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Introduction

Bioactive polyphenols from Isodon serra with
antioxidant and hepatoprotective activities in vitro
and in vivo

Sigin Li,¥®° Ziying Huang,T? Lin Lv,? Shixiong Wang,® Guang Yang,€ Linjie Zhang,©
Mengyao Du,? Yi Zhang,? Jiang Ma,® Min Hong,® Xin He {2*@ and Ji Yang {2 *@

Isodon serra is a medicinal plant with notable antioxidant potential underlying its hepatoprotective
properties, suggesting the presence of highly active antioxidant constituents. To identify these bioactive
components, the target compounds were isolated and structurally elucidated using chromatographic
and spectroscopic techniques. Antioxidant activities were evaluated using DPPH radical scavenging and
ferric reducing antioxidant power (FRAP) assays, together with tert-butyl hydroperoxide (t-BHP)-induced
oxidative stress models in vitro and in vivo. As a result, ten monomeric compounds were isolated from /.
serra, including two new compounds, labiserins A (1) and B (2), which were identified as a carboxylated
a-pyrone derivative and a dihydrobenzofuran neolignan, respectively. Compound 7 showed the highest
potency (ECso = 10.9 + 0.4 uM), which was nearly tenfold lower than that of vitamin C (ECso = 101.1 +
3.1 uM). In HepG2 cells, 7 dose-dependently attenuated t-BHP-induced cell death, while significantly
reducing intracellular reactive oxygen species (ROS) and malondialdehyde (MDA) levels and enhancing
superoxide dismutase (SOD) activity. qRT-PCR analysis indicated that its hepatoprotective effect is
associated with transcriptional modulation of Keapl and suppression of NF-kB-mediated inflammatory
responses. In mice, 7 significantly reduced serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels, diminished hepatic MDA accumulation, and ameliorated t-BHP-induced
histopathological liver damage. Collectively, these findings reveal new antioxidant polyphenols from /.
serra and identify 7 as a potent hepatoprotective constituent in vitro and in vivo.

switch of liver pathogenesis, targeting it has become a critical
strategy for prevention and therapy.*
Natural polyphenols are a diverse group of plant secondary

Due to its central role in metabolism, the liver is particularly
vulnerable to oxidative stress, a major driver of the onset and
progression of liver diseases." Excessive reactive oxygen species
(ROS) not only damage cellular macromolecules but also
disrupt redox homeostasis through Nrf2/Keapl imbalance,
thereby activating pro-inflammatory pathways (e.g., NF-kB, TNF-
o, IL-6) and Kupffer cells.> The resulting persistent inflamma-
tion stimulates hepatic stellate cells via profibrogenic mediators
such as TGF-$ and PDGF, leading to extracellular matrix accu-
mulation, fibrosis, and ultimately cirrhosis and hepatocellular
carcinoma.® Given that oxidative stress acts as the initiating

“School of Traditional Chinese Materia Medica, Guangdong Pharmaceutical University,
Guangzhou 510006, China. E-mail: hexintn@163.com; yangji@gdpu.edu.cn
*Department of Pharmacy, Shaoguan First People's Hospital, Affiliated Hospital of
Shaoguan University, Shaoguan 512000, China

“China Academy of Chinese Medical Sciences, Beijing 100700, China

“Hebei University of Traditional Chinese Medicine, Shijiazhuang 050200, China

“The First Affiliated Hospital of Guangdong Pharmaceutical University, Guang Dong
510080, China

+ These authors have contributed equally to this work.

© 2026 The Author(s). Published by the Royal Society of Chemistry

metabolites characterized by multiple phenolic hydroxyl groups,
which confer strong antioxidant capacity through free radical
scavenging and metal ion chelation.” More importantly, they
mitigate oxidative stress by enhancing endogenous antioxidant
defenses and modulating redox-sensitive signaling pathways
such as Nrf2/Keap1 and NF-kB, thereby exerting hepatoprotective
effects.® Silibinin, a flavonolignan isolated from the seeds of
Silybum marianum, has been applied as a hepatoprotective agent,
exerting its effects by lowering intracellular ROS levels, reducing
MDA accumulation, and enhancing glutathione peroxidase
(GSH-Px) activity.” Hydroxytyrosol, a major olive polyphenol, has
been reported to significantly reduce serum ALT and AST levels,
suppress inflammation, and attenuate oxidative stress in
a mouse model of acute liver injury.® The significant bioactivities
of natural polyphenols have stimulated increasing efforts to
discover novel hepatoprotective agents from medicinal plants.
Isodon serra (Maxim.) Hara, belonging to the family Lamiaceae,
is mainly distributed in tropical and subtropical Asia. In southern
China, the aerial parts of I serra have been traditionally used as
a folk medicine for the treatment of acute jaundice, hepatitis, and
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acute cholecystitis.” Previous phytochemical investigations were
primarily centered on ent-kaurane diterpenoids in low-polarity
fractions due to their structural variability and potent anticancer
bioactivities.’*'* By contrast, although the high-polarity aqueous
extract of I serra is clinically used for hepatoprotection, its
chemical profile and pharmacological relevance have yet to be
clearly elucidated.” Although some phenolic compounds have
been identified in the aqueous extract, the hepatoprotective effects
of the aqueous extract and active constituents remain insuffi-
ciently characterized. Therefore, it is of significant importance to
elucidate the material basis of its hepatoprotective activity and
identify potential active compounds responsible for this effect.
To elucidate the material basis of its hepatoprotective
activity and to identify antioxidant lead compounds, this study
isolated and characterized the polyphenolic fraction of I serra
and evaluated its hepatoprotective effects in vitro and in vivo.

