protein content.

Western blot

Briefly, liver tissue homogenized in pre-cooled normal saline.
Equal amount of protein were separated by 10% SDS-PAGE and
electro-transferred onto a PVDF membrane. After blocking with
5% (w/v) nonfat milk, the membranes were incubated with
CYP2E1 antibodies (1 : 1000 diluted, Tianjin Sungene Biotech
Co. Ltd.; Tianjin, China) overnight at 4 °C, and then incubated
with a horseradish peroxidase (HRP)-conjugated secondary
antibody (1 :2000 diluted, Tianjin Sungene Biotech Co. Ltd.;
Tianjin, China) for 1 h. The immunoblots were visualized using
an Odyssey infrared imaging system. An anti-tubulin antibody
(1:1000 diluted, Tianjin Sungene Biotech Co. Ltd.; Tianjin,
China) was used as a control for equal loading. The densities of
protein bands were determined using Image] software.

Statistical analysis

All data were expressed as mean + S.D. The data were analyzed by
one-way analysis of variance (ANOVA) and significant differences
were determined by post hoc Tukey's test using GraphPad Prism
7.0. P value < 0.05 was considered as significant.

Results
ABTS'" scavenging abilities

The antioxidant activity of test compound in various concentra-
tions was evaluated using in vitro models. It was observed that the
test compounds scavenged free radicals in concentration
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dependent manner in all the models. The antioxidant activity was
expressed as ECj, (the amount of antioxidant needed to decrease
the radical concentration by 50%), which is negatively related to
antioxidant activity. The lower the ECs, value, the higher is the
antioxidant activity of the tested sample. Table 1 shows that the
ABTS'" scavenging capacities (ECso) of VC and GA were 2.11 and
0.56 mM, respectively. This indicated that the ABTS'* scavenging
ability of GA was better than VC. The ECs, values of compounds
42c¢, 44c, 40a, 38c and 40c were 0.88 + 0.24, 0.88 + 0.10, 1.03 +
0.07, 0.88 £ 0.32, and 0.91 £ 0.01 mM, respectively, and were not
significantly different from GA (P > 0.05), but were better than VC
(P < 0.05). These results show that compounds 42c¢, 44c, 40a, 38¢c
and 40c have good antioxidant activity.

DPPH’ scavenging abilities

Table 2 shows that the DPPH' EC;, values of VC and GA were
0.23 and 0.05 mM, respectively. This indicates that the DPPH"
scavenging activity of GA is better than VC. The ECs, values of
compounds 42c-1, 19, 38a, 38b, 38¢, 38¢c-1, 40c, and 20 were 0.04

Table 1 ABTS'™ radical scavenging activity®?
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+0.01, 0.07 £ 0.02, 0.08 + 0.02, 0.08 = 0.01, 0.06 £ 0.01, 0.06 £
0.01, 0.05 £ 0.01, and 0.06 £ 0.01 mM, respectively. These were
equivalent to the GA value (P > 0.05), but were higher than that
of VC (P < 0.05). These results show that compounds 42¢-1, 19,
38a, 38b, 38c, 38c-1, 40c, and 20 have good antioxidant activity.

Toxicity of anastatins A and B, and their derivatives, on PC12 cells

Compounds 38a, 39a, 40a, and 40b, and anastatins B were more
toxic to PC12 cells than the other compounds, with ICs, values of
44.69 + 1.38,32.82 + 2.64, 31.54 + 0.97, 53.41 + 0.85, and 49.45 +
2.03 pM, respectively (Table 3). The ICs, values of the other
compounds, and the positive control (GA), were all greater than 100
M, indicating that their toxicity to PC12 cells was relatively low.

