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ARTICLE INFO ABSTRACT
Keywords: Background: Liver damage is one of the most common complications in humans and animals after heat stress
Heat stress (HS). Sheng Mai San (SMS), a traditional Chinese medicine prescription that originated in the Jin Dynasty, exert
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a therapeutic effect on HS. However, how SMS prevents liver injury after heat exposure remains unknown.
Purpose: This study aimed to investigate the pharmacological effect and molecular mechanisms of SMS on HS-
induced liver injury.

Study design: A comprehensive strategy via incorporating pharmacodynamics, targeted metabolomics, and mo-
lecular biology technology was adopted to investigate energy metabolism changes and the therapeutic mecha-
nisms of SMS in HS-induced rat liver injury.

Methods: First, Sprague-Dawley rats were subjected to HS (38 °C/ 75% RH/ 2 h/ day) for 7 consecutive days to
establish the HS model, and SMS was given orally for treatment 2 h before heat exposure. Thereafter, liver
function and pathological changes in liver tissue were evaluated. Finally, the underlying mechanisms of SMS
were determined using targeted energy metabolomics to comprehensively analyze the metabolic pathways and
were further verified through Western-blot and qRT-PCR assays.

Results: Our results showed that SMS alleviated HS-induced liver dysfunction by reducing the alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and AST/ALT ratios in serum and improving hepatic
pathological damage. Meanwhile, SMS suppressed inflammatory response, oxidative injury, and overexpression
of heat shock proteins in liver tissue after heat exposure. With the help of targeted energy metabolomics, we
found that SMS could effectively regulate glycolysis and tricarboxylic acid (TCA) cycle to relieve energy meta-
bolism disorder. Furthermore, we confirmed that SMS can facilitate the phosphorylation of AMP-activated
protein kinase (AMPK) to maintain mitochondrial homeostasis through a dynamin protein 1 (Drp1l)-dependent
mitophagy process.

Conclusion: On the basis of energy metabolomics, the present study for the first time systematically illustrated the
protective effect of SMS on HS-induced liver injury, and preliminarily confirmed that an AMPK-mediated Drp1-
dependent mitophagy and mitochondria rebuilding process plays an important role in SMS intervention on HS-
induced rat liver. Together, our study lends further support to the use of SMS in treating HS condition.

Introduction an increasing threat not only for human health worldwide but also for
livestock production (Li et al., 2020). Long-term exposure to high tem-
As global warming worsens, extreme high temperature is becoming peratures exceeding 40 °C increases core body temperature (Tc) and
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causes stress (Stim, 1994). In domesticated livestock, heat stress (HS)
causes low fertility, reduced animal welfare, and increased susceptibility
and mortality to disease in extreme cases (Gonzalez-Rivas et al., 2020).
Moreover, it is generally accepted that HS leads to many unfavorable
effects in terms of physiological and behavioral disturbances, such as
heat stroke, nerve damage, immune disorders, and multi-organ
dysfunction (Bouchama and Knochel, 2002). The liver plays an impor-
tant role in executing essential functions such as energy metabolism
homeostasis, synthesis of bile, storage of glycogen, and removal of
toxins. Liver damage and failure are well-documented complications in
humans and animals after HS. Emerging evidence suggests that liver
injury is absent at the onset of HS, but presents during HS recovery in
patients and animal models (Davis et al., 2017; Geng et al., 2015). The
exact mechanisms that lead to hepatic damage in HS remain unclear, but
accumulating in vitro and in vivo investigations have demonstrated that
energy metabolism disorder and systemic inflammatory response (SIRS)
play a critical role in cellular injury after heat exposure (Davis et al.,
2017). Lowering core body temperature and supporting organ system
function are the primary goals against HS in humans and animals. As an
intervention, various physiotherapies and drugs have been used to
ameliorate HS-induced insult, such as hyperbaric oxygen therapy,
dexamethasone, and kynurenic acid, which reduce free radical genera-
tion and SIRS (Gupta et al., 2021). Owing to the unmet need for HS
control in modern medicine, clinicians have begun to consider the
possible role of traditional Chinese medicine (TCM) in the prevention
and treatment of HS, and a number of basic and clinical studies in this
field have drawn increasing attention.

Sheng Mai San (SMS), described in a classic Chinese medicine liter-
ature of the Jin Dynasty (Yi Xue Qi Yuan, compiled by Yuansu Zhang),
consists of three herbal components, the dried root of Panax ginseng C.A.
Mey. (Ren Shen), the dried root tuber of Ophiopogon japonicas (Thunb.)
Ker-Gawl. (Mai Dong), and the dried ripe fruit of Schisandra chinensis
(Turcz.) Baill. (Wu Wei Zi), is routinely being used for treating chronic
bronchitis, liver failure, myocardial ischemia, and shock in clinics
(Zhang et al., 2018; Zheng et al., 2011). Previous studies demonstrated
that SMS effectively suppressed cerebral ischemia and renal damage
during heat stroke by reducing inflammation response and oxidative
stress (Lee et al., 2005; Wang et al., 2005b). Although considerable
evidence has shown the pharmacological efficacy of SMS during heat-
stroke, whether prior administration of SMS can attenuate inflammatory
cytokines and oxidative stress in HS-induced liver injury remains
unknown.

Metabolomics, a branch of systems biology, describes the biological,
physiological, and pathological states in living systems in response to
exogenous stimulation (Nicholson et al., 1999). A combination of system
biology and classical molecular biology could be comprehensively effi-
cient for corresponding pharmacological targets. Previous metab-
olomics, proteomics, and transcriptomic profiles indicate that energy
crisis and oxidative stress are viable metabolic indicators for predicting
HS-induced injury and recovery, and the liver is one of the target organs
(Ippolito et al., 2014). Mitochondria are dynamic organelles that
constantly change their morphology through fission and fusion to
maintain energy requirement in organisms. Dynamin-related protein 1
(Drpl) is a major regulator of mitochondrial fission. Recent studies
indicated that autophagy facilitates mitochondrial rebuilding after acute
HS via a Drpl-dependent process (Chen et al., 2021). Furthermore,
AMP-activated protein kinase (AMPK) acts as a central metabolic
regulator and plays a key role in energy balance, which promotes
mitophagy to remove defective mitochondria to deal with oxidative
stress damage (Garcia and Shaw, 2017; Hu et al., 2021). Thus, a com-
bination of targeted energy metabolomics and mitochondria dynamics is
an interesting avenue of study.

Considering that previous investigations indicate the protective ef-
fect of SMS on HS-induced damage, we hypothesized that an AMPK-
mediated energy homeostasis and mitochondria rebuilding pathway
might be involved in SMS treatment of HS-induced liver injury.
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Therefore, by employing a HS-induced rat liver injury model, we sys-
tematically investigated the therapeutic effects of SMS on HS-induced
liver insults from an energy metabolism and mitochondria homeosta-
sis perspective. Overall, the principal aim of the study was to explore the
role and regulatory mechanism of SMS in the response to liver damage
after heat exposure and provide theoretical basis for future applications.