Results and discussion
Antioxidant assays of different parts of I. serra

Phenolic compounds may directly contribute to antioxidant
action because of their redox properties. These compounds can
act on the antioxidant defense system and alleviate oxidative
stress.”® The higher the phenolic and flavonoid contents, the
stronger the antioxidant activity. As shown in Fig. 1a, it could be
noted that the TP fraction exhibited the highest TPC with
avalue of 291.9 £ 6.5 mg GAE per g. In contrast, the PE fraction
showed the lowest TPC with a value of 57.2 + 3.7 mg GAE per g.
The remaining fractions followed in the order of EE, EA, and AS
fractions with closely comparable values of 112.7 + 0.2, 105.6 +
0.2, and 93.0 £ 0.6 mg GAE per g, respectively. These values
indicated that the TP fraction possessed strong antioxidant
activity owing to high contents of phenolic compounds.

DPPH is widely used as a standard method for evaluating the
free radical scavenging capacity of antioxidants.'* The FRAP
assay quantifies the antioxidative capacity of any substance in
the reaction medium as a reducing ability. The obtained frac-
tions (EE, PE, EA, AS, and TP) were evaluated for their antioxi-
dant activities by DPPH and FRAP assays. As illustrated in
Fig. 1b and c, the TP fraction exhibited significantly stronger
antioxidant activity compared to the other fractions. In the
DPPH assay, the TP fraction expressed the highest inhibition
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Fig. 1 The activity of five fractions of I. serra was evaluated. (a) The
total phenols content (TPC) is expressed as gallic acid equivalents
(GAE) of the dry weight sample. (b) DPPH free radical scavenging
activity. (c) Ferric reducing antioxidant power (FRAP). EE, ethanol
extract; PE, petroleum ether; EA, ethyl acetate; AS, aqueous solution;
TP, total polyphenols. The data were expressed as means + SD (n = 3).
*p < 0.05, **p < 0.01, and ***p < 0.001 versus the EE group.
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percentage with values of 28.74 + 0.76%, followed by EA, AS, EE,
and PE with values of 17.91 + 1.15%, 14.25 + 2.47%, 11.03 +
1.82%, and 7.18% =+ 2.09%, respectively. Similarly, in the FRAP
assay, the TP fraction demonstrated the best total antioxidant
capacity with 3.4 4+ 0.2 mmol Fe**/mg, followed by EA, EE, AS,
and PE with values of 1.73 4+ 0.16, 1.39 + 0.09, 1.42 + 0.03, and
0.49 + 0.04 mmol Fe>"/mg, respectively. This biological activity
is consistent with the TPC content, and the TP fraction of L. serra
's antioxidant activity has been attributed to its phenolic
compounds, which are more abundant in the TP fraction.

Cytotoxicity and cytoprotective effects of different parts of I
serra

To ensure that the different parts of 1. serra used in subsequent
experiments were not toxic to cells, it was necessary to determine
cytotoxicity. As shown in Fig. 2a, the EE and EA parts exhibited
significant inhibitory effects against HepGz2 cells (p < 0.01), while
the EE, AS, and TP parts treated groups exhibited no toxicity.
Thus, the EE, AS, and TP parts were selected for further experi-
ments. Cells were cultured with #BHP (0-500 puM) for 2 h to
clarify the cytotoxicity of -BHP. After treatment, the viability of
HepG2 cells reduced significantly in a concentration-dependent
manner, indicating that the +BHP-induced HepG2 cells oxida-
tive damage model was successfully constructed.*>*® At 300 uM ¢-
BHP, cell viability decreased to 50% (Fig. 2b). Subsequently, 300
uM ¢t-BHP was selected as the concentration for further oxidative
damage experiments. The cytoprotective effect of EE, AS, and TP
parts against t-BHP (300 uM, 2 h) induced cytotoxicity was shown
in Fig. 2c. Results indicated that the TP parts showed a significant
protective effect against hepatotoxicity induced by #BHP (p <
0.01), and the effect was better than EE and AS fractions, con-
firming that phenolic compounds underpin the hepatoprotective
activity via antioxidant action of the I. serra aqueous extract.

Isolation, identification, and characterization of the TP
fraction from I. serra

Phytochemical investigation of the active fraction (TP) from I
serra led to the isolation of two new polyphenols (1 and 2),
together with eight known compounds (3-10) (Fig. 3).
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Fig. 2 Cytotoxicity and the cytoprotective effects of different parts of
I. serra. (a) Cell viability of HepG2 cells treated with 50 pg mL™t
different parts of . serra for 24 h. (b) Cell viability following treatment
with t-BHP (0-500 uM) for 2 h. (c) Cell viability of HepG2 cells was
pretreated with or without 50 pg mL™! EE, AS, and TP parts for 24 h,
and then incubated with or without t-BHP (300 uM) for 2 h. The data
were expressed as means + SD (n = 3). #p < 0.05, ##p < 0.01, and
###p < 0.001 versus the control group. *p < 0.05, **p < 0.01, and ***p
< 0.001 versus the model group.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08382f

Open Access Article. Published on 11 February 2026. Downloaded on 3/8/2026 10:43:33 AM.

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

(cc)

Paper

View Article Online

RSC Advances

(0] OH OH
I y
0 OH -0 OH
0
ol

<" OH O OH (o S
0 HO ~_OH
X
» Y
~o HO

o
|
H O
8

OH 7

Fig. 3 Chemical structures of 1-10.

Compound 1 was obtained as a white amorphous powder. The
IR spectrum showed a broad absorption peak at 3400 cm™* for
hydroxy, an intense band at 1720 cm ™" for carbonyl functional
groups, and 1608 cm ™" for double bonds. The "H NMR spectrum
(Table 1) exhibited one olefinic proton at ¢y 6.34 (1H, s) and
a group of AB coupling aromatic protons at dy; 7.81 (1H, d, /= 8.6
Hz) and 6.81 (1H, d,J = 8.6 Hz). Analyses of **C, DEPT, and HSQC
experiments revealed the existence of 15 carbons, including
seven quaternary carbons, six methines, and two methylene
groups. The above data of 1 (Table 1) closely resembled those of
dumortins B,"” except that a phenolic ortho-dihydroxy group (¢
143.4 and 144.9) in dumortins B was replaced by a carboxylic acid
(6c 162.3) in 1, and a methylene (6¢ 35.9) in dumortins B was
substituted by an oxygenated methylene (6 62.0). This hypoth-
esis was confirmed by the HMBC correlations of H-3/H-5 with C-
7, H-2/H-4 with C-6, and H-15/H-12 with C-1(Fig. 4a). Its molec-
ular formula was assigned to be C;5H;,0, with ten degrees of
unsaturation by the HR-ESI-MS ion at m/z 305.0657 [M + H]"
(Calculated for C15H;305, 305.0656). Thus, the structure of 1 was
identified and named as labiserin A.

