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Abstract

Frequent extreme heat events around the world not only pose a major threat to human health but also cause signifi-
cant economic losses to the livestock industry. The existing management practices are insufficient to fully prevent
heat stress with an urgent need to develop preventive medicines. The aim of this study was to develop an anti-

heat stress Chinese herbal formula (CHF) via big data analysis techniques and to evaluate its anti-heat stress effect

and mechanism of action via pharmacodynamic evaluation and network pharmacology analysis. Many anti-heat
stress CHFs were collected from the Chinese National Knowledge Infrastructure (CNKI) database. Three alternative
CHFs were obtained via unsupervised entropy hierarchical clustering analysis, and the most effective CHF against heat
stress, Shidi Jieshu decoction (SJD), was obtained by screening in a mouse heat stress model. In dry and hot envi-
ronments, SJID significantly improved the heat tolerance of AA broilers by 4-6°C. In a humid and hot environment,
pretreatment with 2% SJD resulted in 100% survival of Wenchang chickens at high temperatures. The main active
ingredients of SJD were identified as muntjacoside E, timosaponin C, macrostemonoside H and mangiferin via ultra-
performance liquid chromatography/mass spectrometry (UPLC/MS) and database comparison. The active ingredients
of SJD were found to target tumor necrosis factor-a (TNF-a), signal transducer activator of transcription 3 (STAT3)

and epidermal growth factor receptor (EGFR). Finally, the safety of the new formulation was assessed in an acute oral
toxicity study in rats. The SJDs developed in this study provide a new option for the prevention of heat stress in animal
husbandry and offer new insights for further research on anti-heat stress.

Highlights

1. Shidi Jieshu decoction (SJD) increases the heat tolerance of animals.

2.5JD increased the survival rate of Wenchang chickens under heat stress to 100%.
3.5JD can be used to prevent heat stress in animals and humans.

4. EGFR and STAT3 may be novel anti-heat stress targets in addition to inflammation.

Keywords Hot weather, Heat stress, Big data analysis technology, Network pharmacology, Molecular docking,
Chicken
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reaching unprecedented highs. Data from the China
Climate Bulletin (2022) revealed that China’s climate in
2022 was markedly warm and dry, with a national aver-
age temperature of 10.51°C, which is 0.62°C higher than
normal and the second highest on record, and the year’s
extremely high-temperature events were the highest on
record. At elevated temperatures, heat-related illnesses
such as heatstroke, heat cramps or heat exhaustion are
common, with heatstroke being the most prevalent and
resulting in a mortality rate of up to 20%, even with
prompt treatment. Prolonged exposure to high tempera-
tures has the potential to trigger physiological mecha-
nisms such as ischemia, inflammatory responses and
rhabdomyolysis, and many other vital organs, such as the
brain, heart and liver, can be severely affected (Mora et al.
2017; Munguia et al. 2024; Umemura et al. 2018).

Heat waves not only have a negative impact on human
health but also have an adversely impact agricultural pro-
duction (Gonzalez-Rivas et al. 2020; Nawab et al. 2018;
Saeed et al. 2019). The protein content of wheat and the
yield of all cereals significantly decrease as the tempera-
ture increases (Asseng et al. 2019). In Australia, approxi-
mately 21,000 sheep are potentially at risk of dying from
heat stress (a physiological state in which body heat
exceeds dissipation capacity, raising core temperature)
during the mating season, which would result in a con-
siderable annual loss of $97 million to the Australian wool
industry (van Wettere et al. 2021). Animal heat stress due
to high temperatures causes annual losses of $128-165
million in the poultry industry, with annual economic
losses due to animal heat stress reaching $1.69-2.36 bil-
lion in the U.S. livestock industry (Vandana et al. 2021).
In summary, the increasing severity of global heat waves
poses a significant threat to human health and ecosystems
while causing significant losses to the livestock industry.