Materials and methods
Animals and ethical statement

Specific Pathogen Free (SPF) grade Sprague Dawley (SD) male rats
(six weeks old, body weight (b. w.) 180 + 20 g) were purchased from the
Experimental Animal Center of the Lanzhou Veterinary Research Insti-
tute of the Chinese Academy of Agricultural Sciences [SCXK (Gan)
2020-0002]. All the animal were housed in the animal center of College
of Veterinary Medicine of Gansu Agricultural University, and they
received humane care in accordance with the “Guidelines for the Man-
agement and Use of Laboratory Animals” (Ministry of Science and
Technology of China, 2006). All studies were conducted in line with the
China Physiological Society’s Guiding Principles in the care and Use of
Animals and with the approval of the Animal Care Committee of Gansu
Agricultural University (NO. GSAU-ETH-VMC-2020-003). The animals
were raised in conventional facility (12 h light/dark cycle, 23 + 1 °C, 45
=+ 5% relative humidity, free access to distilled water and commercial
rodent food ad libitum) for one week before experiment.

Preparation and quality control of SMS

Panax ginseng C.A. Mey. (Ren Shen, batch number: 190802, collected
in Jilin, China), Ophiopogon japonicas (Thunb.) Ker-Gawl. (Mai Dong,
batch number: 200101, collected in Sichuan, China), and Schisandra
chinensis (Turcz.) Baill. (Wu Wei Zi, batch number: 191001, collected in
Heilongjiang, China) were purchased from Yellow River Chinese Medi-
cine Co. Ltd (Lanzhou, Gansu, China). These voucher specimens, which
deposited in Traditional Chinese Veterinary Medicine Laboratory of
Gansu Agricultural University (GSAU20200601), were authenticated by
Professor Yanming Wei (College of Veterinary Medicine, Gansu Agri-
cultural University, Lanzhou, China) according to Chinese Pharmaco-
poeia 2020 edition. Following the ancient documents, SMS samples
were prepared with Panax ginseng C. A. Mey., Ophiopogon japonicus (1. f)
Ker-Gawl., and Schisandra chinensis (Turcz.) Baill. at a weight ratio of
3:3:2(w/w/w). These three herbs were mixed with 10 times distilled
water (v/w) and soaked for 30 min. Then, the mixture was extracted by
refluxing for 1 h. The residue was then refluxed with 8 times distilled
water (v/w) for 40 min and subsequently filtered through four layers of
gauze. Then, the two filtrates were mixed together and concentrated to
the relative density of 1.00 g/mL with rotary evaporation under vacuum
at 60 °C. After further freeze-drying, SMS decoction powder was ob-
tained (yield: 57.67%) (Chen et al., 2016; Zhang et al., 2016). In in vivo
experiment, SMS decoction powder was dissolved in distilled water to a
concentration of 1.00 g/mL (calculating with raw herbs), and stored at
4 °C before the experiment.

For quality control analysis, the freeze-dried SMS decoction powder
was immersed in 25 mL of methanol (100 mg/mL), extracted for 40 min
in ultrasonic vibration machine, and centrifuged at 10,000 rpm for 10
min at 4 °C. Afterward, the filtrate was passed through a 0.22 pm syringe
filter to carry out HPLC analysis. Reference standards (purity > 98%) of
ginsenoside Rbl (CAS: 41753-43-9), ginsenoside Rhl (CAS:
63223-86-9), ginsenoside Rg3 (CAS: 14197-60-5), ophiopogonin D
(CAS: 41753-55-3), ruscogenin (CAS: 472-11-7) and schisandrin A
(CAS: 61281-38-7) were purchased from Nanjing Yuanzhi Biotech-
nology Co., Ltd (Nanjing, China). The quality of samples was analyzed
with an Agilent 1260 HPLC system (Agilent Technologies, Atlanta, GA,
USA). Chromatographic separations were carried out on an Agilent
ZORBAX SB-C; g column (4.6 x 250 mm, 5 pm) at 25 °C with flow rate of
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1.0 mL/min. The mobile phase consisted of 0.1% aqueous phosphoric
acid (A) and acetonitrile (B). The mobile phase with a gradient elution
program set as follows: 0-10 min, 5% — 15% B; 10 — 35 min, 15% — 35%
B; 35 — 40 min, 35% — 45% B; 40 — 50 min, 45% — 50% B; 50 — 85 min,
50% — 65% B. The injection volume was 20 pL, and the ultraviolet
detection wavelength was set as 203 nm.

HS model preparation and treatment

Experiment 1: To detect the severe liver injury time point associated
with HS, the rats were randomized into six groups (n = 8/group),
including control group and five time point groups (0, 3, 6, 9, and 12 h).
Before heat exposure, the body weight and temperature were measured.
Body temperature was monitored using a rectal thermometer which was
inserted 2 cm into the rectum. To induce HS, the animals were placed in
a prewarmed incubator that was exposed to HS (38 + 1 °C, 75 + 5%
relative humidity, AM 10:00 - 12:00, 2 h/day) for 7 consecutive days.
The animals were fasted and denied water during the period of HS.
Immediately after HS, the rats were removed from the climate chamber,
and weighed, and their body temperature was measured. Then, they
were returned to the original environment (23 + 1 °C, 45 + 5% relative
humidity) with ad libitum access to food and water. After the last heat
exposure, the treated rats were then allowed to recover for 0, 3, 6, 9, and
12 h in conventional environment before sacrifice.

Experiment 2: To investigate the protective effects of pre-treatment
with SMS against HS-induced liver damage, the rats were randomly
assigned into six groups (n = 8/group): control group, HS group, SMS-H
group, SMS-M group, SMS-1 group and N-acetyl-l-cysteine (NAC) group.
The clinical dosage of SMS was 24 g: 9 g for Panax ginseng C. A. Mey.,9 g
for Ophiopogon japonicus (1. f) Ker-Gawl., and 6 g for Schisandra chinensis
(Turcz.) Baill., respectively. In this study, medium dosage of SMS was
administered at a normal dosage corresponding to its human clinical
dosage. The dosage of SMS is calculated by the following equation:
Dp=Dpn/W X F (Dy, is the administered dosage of SMS for rat in the work,
Dy, is the clinical dosage of SMS, W is human weight set as 60 kg, F is the
dosage conversation factor of 6.3 between rat and human). Thus, the
medium dosage of SMS (SMS-M, 2.52 g/kg/day) can be calculated in our
study. High dosage of SMS (SMS-H, 5.04 g/kg/day) was twice the dosage
of SMS-M, and low dosage of SMS (SMS-IL, 1.26 g/kg/day) was half the
dosage of SMS-M. The SMS-treated rats were intragastrically adminis-
tered with the corresponding dosage of SMS 2 h before heat exposure for
7 consecutive days. NAC can inactivate the activity of oxidative me-
tabolites, the structural stability of cell membrane and intracellular
membrane, stable intracellular enzyme and protein function. Thus, it

2 h prior to heat stress l

Drug intervention
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was used as a positive control drug in the research. NAC was adminis-
trated intragastrically at a dosage of 150 mg/kg/day according to pre-
vious research (Yang et al., 2018). Control and HS group rats were
provided an equal volume of physiological saline. The selection of
sacrifice-time points was primarily based on Experiment 1, in which rat
HS induced liver damage state. The experimental design is summarized
in Fig. 1.