Antioxidant activities of anastatins compounds at final
concentrations of 10 uM in PC12 cells

H,0, alone at 100 pM decreased the viability of PC12 cells to
16.8 £+ 1.27% of control (Fig. 2). Treatment of the cells with 10
uM of the positive control, GA, increased viability to 43.9 +

Name ABTS'" scavenging activity (ECso, mM) Name ABTS"" scavenging activity (ECso, mM)
42a 1.06 & 0.08™" 38a 1.05 & 0.09"*
43a 2.78 + 0.27™ 39a 2.99 + 0.24™"
44a 1.06 & 0.02"" 40a 1.03 £+ 0.07"
42b 1.18 + 0.05™* 38b 1.08 + 0.04™*
43b 2.96 + 0.44™" 39b 2.62 + 0.74"
44b 1.16 + 0.07™* 40b 1.23 + 0.17"*
42¢ 0.88 + 0.24" 38¢ 0.88 + 0.32"
42¢-1 1.10 & 0.01™* 38¢-1 1.13 4+ 0.01™*
43¢ 2.18 + 0.65"" 39¢ 3.34 + 0.52™"
44c 0.88 + 0.10" 40c 0.91 + 0.01"
19 1.05 £ 0.09™" 20 1.05 & 0.10™"
31 3.18 + 0.18"™ 30 2.99 + 0.09™"
(£) Anastatins A 1.11 + 0.117 (4) Anastatins B 1.19 + 0.127*
VC 2.11 + 0.39" GA 0.56 + 0.12"
“ Data are presented as means + SD. ? *P < 0.05 vs. VC, #P < 0.05 vs. GA.

Table 2 DPPH" radical scavenging activity®?

Name DPPH' scavenging activity (ECso, mM) Name DPPH' scavenging activity (ECso, mM)
42a 0.13 + 0.04 38a 0.08 + 0.02"
43a 0.20 + 0.217 39a >20""

44a 0.13 + 0.07 40a 0.13 + 0.09
42b 0.43 + 0.06™" 38b 0.08 + 0.01"
43b >20"# 39b 0.32 =+ 0.24"
44b 0.28 + 0.01" 40b 0.10 + 0.01"
42¢ 0.42 £ 0.06 " 38¢c 0.06 + 0.01"
42¢1 0.04 + 0.01™" 38¢-1 0.06 =+ 0.01%
43¢ >20"" 39¢ 0.11 + 0.11
44c 0.67 + 0.11™* 40c 0.05 + 0.01"
19 0.07 £ 0.02" 20 0.06 £ 0.01"
31 >20"# 30 >20"%

(£) Anastatins A 0.12 £ 0.12 (£) Anastatins B 0.17 £ 0.11
VC 0.23 +0.09 # GA 0.05 + 0.01"

“ Data are presented as means + SD. ? *P < 0.05 vs. VC, P < 0.05 vs. GA.
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Table 3 Toxicity of anastatins A and B, and their derivatives, on PC12
cells®

Name ICso (LM) Name ICso (UM)
42a >100 38a 44.69 + 1.38
43a >100 39a 32.82 £ 2.64
44a >100 40a 31.54 £ 0.97
42b >100 38b >100

43b >100 39b >100

44b >100 40b 53.41 £ 0.85
42c >100 38c >100

42c¢-1 >100 38c-1 >100

43c >100 39¢ >100

44c >100 40c >100

19 >100 20 >100

31 >100 30 >100

(£) Anastatins A >100 (£) Anastatins B 49.45 £ 2.03
GA >100

¢ Data are presented as means =+ SD.

P <001 Vs DMSO
- *+4p <0001 Vs DMSO

cell viability%
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Fig.2 Antioxidant activities of anastatins A and B, and their derivatives
in PC12 cells. PC12 cells were treated with 10 uM of each compound in
DMSO then exposed to 100 mM H,0O,. Cell viability was assessed with
the MTT assay. DMSO was used as the control and set to 100% viability.
GA was used as the positive control. (A) Anastatins A and its derivatives.
(B) Anastatins B and its derivatives. Data are expressed as means + SD.
**P < 0.01, ***P < 0.001 compared to DMSO-treated control cells.

4.50%. In contrast, 10 uM of anastatins A, B and compounds 19,
38a, 39a, 40a, 38b, 39b, 40b, 38c, 39¢, 20 and 30 increased PC12
cell viability from 16.8 to 87.4 + 3.8, 74.55 + 0.56, 107.6 + 2.71,
99.98 + 2.68, 70.97 + 3.76, 81.57 + 3.33, 70.59 + 3.82, 83.33 =+
2.47, 81.54 + 3.84, 85.94 + 1.16, 83.27 + 2.63, 63.11 + 3.8 and
68.5 + 3.95%, respectively. These increases were significantly
greater than that of GA and indicate that these compounds can
protect against H,0,-induced oxidative injury in PC12 cells.