Heat stress disrupts the homeostasis of free radicals in
an organism, leading to alterations in protein, lipid and
energy metabolism and ultimately affecting the produc-
tion, reproduction and health status of the animal (Sejian
et al. 2018; Zheng et al. 2021). A typical manifestation
of heat stress is a decrease in feed intake, resulting in a
decrease in feed intake and growth rate as the ambient
temperature increases, leading to a decrease in growth
performance (Godde et al. 2021; Ma et al. 2021). In addi-
tion, heat stress increases oxidative reactions in livestock
and poultry, leading to increased mortality (Surai et al.
2019). Under high heat conditions, reactive oxygen spe-
cies (ROS) are overproduced in the organism, and oxi-
dative stress occurs in livestock and poultry when their
levels exceed the antioxidant capacity in the organism
(Dadgar et al. 2021). For example, oxidative reactions
that occur in broilers under heat stress affect muscle pH,
water retention and tenderness, ultimately affecting the
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quality of the meat produced (Shakeri et al. 2019). Heat
stress also affects livestock production by reducing ani-
mal fertility. Cattle have been shown to be less sperm
active at high heat and more prone to multiple sperm fer-
tilizations during insemination (Pernas et al. 2023). Heat
stress also increases sperm DNA fragmentation in rams,
and fragmentation is highly likely to cause sterility (Ham-
ilton et al. 2018). Nevertheless, the therapeutic target of
heat stress is unknown, although the association between
heat shock proteins and heat stress has long been
reported but are considered poor therapeutic targets
because they exacerbate more terminal events as target
markers (e.g., cytotoxicity, inflammation and coagula-
tion responses) (Gomez-Pastor et al. 2018; Sedaghatmehr
et al. 2021). Recent studies suggest that the cardiovascu-
lar and pulmonary systems are the main systems affected
by heat stress, but the mechanism is still unknown (Chen
et al. 2019; Nan et al. 2023).

The assessment and prevention of heat stress hazards,
as well as the study of heat stress response mechanisms,
are among the most important areas of research on the
resilience of livestock and poultry to extreme heat. Cur-
rently, the main measures used to prevent heat stress in
livestock and poultry include physical cooling, nutritional
regulation and genetic breeding. However, these options
are not effective enough to prevent and alleviate heat
stress in livestock and poultry (Asseng et al. 2021; Desta
2021; Fathi et al. 2022; Wickramasuriya et al. 2019). The
systemic therapeutic concept and low production cost of
Chinese herbal formulas (CHFs) give them high potential
to prevent heat stress. For example, Huoxiang Zhengqi
Dropping Pill (HZDP), which originated from the ancient
Chinese pharmacy book Taiping Huimin Hejiju Fang,
is widely used to prevent heat stroke in people in sum-
mer, but the irritating odor has limited its use in animal
husbandry (Li et al. 2022). In this study, with the help of
big data analysis technology, we developed an anti-heat
stress traditional CHF, which effectively improved the
survival rate of mice and chickens in high-temperature
environments. The survival rate of Wenchang chickens in
high-temperature environments could reach 100% with
preventive the administration of medicine in advance,
which provides a reference for the application of this
formula. Furthermore, we used network pharmacology
to investigate the mechanism of heat stress resistance in
CHEF patients, which provides a theoretical basis for heat
stress resistance research.

Results

Big data analysis of the anti-heat stress effects of herbs

By searching the CNKI database for articles on CHFs
about the detection and treatment of heat stress from 1
January 2001 to 1 December 2023, a total of 490 articles
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were obtained (Fig. 1A). After further screening and
exclusion, a total of 50 CHFs were included. The basic
information of these 50 CHFs was obtained after they
were incorporated into the Chinese Medicine Inherit-
ance Auxiliary Platform (V2.5) (CMIAP). According to
the classification of the four natures, the drugs in these
50 CHFs were mainly cold, warm or moderate (Fig. 1B).
The five flavors were classified as sweet, bitter or spicy
(Fig. 1C). The meridian tropisms were located mainly on
the stomach meridian, lung meridian, spleen meridian
and heart meridian (Fig. 1D). The frequency statistics of
the drugs in these 50 CHFs revealed that the top 3 herbs
with the highest frequency of use were liquorice, Scutel-
lariae radix and mosla herb (Fig. 1E).