Liver function test

At the end of the experiment, the rats were anesthetized by intra-
peritoneal injection of 10% chloral hydrate. Blood was collected from
the abdominal aorta (non-anticoagulant vacuum blood collection
tubes). After 2 — 4 h standing at room temperature, the blood samples
were centrifuged at 3000 rpm/min for 10 min, and the supernatant was
stored at —80 °C for further use. Serum alanine transaminase (ALT),
aspartate transaminase (AST) and AST/ALT ratio were determined using
commercial assay kits according to the manufacturer’s instructions
(Nanjing Jianchen Bioengineering Institute, Nanjing, China).

Histology and ultra-structural analysis of rat liver by transmission electron
microscopy (TEM)

The livers of all rats were excised rapidly and placed in ice-cold PBS
to remove residual blood. Thereafter, they were fixed in 10% formalin
(in pH 7.4 PBS). Paraffin embedded liver tissues were sectioned at 4 pm
thickness and stained by Hematoxylin-Eosin (H&E). Histopathological
scoring was performed in accordance with previously described
methods under light microscopy (Olympus, Japan), including six pa-
rameters: cytoplasmic color fading, vacuolization, nuclear consider-
ation, nuclear fragmentation, nuclear fading, and erythrocyte stasis.
Each parameter was scored according to the percentage of cells per 10
microscopic fields (200 x): 0 = 0%, 1 = 0% — 10%, 2 = 10% — 50%, 3 =
50% — 100%. The histopathological scores were reported as the sum of
the individual values (Heijnen et al., 2003). PAS (periodic acid-Schiff)
stain was used in the demonstration of hepatocellular glycogen stores
according to previous study (Fu and Campbell-Thompson, 2017). For
TEM analysis, fresh liver tissues were quickly cut into 1 — 2 mm? size and
fixed with 2.5% glutaraldehyde for 24 h (pH=7.4, 4 °C). The tissues
were post-fixed in 1% OsO4 for 2 h at room temperature and then
dehydrated in graded series of acetone. Epoxy resin-embedded tissues
were sectioned at 0.5 pm thickness and stained with uranyl acetate and
lead citrate. The ultrastructure of liver tissue was observed by TEM
(JEM-1400Plus, Tokyo, Japan).

SMS-H 5.04 g/kg/day
SMS-M 2.52 g/kg/day
SMS-L 1.26 g/kg/day
NAC 150 mg/kg/day

Adaption T

1 Recovery

® ® @ ® @ @ ® @ @ ®
-7d 0d 1d 2d 3d 4d 5d 6d 7d 6h

Heat stress (38 £ 1 °C, 75 £ 5% relative humidity, 2 h/day, AM 10:00-12:00 )

Sacrifice

Fig. 1. Study design. Experiments were conducted over 14 d, including an acclimatization period of 7 d. Forty-eight male Sprague Dawley rats were randomly
assigned to one of six groups (n = 8). Rats were administered with the corresponding dosage SMS at 2 h before heat exposure for 7 consecutive days (i.g.). At the end
of the experiment, rats were sacrificed according to animal use guidelines. SMS-H, heat stress + SMS high-dose group; SMS-M, heat stress + SMS medium-dose group;
SMS-1, heat stress + SMS low-dose group; NAC, heat stress + N-acetyl-lI-cysteine group.



X. Zhang et al.
Measurement of antioxidant enzyme activities in liver tissue

Frozen liver tissue was homogenized in ice-cold PBS, and homoge-
nate was centrifuged at 5000 g for 15 min at 4 °C. 8-hydroxydeoxygua-
nosine (8-OHDG) malondialdehyde (MDA), glutathione (GSH),
superoxide dismutase (SOD), and catalase (CAT) were measured using
commercial kits according to the manufacturer’s instructions (Nanjing
Jianchen Bioengineering Institute, Nanjing, China). MDA content was
measured with thiobarbituric acid (TBA) reaction at 532 nm. The con-
tent of GSH was analyzed with DTNB reaction at 405 nm. SOD levels
were determined by measuring the absorbance at 450 nm. CAT activity
was determined by measuring the consumption of HyO2 at 405 nm.
Protein quantification was performed by BCA protein assay kit (Solar-
bio, Beijing, China). All results were normalized to total protein con-
centration in each sample.

Targeted metabolomic analysis

In our study, 40 key metabolites involved in the tricarboxylic acid
cycle (TCA cycle), glycolytic pathway, pentose phosphate pathway,
oxidative phosphorylation and corresponding cofactors were detected
simultaneously by ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS).

Preparation of liver metabolomic samples

Frozen liver samples (100 mg) were homogenized with 200 pL of pre-
chilled distilled water and then added to 800 pL of pre-chilled methanol:
acetonitrile (1:1, v/v). After being vortexed, the mix solution was soni-
cated for 60 min in an ice bath and then incubated at —20 °C for 1 h to
settle protein. Subsequently, the solution was centrifuged at 16,000 rpm
at 4 °C for 20 min. An internal standard Succinate-d6 was added to the
supernatant, freeze-dried and stored at —80 °C. The dry residue was
diluted with 100 pL of aqueous acetonitrile (1:1, v/v) and centrifuged at
16,000 rpm at 4 °C for 20 min for UPLC-MS/MS analysis.

UPLC-MS/MS global profiling of liver metabolites

UPLC-MS/MS analysis was carried out with a Nexera X2 LC-30AD
UHPLC system (Shimadzu, Kyoto, Japan), coupled to a 5500 QTRAP
mass spectrometer (AB SCIEX, Toronto, Canada). A 5 pL sample was
loaded by the autosampler at 4 °C. The separations of all liver samples
were performed on a ACQUITY UPLC BEH Amide column (2.1 mm X
100 mm, 1.7 pm, column temperature: 40 °C, flow rate: 300 pL/min,
Waters, Milford, USA). The linear gradient mobile phase was composed
of (A) 5% aqueous acetonitrile (v/v) and (B) 95% aqueous acetonitrile
(v/v). Moreover, (A) and (B) contain 10 mM ammonium acetate and
have a pH=9. The optimized chromatographic gradient elution was set
as follows: 0-2 min (95% B); 2-9 min (95%-70% B); 9-10 min (70% —
30% B); 10-11 min (30% B); 11-11.5 min (30%-95% B); 11.5-15 min
(95% B). The mass spectrometer parameters were set as follows: ion
spray voltage (ISVF): positive mode (ESI+) at 5500 V and negative mode
(ESI-) at 4500 V; curtain gas (CUR), nebulizer gas (GS I), and auxiliary
gas (GSA II) were set at 35, 40 and 50 psi; source temperature was set at
550 °C. A specific set of Multiple Reaction Monitoring (MRM) transitions
was monitored for each period according to the metabolites eluted
within this period.