Antioxidant activities of anastatins compounds at final
concentrations of 10 pM in L02 cells

H,0, alone at 100 pM decreased the viability of L02 cells to
39.9% of control (Fig. 3). Treatment of these cells with 10 uM of
the positive control, GA, had no effect on the cell survival rate
(37.8%). In contrast, 10 uM of anastatins B, and compounds 40b
and 38c, increased viability from 39.9 to 89.5, 90.1 and 78.1%,
respectively. These increases were significantly greater than that
of GA and indicate that these compounds can protect against
H,0,-induced oxidative injury in L02 cells.

In summary, the 38c derivative of anastatins A and B showed
good antioxidant activity and lower cytotoxicity in vitro. Thus,
38c was selected as the candidate compound for in vivo studies.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Antioxidant activities of anastatins A and B, and their derivatives
in LO2 cells. LO2 cells were treated with 10 uM of each compound in
DMSO then exposed to 100 mM H,0O,. Cell viability was assessed with
the MTT assay. DMSO was used as the control and set to 100% viability.
GA was used as the positive control. (A) Anastatins A and its derivatives.
(B) Anastatins B and its derivatives. Data are expressed as means + SD.
*P < 0.05, **P < 0.01, ***P < 0.001 compared to DMSO-treated
control cells.

Compound 38c ameliorated CCl,-induced liver injury

To determine the protective effects of 38c on CCl-induced hepa-
totoxicity, mice were pretreated with different doses by gavage
once daily for ten days. H&E staining showed that CCl, adminis-
tration caused massive necrosis in the liver (Fig. 4). Pretreatment
with 38c at 50, 100, and 200 mg kg™ ameliorated CCl -induced
hepatic necrosis (Fig. 4). Serum levels of AST (Fig. 5A), ALT
(Fig. 5B), and LDH (Fig. 5C), markers of liver injury, dramatically
increased after CCl, treatment. Consistent with the histological
data, pretreatment with 38c 200, or 100 mg kg ' significantly
reduced serum AST, ALT, and LDH levels in CCl,-treated mice.
Compound 38c at a dose of 50 mg kg™ * did not show good activity
on this model. These results suggested that pretreatment with 38¢
effectively protected the liver against CCl, toxicity.

To investigate the mechanisms of protection from CCl, hepa-
totoxicity by pretreatment with 38c, we first evaluated the liver GSH
antioxidant defense system. In CCl,-treated mice, there was
a significant decrease in the GSH level (11.0 pmol g~ protein)
compared to that observed for the control group (21.0 pmol g *
protein). Pretreatment with 38c suppressed this decrease (Fig. 5D).

CCl, toxicity results from its reductive dehalogenation by
cytochrome P450 into highly reactive free radicals such as the
trichloromethyl radical. To investigate whether modification of
the CCl; metabolism pathway was involved in the observed
hepatoprotective effect of compound 38c, we measured the
CYP2E1 level in serum using an enzyme-linked immunoassay
kit, and in liver homogenates by western blotting. As shown in
Fig. 6, serum and hepatic CYP2E1 were significantly upregu-
lated in CCl-treated mice. However, pretreatment with
compound 38c effectively suppressed this increase.

N P
S
876

200 mg/Kg

100 mg/Kg

W o

50 mg/Kg

38¢

Fig. 4 Liver histopathology after treatment of mice with 10 mL kg™
CCly without and with compound 38c or biphenyldicarboxylate (BP)
pretreatment. Liver slices were stained with hematoxylin and eosin.
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aminotransferase (ALT), and (C) lactate dehydrogenase (LDH), and (D)
liver levels of glutathione (GSH) in mice treated with 10 mL kg~ CCly
without and with compound 38c pretreatment. Data are expressed as
means + SD (n = 8). ***P < 0.001 compared to control. ###P < 0.001
compared to CCly; model mice.
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Fig.6 Effect of compound 38c pretreatment on (A) serum and (B) liver
homogenates CYP2E1 protein levels in mice treated with 10 mL kg™*
CCly. Data are expressed as means + SD (n = 8). ***P < 0.001
compared to control. #P < 0.05, ##P < 0.01, ###P < 0.001 compared
to CCly model mice.