Compound 2 was obtained as a pale yellowish amorphous
powder with the molecular formula of C,,H;,0;, according to
the HR-ESI-MS spectrum at m/z 571.1783 [M + Na]" (Calculated
for C,,H3,04,Na, 571.1785), corresponding to 12 degrees of
unsaturation. The "H NMR spectrum (Table 1) indicated the
existence of three methyls at d;; 3.86 (3H, s), 3.81 (3H, s), and
3.79 (3H, s), as well as five aromatic protons at ¢y 6.93 (1H, dd, J
=1.7, 1.8 Hz), 6.92 (1H, s), 6.73 (1H, s), 6.74 (1H, s), and 6.97
(1H, d,J = 1.7 Hz). The *C, DEPT, and HSQC NMR spectra of 2
revealed 27 carbons, including three methyls, seven methines,
six methylenes, and eleven quaternary carbons (Table 1). A
careful analysis of the 1D NMR data of 2 revealed it is very

© 2026 The Author(s). Published by the Royal Society of Chemistry
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similar to 3’,4-O-dimethylcedrusin,'® except for an additional
moiety attached at C-9 (6¢ 65.1). This additional moiety was
superimposable on those of 2-Hydroxy-4-oxo-2-(2-oxopropyl)
pentanoic acid, and the major difference was that the two
methyl groups were replaced by two hydroxy groups. This
hypothesis was confirmed by key HMBC correlations of H-2" (6y
2.80) to C-1as well as H-4" (6 2.93) to C-5". The HMBC cross-
peak from H-9 to C-6” indicated that the additional moiety
was located at the C-9 position (Fig. 4a). The correlation of H-7’
and H-9' determined that H-7 was in the o-orientation and H-8
was in the B-orientation (Fig. 4b). The absolute configuration of
(7'S, 8'R)-2 was determined by comparing its experimentally
obtained ECD spectrum with the theoretically calculated ECD
spectra, as illustrated in Fig. 4c. Hence, the structure of 2 was
identified and named as labiserin B.

The known compounds were identified by comparing their
spectroscopic data with those reported in the literature as
vicenin II (3)," umbroside (4),° camellignanoside A (5),*
icariside E3 (6),>* rabdosiin (7),** homoplantaginin (8),>* ros-
marinic acid (9),> and 1,3-carboxyblumenol C (10).>

To investigate the chemical characteristics of the most
bioactive fraction used in the present study, HPLC analysis of
the TP fraction was carried on, and all isolated compounds were
identified based on the chromatographic analysis (Fig. 5). The
findings revealed that the principal chromatographic peak was
assigned as 7 with 17.3% constitution in the TP fraction.

Antioxidant activities of isolated compounds from the TP
fraction of I. serra

The isolated compounds (1-10) from the TP of L serra were
evaluated for their antioxidant activities using DPPH radical
scavenging and FRAP assays (Fig. 6a and b). In the DPPH assay,
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7 showed the best radical scavenging activity with an ECs, value
of 10.9 £ 0.4 uM, which was nearly tenfold higher than that of
vitamin C (ECso = 101.1 + 3.1 pM). Compound 9 also demon-
strated stronger scavenging activity than vitamin C with ECs,

values of 66.1 + 2.7 pM. The remaining compounds all
demonstrated similar and limited scavenging activity, even at
200 pM. In the FRAP assay, 7 and 9 exhibited strong ferric-
reducing abilities, with values of 11.78 + 1.3 and 11.05 +

RSC Advances Paper
Table 1 *H NMR (600 MHz) and X*C NMR (150 MHz) spectroscopic data of 1 and 2 (6 in ppm, J in Hz)
1 (in MeOD) 2 (in MeOD)

g Position dc (type) 0y (mult., J in Hz) Position d¢ (type) 0y (mult., J in Hz)

é 1 166.5 (C) 1 136.3 (C)

§ 2 114.9 (CH) 6.81 (d, 8.6) 2 118.1 (CH) 6.73 (s)

£ 3 131.4 (CH) 7.84 (d, 8.6) 3 145.6 (C)

=3 4 120.4 (C) 4 147.7 (C)