Targeted metabolites analysis

The chromatographic peak areas and retention time were acquired
and evaluated via MultiQuant software (AB SCIEX, Toronto, Canada).
Peak detection and alignment across all samples were performed with
reference to their corresponding standard substances (all standards were
purchased from Sigma-Aldrich, St. Louis, USA and Shanghai yuanye Bio-
Technology Co., Ltd, Shanghai, China). The chromatographic peak areas
were normalized by the internal standard Succinate-d6. To ensure sys-
tem stability and repeatability, variations in retention time and peak
areas of extracted ions should be validated with a quality control (QC)
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sample (a composite of equal volume from 32 real samples). The
acceptable standard of instrument stability and method reproducibility
is that the relative standard deviations (RSDs) of peak areas should be
less than 30%. Multivariate statistical analysis of principal component
analysis (PCA) was carried out by SIMCA-P 14.0 version (Umetrics,
Umea, Sweden). All differentially expressed energy metabolites between
two groups were confirmed by using t-test with the critical P-value set to
0.05.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNAs were isolated from frozen tissues (50-100 mg) using
TriQuick reagent (Solarbio, Beijing, China) according to the manufac-
turer’s instructions. Double-stranded cDNA was synthesized from 3 pg of
total RNA with TransScript® One-Step gDNA Removal and cDNA Syn-
thesis SuperMix Kit (TransGen Biotech, Beijing, China). Real-time PCR
analysis was performed by using ChamQ Universal SYBR qPCR Master
Mix Kit (Vazyme, Nanjing, China) and the following primer sequences
(Supplementary Table S1). All samples were run in triplicate and un-
derwent 40 amplification cycles on a Roche Applied Science LightCycler
® 96 Instrument (Roche, Basel, Switzerland). The 2~ AACt method was
employed to analyze relative gene expression, using p-actin as the
endogenous reference gene for each sample.

Subcellular fraction and western blot (WB) analysis

Frozen liver tissue was homogenized in RIPA lysis buffer (Solarbio,
Beijing, China) and then total protein was extracted from this homog-
enate with the addition of complete protease inhibitors and phosphatase
inhibitors, and centrifuged at 15,500 g for 10 min. Cytosol and mito-
chondria fractions were isolated using the Tissue Mitochondria Isolation
Kit (Beyotime, Beijing, China) according to the manufacturer’s protocol.
Protein quantification was performed by BCA protein assay kit (Solar-
bio, Beijing, China). Samples containing equal amounts of protein were
loaded into polyacrylamide gels and separated by 10% or 12% sodium
dodecyl sulfate-polyacrylamide (SDS -PAGE) (Bio-Rad Laboratories).
Then transferred to 0.22 pm PVDF membrane (Millipore, MA, USA).
After blocking in Tris-buffered saline containing 0.1% Tween-20 (TBST)
with 5% BSA for 2 h at room temperature, membranes were incubated
overnight at 4 °C with specific primary antibodies: anti-p-AMPK
alpha™172 (CST, 2535, 1:1000), anti-AMPK alpha (CST, 5831s,
1:1000), anti-p-Drp15°7616 (CST, 3455s, 1:1000), anti-Drp1 (CST, 8570s,
1:1000), anti-CytC (CST, 11940s, 1:1000), anti-LC3B (Abcam,
ab192890, 1:2000), anti-SQSTM1/p62 (Proteintech, 18420-1-AP,
1:2000), COXIV (Proteintech, 11242-1-AP, 1:5000), and p-actin (Pro-
teintech, 20-536-1-AP, 1:5000). Afterward, membranes were washed
and incubated with horseradish peroxidase (HRP) -conjugated Affini-
Pure Goat Anti-Rabbit IgG (Proteintech, SA00001-2, 1:8000) for 1 h at
room temperature. The blot was visualized by adding ECL Plus Western
blotting detection regent (Vazyme, Nanjing, China), and image acqui-
sition was performed using the Amersham Imager 600 chemilumin-
ometer (GE Healthcare Bio-Sciences AB, Sweden). Densitometry was
calculated by Image J software.

Statistical analysis

Statistical analysis was performed with SPSS version 26.0 program
package (IBM, Armonk, NY, USA). All data were presented as mean +
standard error of mean (SEM). The difference between two groups was
tested by Student’s t-test. Statistical comparison of more than two
groups was performed using one-way analysis of variance (ANOVA)
with LSD and Turkrey’s post-hoc analysis. All the figures presented in
this paper were created using GraphPad Prism (version 9.0, GraphPad
Software, La Jolla, CA, USA). Statistical significance was considered at P
< 0.05.
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Results
Quality control analysis of sms using HPLC

The main chemical components of SMS were characterized by HPLC
for quality control before the in vivo experiment. The HPLC chromato-
gram has been presented of the SMS decoction powder were chemically
identified by comparing the retention time and UV spectrum with those
of reference standards (ginsenoside Rb1, ginsenoside Rh1, ginsenoside
Rg3, ophiopogonin D, ruscogenin and schisandrin A) (Fig. 2). The linear
relationship of each compound was good within the corresponding
detection concentration range (Supplementary Table S2). The results of
precision, stability, sample recovery rate and repeatability test showed
that the RSD values were less than 5% (Supplementary Tables S3-S6).
The concentration of six major compounds (ginsenoside Rb1, ginseno-
side Rh1, ginsenoside Rg3, ophiopogonin D, ruscogenin and schisandrin
A) in SMS decoction powder, were 76.6675 + 8.4606, 461.1041 +
8.4606, 298.3461 + 1.4827, 52.7504 £ 9.3551, 134.7861 + 2.4161,
and 248.3222 + 1.2073 pg/g, respectively (Supplementary Table S7).

HS induces liver dysfunction and oxidative stress in different recovery
stages

High temperature (38 + 1 °C) and humidity (75 + 5%) induced a
significant elevation of body temperature above 40 °C (P < 0.001). After

A
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exposure to HS, water consumption and weight loss were much higher
(P < 0.001, vs. control group). At the end of 7 days, the weight gain
percentage was significantly lower in the HS group (P < 0.01, vs. control
group) (Fig. S1). Fig. 3A shows the histological changes in the liver
following different recovery stage of last heat exposure. The liver pa-
renchyma was damaged in HS rats at different recovery stages. Starting
from 3 h after HS, hepatocyte swelling and ballooning degeneration
were observed, which indicate an increase in hepatocyte membrane
permeability, and necrosis. Meanwhile, we also observed inflammatory
infiltration, slight steatosis, and hemorrhage in the central vein expan-
sion and sinusoidal spaces. However, more obvious extensive hepato-
cyte edemas, ballooning degeneration, and diffuse hemorrhage occurred
at 6-12 h after heat exposure (Fig. 3A). Consistent with the changes in
liver histopathology, the serum ALT and AST concentrations and the De
Ritis ratio (AST/ALT ratio) as measure for liver damage severity were
markedly increased as early as 3 h after heat exposure and progressively
increased in a time-dependent manner (P < 0.05, vs. control group)
(Fig. 3B). Previous studies have demonstrated that HS can act as a
catalyst for oxidative stress in the liver (Liu et al., 2017). To gain more
insights into the liver heat-induced oxidative stress, we analyzed several
parameters at different time points post heat treatment. Elevated levels
of 8-OHDG and MDA (P < 0.05, vs. control group) were observed at
6-12 h after heat exposure. The CAT level was significantly decreased at
6 h (P < 0.05, vs. control group). CAT levels also decreased at other
recovery time stages after heat exposure, but the difference was not
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Fig. 2. HPLC chromatogram in SMS. (A) Mixed standards; (B) SMS sample. The identified peaks were listed as follow: 1, ginsenoside Rb1; 2, ginsenoside Rh1; 3,