Screening of new CHFs for anti-heat stress

Using CMIAP, we formulated new CHFs for anti-heat
stress. Unsupervised entropy hierarchical cluster analysis
was performed on the 50 entered CHFs, and three new
heat stress CHFs were obtained (Fig. 1F), named F1, F2
and F3, which were given to different groups of mice by
oral gavage for 1 h and then heat-treated, starting at 45°C
and increasing by 1°C every 10 min (Fig. 1G) Until mice
in all the groups died, and the survival time of the mice in
each group was calculated.

All the mice in the control group died when the tem-
perature was raised to 48°C, whereas all the mice in
groups F1, F2 and F3 died at 50°C, with the mice in group
F1 surviving the longest (Fig. 1H). Histological analysis of
the hearts, lungs and livers of the mice in the control and
F1 groups revealed that the control mice had unclear car-
diac transverse striations, vacuolated myocardium (indi-
cated by arrows) and myocardial fiber breaks, whereas
myocardial vacuolation and myocardial fiber breaks
were significantly reduced in the F1 group (Fig. 1I). The
lungs of the control mice showed obvious hemorrhage,
blurred alveolar structure and marked thickening of the
alveolar septa (indicated by arrows); the alveolar struc-
ture of the F1 group mice was clearer, and the alveolar
septa were less thickened. In the control mice, the liver
showed obvious hemorrhage, with many blood cells in

(See figure on next page.)
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the hepatic sinusoids leaking into the liver parenchyma,
the integrity of the blood vessel wall in the sinusoids was
impaired, and the endothelial cells of blood vessel were
vacuolated. In the F1 group, although there was also liver
hemorrhage, no blood cells were foundt in the liver sinu-
soids and only a few blood cells were in the mesenchymal
spaces (indicated by arrows). In conclusion, these results
suggest that the newly formulated formulas F1, F2 and F3
all have better anti-heat stress effects, with F1 having the
best anti-heat stress effect, and it is possible that F1 can
significantly alleviate organ damage caused by high tem-
peratures and has better protective effects on the heart,
lungs and liver.

The acute heat stress model of high temperature

and dryness was used to verify the protective effect of F1
on broilers

Since the summer high-temperature weather conditions
are different in different regions of China, simulations
have been made to measure the anti-heat stress effect of
F1 under different high-temperature environments, with
reference data acquired from the China Meteorological
Data Network (http://data.cma.cn/). The data revealed
the weather changes in Turpan (Xinjiang Province), a
city in northwest China, over the years and the extremely
high temperatures in Turpan from April to September
reached 39.4-47.7°C, with a humidity of approximately
25-39% (Fig. 2A). To expedite the test, the minimum
temperature was set at 57°C with humidity and the AA
broilers were heat-treated after gavage while increasing
the temperature by 1°C every 10 min until all the broilers
died (Fig. 2C).

The Chinese herbal formula F1 with the optimal anti-
heat stress effect obtained from the previous screening
was named Shidi Jieshu Decoction (SJD). We gavaged
broilers with three doses of SJD: high (designated SJD-H,
gavaged with the original SJD solution), medium (desig-
nated SJD-M, gavaged with 10% SJD) and low (designated
SJD-L, gavaged with 1% SJD), and the control group of
broilers was gavaged with an equal volume of distilled
water. Prior to the experiment, the broilers in each group

Fig. 1 Process of big data analysis and basic information of CHFs and screening of anti-heat stress CHFs. A Process of big data analysis of herbal
formulas for the treatment of heat stress. The medicines of the 50 CHFs included in this study were analyzed for (B) four natures, (C) five flavors,

and D meridian tropism. E Drug frequency statistics of the drugs in the CHFs included in this study. The greater the frequency of the use of Chinese
herbal medicine in the word cloud diagram is, the greater the number of names represented. F Three new CHFs. G Construction of a heat stress
mouse model for screening CHFs. H Survival rate of mice under acute heat stress, n=10. I Histological analysis of the hearts, lungs and livers