2 5 131.4 (CH) 7.84 (d, 8.6) 5 129.8 (C)
.o 6 114.9 (CH) 6.81 (d, 8.6) 6 114.2 (CH) 6.74 (s)
<§( T 7 162.3 (C) 7 32.8 (CHy) 2.65 (t, 7.5)
Q2T 8 163.2 (C) 8 31.7 (CHy) 1.92 (m)
V) E 9 114.7 (CH) 6.34 (s) 9 65.1(CH,) 4.07 (t, 6.3)
S 8 10 157.5 (C) 1 136.3(C)
© 5 11 109.1 (CH) 7.08 (s) 2/ 110.7 (CH) 6.97 (d, 1.7)
ST 1 155.1 (C) 3 150.6 (C)
3 2 13 164.0 (C) 4 150.2 (C)
®» 32 ,
c 2 14 34.0 (CH,) 2.98 (t, 6.1) 5 112.9 (CH) 6.92 (s)
% 2 15 62.0 (CH,) 4.53 (m) 6 119.4 (CH) 6.93 (dd, 1.7, 1.8)
g2 7 88.7 (CH) 5.53 (d, 6.1)
2 g 8 55.4 (CH) 3.46 (m)
3 E 9'a 65.1 (CH,) 3.84 (overlap)
a % 9'b 3.75 (dd, 7.4, 11.1)
= 1" 177.1 (C)
g B 2 44.4 (CH,) 2.93 (m)
8 % 3" 74.3 (C)
% N 4" 44.4 (CH,) 2.80 (m)
o= 5" 173.8 (C)
d 3 6" 171.7 (C)
5 2 4-0CH;, 56.5 (CH;) 3.81 (s)
B S 3'-0CH, 56.5 (CHy) 3.79 (s)
b0 3-0CH, 56.9 (CH,) 3.86 (s)
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Fig. 4 (a) H-'H COSY and key HMBC correlations of 1 and 2. (b) Key NOESY correlations of 2. (c) Experimental and calculated ECD spectra of 2.
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Fig. 5 Characterization of the TP fraction of /. serra. (a) HPLC-UV chromatograms and identification of chromatographic peaks. (b) Details
regarding the retention time and peak area for each component corresponding to the chromatographic peaks.
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Fig. 6 Antioxidant activities of isolated compounds from the TP fraction of . serra. (a) The DPPH radical scavenging assay. (b) The ferric-reducing
antioxidant power assay. The data were expressed as means + SD (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the positive group.

0.71, both of which were higher than that of the positive control
Trolox (6.94 £ 0.83).

Antioxidant capacity is often considered an indicator of the
bioactivity of medicinal plant constituents.>” Previous studies
have reported that caffeic acid derivatives possess strong anti-
oxidant activities.?® In our research, 7 and 9 stood out as the two
most potent antioxidants among the isolated polyphenols.”®
Structurally, 9 was identified as rosmarinic acid. Essentially, it
can be regarded as a dimeric derivative of caffeic acid composed
of an ester linkage between caffeic acid and 3,4-di-
hydroxyphenyllactic acid, containing two catechol moieties
capable of donating hydrogen atoms to neutralize free radi-
cals.*® 7, a dimeric analogue of 9 (rosmarinic acid), possesses
a more complex polyphenolic scaffold with multiple caffeoyl
moieties.** The significantly enhanced antioxidant potency of
the dimeric 7, relative to the monomeric analogue 9, can be
primarily attributed to the presence of two catechol moieties
within its structure. Catechol groups are well recognized for

© 2026 The Author(s). Published by the Royal Society of Chemistry

their radical-scavenging capability via hydrogen atom transfer
and single-electron transfer mechanisms, and the incorpora-
tion of dual catechol units in 7 provides an inherent stoichio-
metric advantage, enabling a single molecule to neutralize
a greater number of free radicals.*” In addition to this quanti-
tative effect, the intramolecular proximity of the two catechol
groups may facilitate electronic interactions that stabilize the
phenoxyl radical intermediate generated after the initial scav-
enging event.* Such stabilization could lower the energetic cost
of radical quenching, thereby rendering 7 a more efficient
antioxidant than 9, which contains only a single catechol unit.

The protective effects of 7 against -BHP-induced
hepatotoxicity in vitro

The cytotoxicity of 7 against HepG2 cells was assessed via the
MTT assay. Cells were treated with 7 at concentrations of 0-320
uM for 24 h, and its ICs, value was greater than 320 uM (Fig. 7a).
Within the concentration range of 0-80 uM, 7 did not exhibit

RSC Adv, 2026, 16, 8487-8498 | 8491
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Fig. 7 Effects of 7 on t-BHP-induced oxidative stress in vitro. (a) Cell viability following treatment with 7 (0—-320 uM) for 24 h. (b) Cell viability of
HepG2 cells pretreated with 7 (0, 20, 40, and 80 uM) or silymarin (100 pM) for 24 h before exposure to t-BHP (300 uM) for 2 h. (c) Intracellular ROS
levels were analyzed by flow cytometry. (d) Quantification analysis of ROS levels. (e and f) MDA levels and SOD activity of HepG2 cells exposed to
7 (0, 20,40, and 80 uM) for 24 h and then incubated with t-BHP (300 uM) for 2 h. (g—k) HepG2 cells were pre-incubated with 7 (0, 20, 40, and 80
M) or silymarin (100 uM) for 24 h before exposure to t-BHP (300 uM) for 2 h. The mRNA levels of Nrf2, Keapl, NF-«kB, IL-1B, and IL-6 were
measured by gRT-PCR. The data shown represent the mean values of three experiments + SD. #p < 0.05, ##p < 0.01, and ###p < 0.001 versus
the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the model group.

cytotoxicity compared with the control group. Thus, different
concentrations of 7 (20, 40, and 80 pM) were selected for further
experiments. The cytoprotective effect of 7 against t-BHP-
induced cytotoxicity was analyzed by determining cell
viability. HepG2 cells were pretreated with 7 (0-80 uM) for 24 h
and then exposed to ¢-BHP for another 2 h. Results (Fig. 7b)
indicated a higher dose of 7 (80 uM) further reduced cell
damage to values similar to those of control cells, indicating the
potent protective activity of 7 against -BHP-induced cytotoxicity
in HepG2 cells. Notably, at concentrations of 40 and 80 pM, 7
exhibited hepatoprotective effects that were superior to those of
the positive control silymarin tested at 100 uM.