ginsenoside Rg3; 4, ophiopogonin D; 5, ruscogenin; 6, schisandrin A.
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Fig. 3. Heat stress induced liver injury and oxidative stress at different recovery time stages. (A) Histopathology changes in liver at the recovery time point after heat
stress (scale bar = 50 pm; 200 x magnification). Black arrowheads point to hemorrhage in the expansion central vein and sinusoidal spaces. Yellow arrowheads point
to inflammatory infiltration. Yellow arrows point to ballooning degeneration; (B) ALT, AST levels, and AST/ALT ratio in serum at 0, 3, 6, 9, and 12 h after HS
induction; (C) 8-OHDG, CAT, and MDA concentration in liver tissue lysate. Data are expressed as the mean + SEM, except for histological section analysis n = 5 per
group, the remaining analysis n = 8 per group. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with control group.

significant (P > 0.05, vs. control group) (Fig. 3C).

Taken together, these findings indicated that liver injury and
oxidative stress is absent at the onset of HS, but presents during HS re-
covery time. The 6 h recover time is an important time point after heat
exposure. Thus, we chose this time point for follow-up work according to
the above results.

SMS alleviates HS-induced injury in rat liver

Before we conducted molecular characterization of the liver, we first

measured the basic physiological parameters of rats exposed to HS and
SMS-treated. The HS induced rats gradually developed clinical symp-
toms such as body weight loss. Rectal temperature and water con-
sumption were significantly higher in HS-induced rats than tin the
control group (P < 0.001) (Fig. 4A, Supplementary Data S1). In addition,
the serum ALT, AST, and De Ritis ratio (AST/ALT ratio) of the HS
exposed group were significantly increased compared with the control
group (P < 0.001) (Fig. 4B). The liver injury macroscopic score was
significantly higher in the HS-exposed group than in the control group (P
< 0.001) (Fig. 4C). These results showed that the HS rat model was
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except for histological scores analysis n = 5 per group, the remaining analysis n = 8 per group. **P < 0.01, ***P < 0.001 vs. control group; *P < 0.05, **P < 0.01,
###p < 0.001 vs. HS group.

successfully achieved. exposure (p < 0.001). However, the high dose of SMS failed to achieve

Different doses of SMS were given during the trial. The results favorable therapeutic effects. The reason may be caused by the increased
showed that compared with the HS group, SMS intervention (especially gavage volume. Furthermore, body weight loss during pre- and post-HS,
SMS-M) could significantly inhibit body weight reduction (P < 0.001); rectal temperature, water consumption, and food intake were not

reduce ALT, and AST concentrations and De Ritis ratio (AST/ALT ratio) significantly different after drug intervention.
in serum (P < 0.001); and alleviate the liver injury caused by heat
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Effects of SMS on inflammation response in HS-induced rats

Systemic inflammatory response (SIRS) plays a critical role in
cellular injury after heat exposure by activating pathways leading to
cellular necrosis and apoptosis (Leon, 2007). In our study, we found that
the serum and liver myeloperoxidase (MPO) activity was significantly
increased in HS rats compared with the control group, indicating that HS
model group rats had abnormal immune function and significant in-
flammatory reactions. However, the administration of SMS to HS rats
significantly decreased the level of MPO (P < 0.05) (Fig. 5A and B). The
liver IL-1p, IL-6, TNF-a and IL-10 mRNA expression levels were detected
using RT-qPCR. The liver IL-1f, IL-6, TNF-q, and IL-10 mRNA levels in
the HS model group were noticeably higher (P < 0.05) than those in the
control groups. These indexes were improved to different degrees in SMS
and NAC groups, and near the control group (P < 0.05) (Fig. 5C through
F). IL-10 is an important anti-inflammatory cytokine in the body, IL-10
mRNA expression was reduced in the SMS-treated group after heat
exposure. The result may be closely related to the development of HS
according to a previous study (Liu et al., 2011). These results suggest
that the anti-inflammatory effect of SMS is partly responsible for the
treatment of HS.

SMS attenuates HS-induced oxidative injury and heat shock protein (HSP)
expression in the liver of rats

To investigate the impact of SMS on heat-induced oxidative stress in
the liver, we measured the levels of SOD, GSH, CAT and MDA. The re-
sults showed that the activities of enzymatic antioxidants SOD, GSH, and
CAT in liver homogenate of HS model group rats were significantly
decreased (P < 0.001), and the level of MDA was significantly increased
(P < 0.01), indicating that the levels of oxidative stress in model group

A - B 12
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rats were significantly enhanced. Nevertheless, compared with HS group
rats, different doses of SMS significantly increased SOD and CAT activ-
ities, and GSH content, but reduced the generation of MDA, indicating
that SMS could relieve heat-induced oxidative stress in the rat liver (P <
0.05) (Fig. 6A through D). Previous studies have confirmed that exog-
enous HSP can stimulate a pro-inflammatory signal transduction
cascade that results in the secretion of proinflammatory cytokines,
which in turn damage the cells (Asea et al., 2002). Therefore, we
examined the effect of SMS on HSP expression in HS rat livers. The data
showed that HSP70, HSP90, HSP27 and HSF-1 mRNA expression was
significantly increased in the HS group compared with the control
group, while it was significantly restored after the administration of SMS
(P < 0.05) (Fig. 6E through F). These results indicate that the thera-
peutic effect of SMS on HS is also derived from its antioxidant effect and
HSP regulation capacity.

SMS improves HS induced energy metabolism disorder in the liver

Modern medical studies have proposed that energy metabolism
disorder plays a crucial role in the development of HS induced organ
injuries. Furthermore, energy metabolism disorder has a close rela-
tionship with SIRS (Laitano et al., 2020). Nevertheless, few studies have
investigated the relationship of energy metabolism with HS-induced
liver injury. Therefore, in our study, targeted energy metabolomics
and verification analysis were utilized to explore the influence of heat
exposure induced liver injury and to evaluate the therapeutic effect of
SMS.