Discussion

Oxidative stress can cause cell injury and death, which may
underlie many disorders including liver damage, aging, cancer,
stroke, myocardial infarction, Alzheimer's disease, and Par-
kinson's disease.*® Anastatins A and B, flavonoid compounds
isolated from the desert plant Anastatica hierochuntica, were
reported to have protective activities against injury to primary
rat hepatocytes.*** Anastatins A and B, and their derivatives,
were synthesized by our group previously, and two derivatives of
anastatins B were tested and found that they have good anti-
oxidant and hepatoprotective activities.****

The previous studies indicated that ABTS, DPPH assays as
simple and efficient methods could be used to determine anti-
oxidant activity in many compounds.*® Hence, the antioxidant
capacities of compounds 38c and 40c were studied using DPPH
and ABTS, assays first. In fact, VC and GA have been used as
a standard antioxidant in the performed experiments,***
According to the data obtained from the present study, it was
found that compounds 38c and 40c showed good scavenging
activity against DPPH and ABTS free radicals, and suggested that
both of compounds 38c and 40c had good antioxidant activity.
Testing compound inhibition cell proliferation method is
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a common method to indicate the toxicity of a compound.*® We
use the inhibition of PC12 cell proliferation to indicate the toxicity
of a compound. According to the data, compounds 38c and 40c
had lower cytotoxicity.

H,0,-induced PC12 or L02 oxidative damage cell model are
a classic cell-level model for evaluating the antioxidant properties
of compounds.**** Fortunately, compound 38c also had good
antioxidant activity, but 40c did not show better antioxidant
activity on H,0,-induced PC12 or L02 oxidative damage model.

CCl, has been widely studied as a liver poison. CCl-induced
liver toxicity is the most commonly used model system for
screening compounds,” and more and more studies show that
oxidative stress is an important CCls-induced liver toxicity
mechanism,* CCl, passes cytochrome P450 system biotransforms
to produce trichloromethyl radicals, which in turn covalently bind
to cell membranes and organelles and cause lipid peroxidation.*
BP is a drug that has been reported to have a good effect against
CCl, hepatotoxicity,”” and we used it as a positive control.
Compound 38c has been shown to have good antioxidant activity
in vitro. We assumed that compound 38¢ also has a good hep-
atoprotective effect in vivo. We used CCly-induced liver injury in
mice model to verify our hypothesis. The levels of serum AST, ALT
and LDH activities reflects damage to hepatocytes and were
considered to be highly sensitive and fairly specific preclinical and
clinical biomarkers of hepatotoxicity.* It is exciting that high dose
(200 mg kg~ ") and medium dose (100 mg kg™ ") of compound 38¢
show good protection, which can reverse the increase of AST, ALT,
LDH in serum caused by CCl,, the current results are also
consistent with previous reports. GSH, an important part of the
main defense system, can scavenge free radicals in the body.” In
this study, treatment with compound 38c can enhance the activity
of antioxidant enzyme systems, including GSH, and it can also
resist liver pathological changes caused by CCl, (necrosis in
hepatic lobules, vacuolization, Kupffer cells around the central
vein). Cytochrome P450 (CYP) is a phase I enzyme play an
important role for the metabolic activation of many procarci-
nogens.* CYP2E1 represents a major CYP isoform and is
expressed in the liver.* In mice pretreated with compound 38c,
the expression of CYP2E1 in serum and liver were significantly
reduced. This may be one of the mechanisms of hepatoprotective
effect of compound 38c.

Conclusions

In this study, the antioxidant activity and cytotoxicity of anas-
tatins A & B, and its derivatives were studied using chemical
assessment methods, cell proliferation inhibition experiments,
and cell oxidative damage models. We have screened
compound 38c with better activity and lower toxicity in vitro.
And it was used to study the hepatoprotection activity and
mechanism by using a CCl-induced liver injury model in mice.
The results suggest that the anastatins B derivative compound,
38c, has good anti-oxidative and lower cytotoxicity in vitro and in
vivo in an animal model of liver injury. Decreasing CYP2E1
expression is one of the mechanisms of hepatoprotection effect
of compound 38c.

This journal is © The Royal Society of Chemistry 2020
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Appendix A

Table Chemical structure

of anastatins A & B and derivatives
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