The excessive production of reactive oxygen species (ROS)
plays a pivotal role in the pathogenesis of cellular oxidative
stress injury.*® To verify that 7 attenuated ¢-BHP-induced
oxidative stress in HepG2 cells, ROS levels were measured by
a DCFH-DA probe. As can be seen from Fig. 7c and d, a dramatic
increase in the ROS content was noted in HepG2 cells after
treatment with ¢-BHP for 2 h (p < 0.01). However, 7 pretreat-
ments decreased the ROS content in a dose-dependent manner.
The measurement of MDA, as a biomarker for lipid perox-
idation, can indirectly reflect the extent of cellular damage.*

8492 | RSC Adv, 2026, 16, 8487-8498

The effects of 7 on t-BHP-induced MDA generation are shown in
Fig. 7e. In this study, ¢-BHP significantly increased the MDA
level in HepG2 compared to the control group (p < 0.01).
However, pretreatment of HepG2 cells with 7 remarkably
decreased the intracellular MDA level at 40 and 80 uM (p < 0.05
and 0.01, respectively). The above results indicate that 7
possesses the ability to inhibit the elevation of MDA level and
ameliorate HepG2 cell damage, thereby exhibiting an anti-
oxidative effect.

The SOD activity was assessed as an indicator of the enzy-
matic antioxidant defense system in HepG2 cells under condi-
tions of oxidative stress.*® The effects of 7 on ¢-BHP-induced
SOD depletion are shown in Fig. 7f. SOD activity was notably
lower by 50.8% in HepG2 cells treated with 300 uM ¢BHP alone
(model group) compared to the control group (p < 0.01). On the
contrary, pretreatment with different concentrations of 7
significantly reversed the phenomenon (p < 0.01). The data
indicate that 7 exerts its protective effects by enhancing the
cellular antioxidant capacity.

To explore the potential mechanism underlying the hep-
atoprotective effects of 7, qRT-PCR analysis was performed to
assess the transcriptional expression of multiple oxidative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stress-and inflammation-related genes, including Nrf2, Keap1,
NF-kB, IL-6, and IL-1f. The results showed that the total mRNA
expression level of Nrf2 in HepG2 cells exhibited no significant
change following +-BHP treatment, and pretreatment with 7 or
silymarin did not alter its transcriptional level. In parallel,
Keapl mRNA expression was markedly increased in response to
t-BHP exposure, whereas pretreatment with 7 or silymarin
reduced Keap1 expression in a dose-dependent manner (Fig. 7g
and h). Notably, ¢-BHP exposure led to a pronounced upregu-
lation of NF-kB as well as the pro-inflammatory cytokines IL-6
and IL-1B at the mRNA level, whereas pretreatment with 7
significantly attenuated these increases in a dose-dependent
fashion, comparable to the effects observed with silymarin
(Fig. 7i-k).

Previous studies have established that Keap1 is a key nega-
tive regulator of cellular antioxidant responses and has also
been implicated in the modulation of inflammatory signaling.?”
In the present study, although the total mRNA expression level
of Nrf2 remained unchanged, Keap1 transcription was signifi-
cantly upregulated under ¢-BHP-induced oxidative stress and
was effectively downregulated by pretreatment with 7.*® Given
the central role of Keap1 at the interface of redox homeostasis
and inflammatory regulation, its transcriptional modulation
may contribute to the coordinated attenuation of oxidative
stress-associated inflammatory responses.** Consistent with
this notion, 7 markedly inhibited NF-kB activation and reduced
the expression of pro-inflammatory cytokines IL-6 and IL-1j,
suggesting that the concurrent modulation of oxidative stress
and inflammation via Keapl represents an important compo-
nent of its hepatoprotective mechanism. In a previous study, it
was demonstrated that 7 is a potent scavenger of active oxygen
species, such as superoxide anion radicals and hydroxyl radi-
cals.* However, to the best of our knowledge, there are no
studies available to date on the effects of 7 on -BHP-induced
oxidative stress in liver cells. Thus, the present study suggests
that 7 protects cells from t-BHP-induced oxidative damage more
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effectively than silymarin by inhibiting the production of ROS,
reducing MDA levels, and enhancing SOD activity. Furthermore,
these findings clarify that its hepatoprotective effect is associ-
ated with transcriptional modulation of Keap1 and the inhibi-
tion of the NF-kB inflammatory response. Additionally, it was
also indicated that 7 is the bioactive compound responsible for
the hepatoprotective properties of the TP fraction of I serra.

The protective effects of 7 against -BHP-induced
hepatotoxicity in vivo

The hepatoprotective effects of 7 were also investigated in ¢-
BHP-induced liver injury mice. H&E staining revealed marked
differences in histopathological liver injury among different
groups of mice. As shown in Fig. 8a, normal mice that were not
exposed to t-BHP exhibited a well-preserved cellular distribu-
tion with a clear distinction of cells. However, ¢-BHP injection
caused ballooned hepatocytes, inflammatory cell infiltrations,
and obscure cell boundaries. Pretreatment with 7 efficiently
aggravated these features, and the high-dose group showed
a similar tissue structure to that observed in the normal group.
A significant reduction was observed in the histopathological
score in the Comp.7 H group in comparison to that of the model
group (p < 0.01) (Fig. 8b). As shown in Fig. 8¢, in comparison
with the control group, the model group gained a significant
increase in liver index (p < 0.01). Interestingly, the pretreatment
with a high dose of 7 significantly attenuated the t-BHP-induced
elevation in the liver index (p < 0.01). These data indicated that 7
protected the liver from #-BHP-induced histopathology. The
hepatic enzymes ALT and AST in serum were utilized as the
biochemical markers for early acute hepatic damage. As
depicted in Fig. 8d and e, the t-BHP-treated animals showed
a noticeable increase in the activity of ALT and AST (p < 0.01), in
comparison with the normal group. In contrast, pretreatment
with 7 distinctly suppressed the increase of ALT and AST levels
induced by #-BHP treatment in a concentration-dependent
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Fig. 8 Effect of 7 on t-BHP-induced hepatotoxicity lesions in mice. (a) H&E staining of hepatic tissue (200x magnification). (b) The histological
scores for liver sections. (c) Liver index. (d and e) Serum ALT and AST levels. (f)The levels of MDA in liver tissues. All data are shown as mean + SD (n
=5). #p < 0.05, ##p < 0.01, ###p < 0.001 versus the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the model group.
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manner, indicating that 7 had an obvious hepatoprotective
effect. +-BHP has previously been shown to cause oxidative
damage. MDA is an end product of lipid peroxidation and
a generally accepted marker of oxidative stress.** As shown in
Fig. 8f, a significant increase in liver oxidation products (MDA)
was observed in the model group (p < 0.05), whereas those
parameters were extremely decreased by 7 pretreatments (p <
0.01). These results revealed that 7 pretreatment effectively
alleviated oxidative stress in the liver, indicating that the hep-
atoprotective activity of 7 is related to its antioxidative capacity.