Targeted metabolic method validation
To identify whether the established method is suitable for metab-
olomics analysis, method validation was performed using 40 identified
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Fig. 5. Treatment by SMS ameliorates HS induced liver inflammation. (A), (B) MPO activity in serum and liver; (C), (F) The inflammation cytokine mRNA expression
in liver were detected, including IL-1/ (C), IL-6 (D), IL-10 (E), and TNF-a (F). Data are expressed as the mean + SEM, except for MPO activity analysis n = 8 per group,

the remaining analysis n = 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs.

control group; *P < 0.05, *#P < 0.01, **#P < 0.001 vs. HS group.
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Fig. 6. Effects of SMS on the oxidative stress and heat shock protein mRNA expression of liver in HS-induced rats. (A), (D) Oxidative stress parameters were detected
in liver, including SOD (A), GSH (B), CAT (C), and MDA (D). (E), (H) mRNA expression levels of the heat shock protein assessed by RT-qPCR, including HSP70 (E),
HSP90 (F), HSP27 (G), and HSF-1 (H). Data are expressed as the mean + SEM, except for oxidative stress parameters analysis n = 8 per group, the remaining analysis
n =5 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; *P < 0.05, *#P < 0.01, *##P < 0.001 vs. HS group.

metabolite candicate’ ions of chromatographic peak in this study
(Fig. S2A). The relative standard deviation of these components across
QC samples ranged from 0.46% to 23.31% (Fig. S2B). Two-dimensional
PCA scores plot and proportion of variance for analyzed QC samples are
presented in the Supplementary Fig. S2C and Table S8. The result of
multivariate analysis of QC samples showed that the deviation of the
analytical system was acceptable.

Identification of different energy metabolites in liver metabolic profiling
Targeted metabolic analysis was performed to identify energy
metabolic alterations, which may provide useful information to eluci-
date the mechanism of action of SMS. The SMS-M group in which rats
were treated with 2.52 g/kg of SMS, was selected to simplify data pro-
cessing. PCA was performed to visualize and differentiate the sample
clustering, trends, and outliers among observations. Metabolic pheno-
type separations were observed between control vs. HS, HS vs. SMS, and
HS vs. NAC groups. The PCA score plots showed that the samples from
the control group could be distinctly discriminated from the HS group,
which indicated that the normal metabolic profile of rats was disturbed
owing to heat exposure, whereas the samples of the SMS and NAC
groups were obviously divided from the HS group, which presented
good quality parameters (Fig. 7A, Supplementary Fig. S3 and Table S8).
To visualize the intensity of each metabolite, hierarchical cluster anal-
ysis (HCA) heatmap was performed, where each colored cell on the map
corresponds to a concentration value of metabolite. Samples from
different groups displayed different color distributions, even though the
eight biological replicates of each group exhibited similar color layouts
(Fig. 7B). To sum up, the results of multivariate statistical analysis of
PCA and HCA were highly coincident. Student’s t-test was used to
determine the variations of these metabolites between groups. The
actual fold changes of all metabolite species (P < 0.05) are shown in
Fig. 7D, Supplementary Table S9 and Data S2.The liver levels of 16
energy metabolites, such as fructose 6-phosphate, pyruvate and acetyl-
CoA, were significantly changed in HS group compared with the con-
trol group (P < 0.05). However, these changes were partly regulated
after SMS and NAC treatment. Interestingly, the intensity of several
metabolites, such as citrate and cis-aconitate, was not reversed. Mean-
while, some metabolites, including isocitrate, succinate, and fructose 6-
phosphate, were significantly increased in SMS-treated HS-induced rats

(P < 0.05). Nevertheless, no significant change was observed in the HS
group compared with the control group (P > 0.05). The regulations on
the TCA cycle and glycolysis were possibly related to the protective ef-
fects of SMS on HS-induced liver energy disorder. Notably, compared
with the control group, the HS group had significantly lower ratios of
AMP/ATP and ADP/ATP (AMP/ATP or ADP/ATP, an indicator of AMPK
activity). However, the change was found to reverse to the tendency of
the control group after SMS and NAC treatment (Fig. 7D and Supple-
mentary Table S9 and Data S2).

SMS regulates the mRNA expression of energy-related genes and glycogen
content in HS-induced liver injury

The metabolomic study demonstrated that SMS intervened in the
TCA cycle and glycolysis caused by HS induced liver energy disorder,
which may be mediated by regulating the rate-limiting enzymes in these
metabolic pathways. Thus, to verify our hypothesis, the expression of
rate-limiting enzymes was quantitatively evaluated to investigate the
therapeutic effect of SMS on HS-induced energy disorder in the liver
using RT-qPCR. The expression levels of Pklr and Pgkl, key enzymes in
glycolysis, were significantly decreased in the HS group compared with
the control group (P < 0.05), but the expression levels of Pfk1 and Gck
were not significantly changed (P > 0.05). Nevertheless, the four key
enzymes had significantly higher levels after SMS or NAC treatment. In
the TCA cycle, the mRNA expression level of Sdhb was obviously
decreased in the HS group. The expression levels of other enzymes
including Cs, Idh3a, Ogdh, Fh, and Mdh2 were not significantly different
between the control and HS groups (P > 0.05), but changed significantly
after drug intervention (P < 0.05). Under anaerobic condition, lactate is
generated from pyruvate by the action of LDH. We found that SMS could
attenuate Ldha mRNA expression caused by HS-induced anaerobic
respiration in the liver (P < 0.05) (Fig. 7C). Furthermore, we detected
the glycogen storage function by PAS staining. Compared with the
control group, the glycogen content in the HS group was significantly
reduced, which could be significantly inhibited by SMS treatment
(Fig. 7E).
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0.01, *##p < 0.001 vs. HS group.

SMS ameliorates HS-induced liver mitochondrial damage via an AMPK-
mediated drp1-dependent autophagy process

Given that mitochondria are a target for cellular stress, we examined
whether SMS could protect mitochondrial morphology and function.
Fig. 8A shows the changes in liver tissue ultrastructure, which shows
distortion in cellular organelles such as mitochondria and nucleus. Nu-
clear membrane deformation, chromatin aggregation, distortion in
shape along with mitochondrial swelling, and autophagy were observed
in the HS group compared with the control group (Fig. 8A a,b). How-
ever, the damages in ultrastructural orientation, nuclear membrane, and
mitochondrial shape were ameliorated in SMS- or NAC-treated group
compared with the HS group (Fig. 8A c,d). Heat exposure induces

10

cytochrome c (Cytc) release into the cytosol from mitochondria. Thus,
the Cytc level in the cytosol can be used to evaluate the extent of
mitochondrial damage. As we expected, SMS inhibited HS-induced
mitochondrial release of Cytc (P < 0.05) (Fig. 8B). The results indicate
that SMS could restore the mitochondrial damage and prevent Cytc
release to the cytosol.