of the mice. The arrows indicate vacuolization and rupture of the myocardium, alveolar septa of the lung, and blood cells invading the liver
parenchyma, whereas the pentagonal stars represent alveoli. The control group was given 200 L of distilled water by gavage, and the doses of F1,
F2 and F3 administered were 10 mL/kg. Radar plots were generated via the bioinformatics platform (http://www.bioinformatics.com.cn/), and word
cloud plots were generated via the flourish platform (https://flourish.studio/examples/)
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were weighed to exclude individual differences, and
the results revealed that there was no significant differ-
ence between the weights of the broilers in each group
(Fig. 2D). After the start of heat treatment, all broilers in
the control group died at 60°C, whereas those in the SJD-
L, SJD-M and SJD-H groups died completely at only 64,
65 and 66°C, respectively. These findings suggest that SJD
has a good protective effect on broilers with acute heat
stress in high-temperature and dry environments and
that its anti-heat stress effect is concentration dependent,
which implies that the higher the concentration of SJD
signifies greater the anti-heat stress effect (Fig. 2F).

Induction of acute heat stress with high temperature

and humidity to test the protective effect of SJD

on Wenchang chickens

To simulate the summer high-temperature weather con-
ditions in southern China, we referred to the weather
changes in Wenchang (Hainan Province), a city in south-
ern China, over the years. The extremely high tempera-
ture in Wenchang reached 34.2-38.7°C from April to
September, and the humidity was approximately 84—87%
(Fig. 2B). To expedite the test, we set the temperature at
45°C and maintained the humidity at 80-90%. After gav-
age administration of the drug, heat treatments were
applied to the Wenchang chickens, and for this experi-
ment, we maintained a constant temperature of 45°C and
a fixed duration of 24 min to evaluate the anti-heat stress
effect of the different treatments in terms of the survival
rate of the chickens (Fig. 2C).

To determine the lowest effective dose of SJD, we
administered 0.5%, 1% and 2% SJD stock solutions,
referred to as SJD-L, SJD-M and SJD-H, respectively,
and the administration of 0.025% vitamin C served
as a positive control (Yin et al. 2020). The model and
blank control groups were gavaged with equal volumes
of distilled water, and finally, all broilers except those

(See figure on next page.)
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in the blank control group were heat-treated. There
was no significant difference in the pretreatment body
weights of the broilers in each group (Fig. 2E). The
survival rates of chickens in the model, positive con-
trol, and 0.5%, 1% and 2% SJD groups after heat treat-
ment were 0%, 57.14%, 93.33%, 93.33% and 100%,
respectively (Fig. 2G). Pathology revealed that chick-
ens in the model group presented significant vacu-
olization and myocardial rupture of the heart; severe
damage to the alveoli and significant hemorrhage in
the liver and kidneys (indicated by arrows), whereas
damage to the heart, lungs, liver, and kidneys was sig-
nificantly alleviated in chickens in the positive control
and SJD groups (Fig. 2H). The protective effect of SJD
on organs was also significantly concentration depend-
ent, with higher concentrations having greater effects
on organ protection.

In conclusion, these results suggest that SJD has a bet-
ter anti-heat stress effect even in high-temperature and
humid environments, possibly because SJD may be able
to protect the organs of chickens in these situations. In
addition, the effective concentration of SJD should be
greater than 2%, which can ensure a 100% survival rate of
chickens under high-temperature shock.

Identification of the chemical constituents of SJD

After chromatographic separation and mass spectrom-
etry data acquisition of the chemical constituents in SJD
via UPLC-QTOF-MS, the data were processed on the
basis of the theoretical mass spectrometry database of
natural products in conjunction with the overall work-
flow of natural products in UniFi software, and the com-
positional information of SJD was obtained (Fig. 3A, B).
The main active ingredients of SJD are muntjacoside E,
timosaponin C, macrostemonoside H and mangiferin
(Fig. 3C).