To the best of our knowledge, this is the first report doc-
umenting the in vivo hepatoprotective activity of 7, suggesting
that 7 serves as the pharmacological basis and primary bioactive
constituent responsible for the hepatic protective properties of
L serra.

Conclusion

In conclusion, the total polyphenol (TP) fraction of L serra
exhibited pronounced antioxidant activity, attributable to its
high phenolic content, and showed superior hepatoprotective
effects against --BHP-induced hepatotoxicity compared with the
EE and AS fractions. Bioassay-guided fractionation of the TP
fraction led to the isolation of two new polyphenols, labiserins A
and B (1 and 2), together with eight known compounds (3-10).
Among these, 7 displayed the strongest antioxidant activity,
exhibiting nearly tenfold greater radical-scavenging potency
than vitamin C in the DPPH assay. Given the critical role of
oxidative stress in the pathogenesis of liver injury and the
pronounced antioxidant capacity of 7, its hepatoprotective
effects were further evaluated using in vitro and in vivo models
of -BHP-induced liver injury. In HepG2 cells, pretreatment with
7 enhanced SOD activity and reduced ROS and MDA accumu-
lation, thereby alleviating oxidative stress-induced cytotoxicity.
Importantly, qRT-PCR analysis further indicated that the hep-
atoprotective effects of 7 are associated with transcriptional
modulation of Keapl, suppression of NF-kB signaling, and
consequent downregulation of pro-inflammatory cytokines,
including IL-6 and IL-1, highlighting coordinated regulation of
oxidative stress and inflammatory responses as a key compo-
nent of its hepatoprotective mechanism. Current research
demonstrates that 7 is a potential hepatoprotective candidate
drug, and it may further serve as a quality marker for I. serra in
subsequent studies.

Materials and methods
General experimental procedures

Optical rotations were measured with a Rudolph Research
Analytical Autopol I automatic polarimeter. Ultraviolet (UV) was
carried out on a Yokechina double-beam ultraviolet-visible
spectrophotometer. IR spectra were measured with a Bruker
TEN-SOR37 infrared spectrometer (KBr). HR-ESI-MS spectra
analyses were conducted using an Agilent 1290 Infinity LC and
Agilent 6530 Q-TOF mass spectrometer (Agilent, Palo Alto, USA).
Ultra Performance Liquid Chromatography (UPLC) was per-
formed on the Waters XSelect Premier HSS T3 column (100 mm
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x 2.0 mm, 2.2 um). 1D and 2D NMR spectra were acquired on
a Bruker Ascend 600 NMR spectrometer with TMS as an internal
reference. Medium-pressure liquid chromatography (MPLC) was
performed using an RP-18 column (YMC Cyg, 46 X 60 mm, 40-60
um particle size) on an RUIHE LC-2100 liquid chromatography
instrument. Semi-preparative HPLC was conducted on an RUIHE
LC-2010 liquid chromatography instrument with a Waters
Xbridge or XSelect Prep C;g column (10 x 250 mm, 5 pm).

Materials and chemicals

The aerial parts of L. serra were collected from Qingyuan City of
Guangdong Province, as previously described.” A voucher
specimen (IS-2021-10) has been deposited at the School of
Traditional Chinese Materia Medica, Guangdong Pharmaceu-
tical University.

Ethanol, petroleum ether, and ethyl acetate were acquired
from Ghtech (Guangzhou, China). The HPLC-grade solvents
(methanol and acetonitrile) were obtained from Thermo Fisher
Scientific (Suwanee, GA, USA). Methanol-D4 (CD40) and tert-
butyl hydroperoxide (¢-BHP) were obtained from Shanghai
Macklin Biochemical Technology Co., Ltd (Shanghai, China).
Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), DPPH (2,2-diphenyl-1-
picrylhydrazyl) radical scavenging activity assay kit, superoxide
dismutase (SOD) assay kit, reactive oxygen species (ROS) assay
kit, and total phenols test kit were purchased from Beijing
Solarbio Science & Technology Co., Ltd (Beijing, China). Phos-
phate buffer saline (PBS), Dulbecco’s modified Eagle medium
(DMEM), 0.25% Trypsin-Ethylene diamine tetraacetic acid
(EDTA) solution, and penicillin-streptomycin solution were
purchased from Wuhan Servicebio Technology Co., Ltd
(Wuhan, China). Fetal bovine serum (FBS) was obtained from
Gibco (Waltham, MA, USA). A lipid oxidation (MDA) assay kit
and a ferric reducing antioxidant power (FRAP) assay kit were
bought from Beyotime (Shanghai, China).

Extraction and isolation

The initial extraction was previously described.*> The AS part
was subjected to a microporous resin column (D101) by eluting
with 20%, 40%, and 60% ethanol, which were combined and
vacuum freeze-dried to obtain total polyphenols (TP).** The
partial TP fraction (20 g) was isolated by MPLC (ODS Cyg, 50 pm)
and eluted with MeOH-H,O (0: 100 — 100: 0, v/v) to obtain six
fractions (Fr. A to F). Fr. A was separated on RP-HPLC (CH;CN-
0.1%FA in H,O0, 15: 85) to obtain 3 (4.72 mg), 4 (3.17 mg), and 5
(2.04 mg). Fr. B (CH;CN—0.1%FA in H,0, 17 : 83) was separated
to obtain 6 (4.65 mg). Fr. C (CH3CN-0.1%FA in H,0, 23 : 77) was
separated to obtain 7 (600 mg). Fr. D was separated on semi-
preparative reversed-phase HPLC (MeOH:0.1%FA in H,0 =
45:55) to obtain 1 (2.32 mg), 9 (14.5 mg), and 10 (4.5 mg). Fr. E
was purified by RP-HPLC (CH;CN-0.1%FA in H,0, 30:70) to
obtain 8 (1.65 mg). Fr. F was purified by RP-HPLC (MeOH-0.1%
FA in H,0, 50:50) to obtain 2 (3.56 mg).