From the targeted metabolomic results, the most prominent meta-
bolic alteration was the AMP/ATP and ADP/ATP ratios. AMPK serves as
a central mediator of cellular response to energetic stress and mito-
chondrial insults. Several studies have confirmed that AMPK is activated
by increases in AMP/ATP and ADP/ATP ratios (Garcia and Shaw, 2017).
Thus, we presumed that SMS treatment might activate AMPK to promote
the recovery of liver mitochondria from HS-induced damage. We
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Fig. 8. SMS ameliorates heat stress induced mitochondrial dysfunction through the activation of AMPK-mediated Drpl-dependent autophagy in rat livers. (A)
Representative liver ultrastructural features in Control (a), HS (b), SMS (c), and NAC groups (d). The red arrows point to swollen mitochondria. The green arrows
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AMPKa™172 and AMPKa (C), Drp1%¢®1 and Drp1 (D), LC3B (E), and SQSTM1/ p62 (F) were detected by western blotting in liver tissues. f-Actin served as a loading
control protein for whole level and cytosolic fraction and COXIV as internal reference protein for mitochondrial fraction. Data are expressed as the mean + SEM,
except for the ultrastructural analysis n = 3 per group, the remaining analysis n = 5 per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; “P < 0.05, *#P
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observed that phosphorylated AMPKa™172 Jevels in the livers of rats
were decreased after HS (P < 0.05), which was consistent with previous
studies on HS-induced liver damage. However, compared with the HS
group, the SMS and NAC group exhibited significantly higher hepatic
p-AMPKa ™72 Jevels (P < 0.05) (Fig. 8C).

Drpl, a member of the dynamin family, is a key player in mito-
chondrial fission and mitophagy (Chen et al., 2021). Recently, several
lines of evidence indicate that AMPK promotes mitophagy through the
phosphorylation of Drpl-mediated mitochondrial fission (Wang and
Youle, 2016). Therefore, we assessed mitochondrial fission protein
Drpl. The cytosolic and mitochondrial Drpl levels were upregulated
after heat exposure and were markedly higher in the SMS or NAC group
compared with the HS group. Meanwhile, HS significantly inhibited the
phosphorylation of Drp15¢™®1€ in liver tissues (P < 0.05). Nevertheless,
SMS and NAC significantly increased p-Drp151€ activity in the livers of
HS-induced rats (P < 0.05) (Fig. 8D). To investigate whether SMS pro-
motes autophagy in the liver of rats after HS, we examined the protein
levels of two markers of autophagy, LC3B-1I/LC3B-I and SQSTM1/p62.
We found that SMS significantly increased LC3B-II/LC3B-I protein
expression level in HS-induced rat livers compared with the HS group
(Fig. 8E). Additionally, SQSTM1/p62 protein expression was signifi-
cantly increased following SMS or NAC treatment (P < 0.05) (Fig. 8F).
Taken together, these results showed that SMS could phosphorylate
AMPKa™72 jn HS-induced rat livers, which coordinates mitochondrial
fission and mitophagy in the response to mitochondrial insults.

Discussion

The liver is one of the most sensitive organs in hot environment. HS

SMS
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leads to severe damage to the liver, which is validated by liver
dysfunction, oxidative stress, inflammatory response and distortion in
hepatic parenchyma (Davis et al., 2017; Kew et al., 1970). At present,
due to HS is becoming an increasing morbidity and mortality burden, no
safe and effective therapies for HS are available in clinics. SMS has
attracted considerable attention due to its natural antioxidant and
anti-inflammation capacity in HS-induced animal models and patients.
Nevertheless, the mechanisms underlying the hepatoprotective property
of SMS on HS-induced rats remains unclear. In the present study, we
systematically evaluated the therapeutic effect of SMS on HS-induced
rats from the point view of liver function, histopathologic changes,
oxidative stress and inflammation. Moreover, on the basis of targeted
metabolomics, we have demonstrated that SMS affords protection on
HS-induced liver insults and that an AMPK-mediated autophagy process
plays a crucial role via regulating Drp1-dependent mitochondrial fission
and energy metabolism disorder (Fig. 9).

Previous studies have indicated that liver injury is absent at the
initial stage of HS, but appears during HS recovery in clinical cases and
animal models (Davis et al., 2017; Geng et al., 2015). Accumulating
evidence have well confirmed that liver damage is may be a conse-
quence of the oxidative injury-mediated inflammation response that
ensues during the later period of HS (Du et al., 2021). Consistent with
previous reports, this study showed that heat exposure triggered a series
of more severe damage features in the liver at 6 h via the evaluation of
serum enzyme (ALT, AST, and AST/ALT ratio) and oxidative stress
(8-OHDG, CAT, and MDA) indicators. Hence, the inhibition of oxidative
stress and inflammatory response plays a pivotal role in the treatment of
HS-induced liver insult during recovery. Accumulating evidence have
demonstrated that SMS and its natural compounds could elevate
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Fig. 9. Schematic diagram of the mechanism of SMS protecting rats from HS-induced liver injury. In hepatocytes, heat stress leads to mitochondrial damage induced
oxidative injury and cytochrome c release to cytosolic. SMS could attenuate the oxidative injury in HS-induced rat livers through AMPK-mediated Drp1-dependent

mitophagy and mitochondria rebuilding.
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thermotolerance, inhibit inflammatory response and maintain redox
balance during heat stroke in rats (Wang et al., 2005a, 2005b). Our
pharmacological investigation showed that SMS could improve liver
dysfunction and protect against HS-induced hepatic cell damage. SIRS
plays a critical role in cellular injury after heat exposure by activating
inflammatory pathways leading to cellular necrosis and apoptosis
(Leon, 2007). MPO, an abundant hemoprotein present in neutrophils
and monocytes, is often used to evaluate the degree of inflammatory
response in organisms. In our study, we found that SMS attenuated the
activity of MPO in serum and liver tissue. Meanwhile, the expression of
inflammatory cytokines, including IL-1p, TNF-a, IL-6, and IL-10, was
decreased. Strangely, the anti-inflammatory cytokine IL-10 was
decreased after SMS treatment, which may be attributed to the devel-
opmental period of HS-induced SIRS according to early studies (Leon
etal., 2006; Liu et al., 2011). However, the underlying mechanisms need
to be explored in the future. SOD, CAT, and GSH are the major antiox-
idant substances for controlling reactive oxygen, and MDA is the most
abundant product in the process of lipid peroxidation (Slimen et al.,
2014). As we expected, SMS could upregulate SOD and CAT activities
and GSH content, and inhibit the production of MDA on HS-induced
liver oxidative injury. All pro-inflammatory cytokines and abrupt pro-
duction of free radicals contribute to mitochondrial dysfunction (Slimen
et al., 2014). We also observed swelling mitochondria and disrupted
crista in HS-induced rat liver by TEM analysis, but SMS treatment
reversed these effects. Furthermore, we confirmed that HS obviously
upregulated the mRNA expression of HSPs and HSF-1in rat liver. The
activation of heat shock transcription factors is vital to heat shock
response, leading to the production of HSPs. As ubiquitous molecular
chaperones, HSPs can maintain protein homeostasis and attenuate in-
flammatory exudation against organ damage and lethality under
stressful conditions (Leon, 2007). Nevertheless, overexpressed HSPs can
be released from the cytoplasm into the extracellular space, which in
turn promotes the secretion of proinflammatory cytokines by binding to
various receptors (Asea et al., 2002; Zhang et al., 2020). Therefore,
appropriate levels of HSPs in the body need to be sustained. In our study,
we found high mRNA expression of HSPs, such as HSP70, HSP90, HSP27
and HSF-1, in liver tissue of rats exposed to HS, but SMS intervention can
restore and maintain HSP homeostasis to counter HS-induced damage.
In short, although our results provided further evidences that SMS can
ameliorate liver dysfunction, inflammatory response and pathological
damage through regulating the antioxidative system and HSP homeo-
stasis, how SMS exerts its therapeutic effects remains unclear.

The metabolic alteration of the liver is important for the successful
adjustment of the physiological and biochemical pathways to any
adverse environmental stressors. The liver is a central organ coordi-
nating lipid, carbohydrate, and protein metabolism (Ippolito et al.,
2014). Numerous pieces of evidence suggest that HS leads to severe
energy crisis and oxidative stress, which give rise to downregulated
oxidative phosphorylation and TCA cycle (Laitano et al., 2020). Thus, in
our study, we explored that the relationship between SMS therapy and
energy metabolism disorder on HS rat livers through targeted energy
metabolomics technique. Prolonged exposure to high ambient temper-
ature increases oxygen consumption and reduces splanchnic circulation,
resulting in hypoxia in visceral organs and leading to the upregulation of
anaerobic glycolysis (Slimen et al., 2014). Our data presented that
glucose, glucose-6-P and fructose-6-P were decreased, indicating insuf-
ficient source of fuel for energy supply, resulting in negative energy
balance in HS-induced rat livers. Fructose-1,6-bisphosphae is generated
from fructose-6-P by the action of a rate-limiting enzyme Pfk1l during
glycolysis. We found that the mRNA expression of Pfkl was increased
after SMS treatment in HS-induced rat liver, which is consistent with the
elevation of fructose-1,6-bisphosphae. Pkir catalyzes the conversion of
phosphoenolpyruvate to pyruvate, which converts to acetyl coenzyme A
to pass into the TCA cycle under aerobic conditions, while it converted
to lactate by activating LDH under anaerobic conditions (Zhu et al.,
2020). In our study, HS leads to decreased gene expression of Pklr in rat
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liver, but SMS could up-regulate it, which may facilitate the production
of pyruvate to participate in energy metabolism. We observed that SMS
inhibits the high expression of Ldha in HS-induced rat liver to attenuate
oxidative injury due to hypoxia. Interestingly, the lactate content was
not increased in rat liver after heat exposure, which may be associated
with the Cori cycle to create glucose in the liver. Oxygen deficiency and
oxidative stress can damage mitochondria and inhibit the activity of
TCA cycle enzymes, leading to energy metabolism disorder (Laitano
et al., 2020). Our metabolomic results revealed marked changes in the
concentration of some TCA cycle intermediates, namely citrate,
cis-aconitate, isocitrate and succinate after SMS treatment in
HS-induced rat liver. Similarly, high expression of related genes (Idh3a,
Ogdh, Sdhb and Mdh2) in the TCA cycle was observed. SDH is located in
the inner mitochondrial membrane and catalyzes the conversion of
succinate to fumarate (Edalat et al., 2015). We observed that the
expression of Sdha in rat liver was decreased after heat exposure, indi-
cating mitochondrial dysfunction and an energy crisis, while SMS could
reverse this effect. Thus, mitochondrial homeostasis might play a role in
relieving HS, thereby contributing to the maintenance of energy
demand.

AMPK, a highly conserved serine/threonine kinase, is activated in
response to energy stress by sensing increases in AMP/ATP and ADP/
ATP ratios to promote ATP generation and energy restoration and
maintain cellular energy homeostasis (Garcia and Shaw, 2017). Previous
studies demonstrated that AMPK phosphorylation is downregulated in
vitro and in vivo HS models (Tsai et al., 2016; Xia et al., 2019). Intrigu-
ingly, we found that AMP/ATP and ADP/ATP ratio were elevated after
SMS intervention in HS-induced rat liver. Meanwhile, we observed that
SMS can facilitate the phosphorylation of AMPK at Thr172 site. HS in-
duces severe oxidative stress, which is apparent throughout the recovery
period, causing mitochondrial dysfunction and mitophagy imbalance
(Laitano et al., 2020). In our study, the expression of Cytc was signifi-
cantly elevated in the cytosol, which indicates that HS induced mito-
chondrial dysfunction. AMPK is a crucial and direct regulator of
mitochondrial dynamics (Herzig and Shaw, 2018). Mitochondria are
highly mobile organelles that constantly undergo fusion and division to
generate a dynamic and interconnected network. Drpl1 is a key player in
mitochondrial fission. The activation of AMPK results in increased
localization of Drpl in mitochondria (Wang and Youle, 2016). Our data
showed that SMS activated phosphorylation at Ser616 of Drp1, leading
to Drpl translocation into the outer mitochondria membrane to induce
mitochondrial fission. Recent reports demonstrated that a
Drpl-dependent autophagy process facilitates the rebuilding of the
mitochondrial network and modulates adaptation capacity in response
to acute HS (Chen et al., 2021). The cleavage of LC3-I to form LC3-II is
indicative of autophagy occurrence. We observed that the
LC3B-II/LC3B-I ratio was upregulated after SMS treatment in
HS-induced rat livers. As a selective autophagic receptor, p62 can con-
nect LC3, and then be integrated into autophagy and degraded in
autophagy lysosomes (Pankiv et al., 2007). However, our study showed
that SMS promoted autophagy flux and upregulated p62. Recent works
presented that SQSTM1/p62 plays an important role in ameliorating the
deleterious effects of HS. The overexpression of a selective autophagy
receptor is sufficient to induce autophagy and enhance longevity and
protein stability (Kumsta et al., 2019). These results confirmed that the
therapeutic effects of SMS were attributed to the regulation of energy
metabolism and AMPK/Drpl-dependent mitophagy process. Although
our results preliminarily demonstrated that SMS plays a key role in
maintaining mitochondrial homeostasis for attenuating HS-induced
liver insults, the key indicators of mitochondrial function need to be
further evaluated through in vitro models in the future. Furthermore,
how Drpl mediates autophagy to facilitate mitochondrial rebuilding
needs to be elucidated.
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Conclusions

In conclusion, using a HS-induced rat liver injury model, we sys-
tematically evaluated the therapeutic effects of SMS in the liver on the
basis of physiological-biochemical indices, histomorphology, and
furthermore combined with targeted energy metabolomics and molec-
ular biology verification. Our work indicated that SMS attenuates HS-
induced liver damage through regulating liver function, restoring his-
tological injury, altering abnormal energy metabolism, and sustaining
mitochondria structure and function homeostasis. Notably, we have
preliminarily proved that the protective mechanisms of SMS are
attributed to an AMPK-mediated Drpl-dependent mitophagy and
mitochondria rebuilding process, which in turn alleviate HS-mediated
rat liver damage and energy expenditure. Targeting AMPK, mitochon-
drial fission, and mitophagy may serve as effective approaches to inhibit
the HS-induced liver injury, and our study lends further support to the
use of SMS in treating HS condition.
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