Labiserin A (1). White amorphous powder; UV (MeOH) Apax
(log ¢) 197 (3.31), 261 (2.86), 299 (2.51); IR (KBI) #max: 3400, 2924,
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1701, 1608, 1386, 1275 cm ™ *; 'H and >C NMR, see Table 1; HR-
ESI-MS m/z 305.0657[M + H]" (Calculated for C,;sH;30-,
305.0656).

Labiserin B (2). Pale yellowish amorphous powder; [«]22.3 D-
0.013 (¢ = 0.4, MeOH); UV (MeOH) A (log ¢) 204 (4.10), 238
(3.48), 281 (3.13); IR (KBI) vmax: 3444, 2937, 1731, 1603, 1516,
1454, 1263, 1214, 1141, 1024 cm™*; *H and *C NMR, see Table
1; HR-ESI-MS m/z 571.1783 [M + Na]" (Calculated for
C,,H3,041,Na, 571.1786).

ECD calculations

The ECD calculation for 2 was carried out using a previously
reported method.** Briefly, conformational analyses were con-
ducted using random searching in Spartan 16 (Wavefunction,
Irvine, CA, USA, 2016) with the MMFF94 force field. The
resulting conformers were re-optimized at the B3LYP/6-
31G(d,p) level using DFT and the SMD solvation model in
Gaussian 09. For conformers with a Boltzmann population over
1%, energies, oscillator strengths, and rotational strengths were
calculated via TDDFT at the B3LYP/6-311+G(d,p) level in
methanol. ECD spectra were simulated by applying Gaussian
functions (sigma = 0.30) and averaged according to Boltzmann-
weighted populations based on relative Gibbs free energies
(AG).

Determination of total phenols content (TPC)

The TPC of EE, PE, EA, AS, and TP fractions was evaluated by
a total phenols test kit, following the colorimetric method
described.** About 1 mg of dried powder was weighed, 1 mL of
extract solution was added, and the total phenols were extracted
by ultrasonic extraction for 30 min. The absorbance of the
extraction was measured at a wavelength of 760 nm using
a Microplate reader. TPC was expressed as gallic acid equiva-
lents (GAE), which were determined from a gallic acid standard
curve (0.01-0.625 mg mL '), and the results were expressed
as mg GAE per g sample.

DPPH radical scavenging activity assay

The DPPH radical scavenging activity assay was determined by
using the BC4750 kit, with minor modifications to the protocol
as described.*® Firstly, Reagent II was dissolved with Reagent I.
Then, the working solution containing Reagent IT and Reagent I
(1:9, v:v) was prepared before use. Then, 50 pL of prepared
samples and standard (vitamin C) of 0.25-5 mM were added to
150 pL of the DPPH solution. The mixture was vortexed to mix
and incubated in darkness for 30 min. The absorbance of the
reaction mixture was monitored at 515 nm using a multifunc-
tional microplate reader with ethanol being used as the blank.
The analysis of each sample was evaluated in triplicate, and the
results were expressed as the inhibition rate (%) and ECs,
values. The DPPH free radical scavenging activity was calculated
and expressed as follows:

DPPH radical scavenging activity (%) = [[(4o — (41 — A))/Ao)]
x 100%

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where A, is the blank absorbance, A, is the control absorbance,
and 4, is the sample/standard control absorbance.

Ferric reducing antioxidant power (FRAP) assay

The FRAP analysis was evaluated by using the S0116 kit
according to the previous method, with some slight modifica-
tions.*® Firstly, a working solution, FRAP reagent, was prepared
and heated to 37 °C. FeSO,-7H,O0 dissolved in water (0.15, 0.3,
0.6, 0.9, 1.2, and 1.5 mM) was used to establish a standard
curve. Then, 190 pL of FRAP working solution was mixed with 5
uL of the sample in a 96-well plate. After incubating at 37 °C for
5 min, the absorbance of the mixture was monitored by
a microplate reader at 593 nm, with all tests performed in
triplicate. Eventually, the total antioxidant capacity was
expressed as FeSO, equivalents, calculated from the standard
curve.

HPLC analysis of the TP fraction

The TP fraction (5 mg) was suspended in distilled water (20 mL)
and sonicated for 30 min. After centrifugation at 2000 rpm for
10 min, the supernatant was filtered through a 0.45 pm
membrane. The subsequent filtrate was then analyzed using an
LC-20AT HPLC system (Shimadzu, Nakagyo-ku, Kyoto, Japan)
equipped with a UV detector. HPLC was achieved using a 5 TC-
Cig (2)-Cyg column (250 mm X 4.6 mm, 5 um; Agilent, Santa
Clara, CA, USA) with a gradient elution program at a flow rate of
1.0 mL min~". The mobile phase was composed of 0.01% for-
mic acid (A) and acetonitrile (B), and the following gradient was
applied: 0-5 min, 95% A; 5-8 min, 95-88% A; 8-20 min, 88-84%
A; 20-55 min, 80-67% A. The column temperature was main-
tained at 35 °C, the detection wavelength was set at 254 nm, and
the sample injection volume was 10 uL. Representative chro-
matograms of the TP fraction were analyzed using a Shimadzu
system.

Cell culture

The human hepatocellular carcinoma cell line (HepG2) was
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The HepGz2 cells were cultured in DMEM
medium supplemented containing 10% FBS and 1% antibiotics
(penicillin and streptomycin) in a humidified incubator con-
taining 5% CO, at 37 °C.

t-BHP toxicity assay

HepG2 cells (3 x 10? cells/well) were cultured in 96-well plates
and then exposed to a series of -BHP concentrations (0, 100,
200, 300, 400, and 500 uM) for 2 h, respectively. After the
treatment, MTT solution was added and incubated for 4 h at
37 °C in an atmosphere of 5% CO2. DMSO (100 pL/well) was
added to dissolve the formazan after the supernatant medium
was removed. Finally, absorbance was detected at 490 nm using
a microplate reader (Multiskan SkyHigh, Thermo Scientific Co.,
Ltd, GA, USA).
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Cytoprotective effects assay

HepG2 cells (1 x 10 cells/well) were seeded in 96-well plates for
measurement of hepatoprotective activity. After attachment, the
cells were pretreated with five fractions (EE, PE, EA, AS, and TP)
and various concentrations of isolated 7 (0, 20, 40, and 80 uM)
for 24 h. Controls received an equal concentration of vehicle
(DMSO). Subsequently, the cells were treated with or without
300 uM ¢-BHP to induce oxidative stress. After 2 h of incubation,
cell viability was measured by MTT assay as described in the
literature.*” MTT solution was added to the cells and incubated
for an additional 4 h. To measure the proportion of surviving
cells, the medium was replaced with 100 pL of DMSO. Absor-
bance was measured at 490 nm with a microplate reader
(Multiskan SkyHigh, Thermo Scientific Co., Ltd, GA, USA).

Measurement of intracellular ROS levels

The intracellular ROS levels were monitored with the fluores-
cent probe DCFH-DA, as a substrate, as described previously.*®
HepG2 cells (10° cells/well) were plated in 24-well plates. After
incubation with 7 (0, 20, 40, and 80 uM) for 24 h, the cells were
treated with or without +BHP (300 uM) for 2 h. Subsequently,
the cells were incubated with DCFH-DA probes (10 pM) for
30 min and then were washed three times with PBS. Finally, the
fluorescence intensity was measured using flow cytometry
(Beckman Coulter, CytoFLEX) (excitation, 488 nm; emission,
525 nm).

Real-time PCR analysis

HepGz2 cells were pre-incubated with 7 (0, 20, 40, and 80 uM) or
silymarin (100 uM) for 24 h before exposure to ¢-BHP (300 M)
for 2 h. Cellular RNAs were extracted using the TRIZOL reagent
(#RN001, ESscience). Subsequently, cDNA was synthesized
(#AT341, TransGen Biotech), and real-time PCR was performed.
Relative expression of target genes was normalized to GAPDH,
analyzed by 27**“ method, and presented as a ratio relative to
the control. The primer sequences are shown in Table S3.

Measurement of intracellular MDA and SOD levels

To measure the MDA and SOD contents in HepGz2 cells, the cells
(2 x 10° cells/well) were cultured in six-well plates. After
attachment, cells were pretreated with 7 (0, 20, 40, and 80 puM)
for another 24 h and then incubated with or without -BHP (300
uM, 2 h). After washing the cells three times with pre-cooling
PBS, the cells were harvested and lysed in an ultrasonic bath.
The MDA and SOD contents were determined using the cell
MDA assay kit and SOD assay kit. Data for T-SOD was expressed
as specific activity units per milligram of protein (U mg™" prot),
and MDA was expressed in millimol per milligram of protein
(nmol mg ™" prot).

Animals and experimental protocols

Male C57 BL/6 mice aged 6-8 weeks were obtained from
Guangzhou Ruige Biological Technology Co., Ltd no. SCXK
2023-0059, Guangzhou, China. Animal study protocols were
reviewed and approved by the Ethics Committee of Guangdong
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Pharmaceutical University no. gdpulacspf2022309. The animal
studies were conducted in compliance with the ARRIVE Animal
Research: Reporting of In Vivo Experiments guidelines.* The
animals were housed in a dedicated pathogen-free animal
facility maintained at a temperature of 22 °C + 2 °C and relative
humidity of 50 £ 5%, with controlled light-dark cycles lasting
for 12 hours each. After adopting feed for a week, the mice were
administered the following treatments. Mice were randomly
divided into the following four groups (n = 5): control, model,
low-dose 7 (Comp.7 L) group, and high-dose 7 (Comp.7 H)
group. The Comp.7 L and Comp.7 H groups were administered
50 mg kg~ ! and 100 mg kg~ ! Comp.7 H (dissolved in saline) for
3 consecutive days. Saline was administered to mice in the
control and model groups once daily. Three hours after the final
administration, the mice were treated with intraperitoneal
administration of saline or 3 mmol kg ' #BHP and then
sacrificed to collect blood and liver after 24 h.

Histopathologic evaluation of the liver tissue

To evaluate histological alterations in the liver tissue, the
tissues were washed with cold phosphate-buffered saline (PBS)
and subsequently fixed in 4% paraformaldehyde. After paraffin
embedding, sections were cut at 4 pm slices and stained with
hematoxylin and eosin (H&E). The liver tissue was examined
under a light microscope to assess pathological alterations.

Measurement of biochemical parameters and MDA level in
liver tissue

The levels of serum ALT and AST were carried out referring to
the previous method using corresponding assay kits*(Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). MDA
levels of liver tissues were determined following the Lipid Per-
oxidation MDA Assay Kit. Briefly, 100 mg of liver tissue was
added to 1 ml PBS and homogenized for a few minutes, followed
by centrifugation at 1000 rpm for ten minutes. The supernatant
was measured using a lipid oxidation (MDA) assay kit, and the
MDA content was expressed as nmol mg™ "' prot.

Statistical analysis

The data were expressed as means =+ SD. Statistical analysis was
conducted using a one-way analysis of variance (ANOVA) with
GraphPad Prism, Version 8.2.1 (GraphPad Software, Inc., San
Diego, CA, USA). Differences were considered significant at p <
0.05.
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