Fig. 2 Heat stress model of broilers to verify the anti-heat stress effect of SID. Extreme high temperatures, extreme low temperatures and humidity
in the (A) Turpan area and B Wenchang area in each month over the years. C Heat stress model of broilers with high-temperature, and dryness

or humidity. D Body weights of broilers in each group before the experiment. E Body weights of the Wenchang chickens in each group

before the experiment. F Survival rate of broilers under heat stress, n = 10. Control: control group, heat-treated and gavaged with distilled water.
SJD-L: low-dose SID group, heat-treated and gavaged with 1% SJD stock solution. SJD-M: medium-dose SJD group, heat-treated and gavaged

with 10% SJD stock solution. SJD-H: high-dose SJD group, heat-treated and gavaged with 100% SJD stock solution. G Survival rate of Wenchang
chickens under heat stress, n = 10. Blank: blank control group, no heat treatment, and gavage with distilled water. Model: Model group, heat
treatment, and gavage with distilled water. Positive control: positive control group, heat treatment, and gavage with 0.025% vitamin C. SJD-L:
low-dose SJD group, heat-treated, and gavage with 0.5% SJD. SJD-M: medium-dose SJD group, heat-treated, and gavaged with 1% SJD stock
solution. SJD-H: high-dose SID group, heat-treated, and gavaged with 2% SJD stock solution. SJD-H: high-dose SID group, heat-treated,

and gavaged with 2% SJD stock solution. (H) H&E staining of heart (200X, scale bar: 100 um), lung (200, scale bar: 100 um), liver (100, scale

bar: 200 um) and kidney (200X, scale bar: 100 um) tissues from Wenchang chickens. Three chickens from each group were randomly selected

for histological analysis, and six fields of view were randomly selected to capture images for each section. Representative data are shown. The
downward arrows indicate sites of vacuolization and rupture in the heart muscle, and the upward arrows indicate sites of bleeding in the lungs, liver

and kidneys
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Analysis of the targets of SJD

In the theory of traditional Chinese medicine (TCM),
heat stress is also known as ‘chi and yin deficiency, which
means a deficiency of ‘chi’ and ‘yin. Next, we explain the

main targets of SJD for the treatment of chi and yin defi-
ciency with the help of TCM theory. Using the Swiss
target prediction module of the Swiss ADME platform,
we first predicted the top nine ingredients in SJD, with



Wang et al. Animal Diseases (2024) 4:42

Page 7 of 19

3 | 2
230427.7.A-01—pos 1:TOF MSES» 230427.7.4-01 009 1: TOF MSES-
oo 945 6P| 2001 952 6P|
03 4951 1656 54910 287e8
» ™
.o
038
7081870 525 1563
w7
. sin 25 7320
053 av1z
25 405
ac | oitn s i o
83404
Pt y R XN | 1383
1| e etass | 7631740 I 0362
919010 J .
i L [ 1§ A I . LA ,
$.00 1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500 i
C
d
°
ol
o X o,.s}o
=Ne D N o 4 o
N H °
roXNe A A0
o i o o o \r
" j”\ftj@/ﬁ/ %
oo » o
i I, s 8 X 1A 000 o A a0y HoA 040 oA a0,
oY PR e oY
o o™ 0 o “0' "0 o o' "0
o e 2 LI o " o o M
Mudanpioside E Timosaponin C Macrostemonoside H Mangiferin Timosaponin B IT
High Low
content content
o
ks
o o 0N 2 &
° / <,>
i )¢ = o,
o, & d o %U}
o I3 Ny
0" N0 C Yo é r &
NN\ @ \| /e
)SOLE SN« o RS SN
0 0 |
o 0,0 " - o
P o~y JF T L,
P o "o o 0
o o |
Bruceine B Neomangiferin Timosaponin A-1 Galloylpaeoniflorin
High Low
content content

Fig. 3 Total ion current plot of SID. ATIC diagram in positive ion mode. B TIC diagram in negative ion mode. C Top 9 ingredients in SJD

a total of 44 targets. We subsequently identified the tar-
gets related to ‘chi’ and ‘yin’ in the GeneCards and OMIM
databases and identified the intersection of these three
genes via a Venn diagram (Fig. 4A). The results revealed
that 68 of the SJD therapeutic targets were related to chi
and 66 were related to yin, resulting in a total of 50 tar-
gets common to all three. Therefore, we believe that these

(See figure on next page.)
Fig. 4 Network pharmacology analysis. A Venn diagram of the top nine

50 targets are the most important targets for SJD treat-
ment of chi and yin deficiency.

Protein-protein interactions were analyzed for these
50 targets via the STRING platform (Fig. 4B), and the
protein-protein interaction (PPI) maps were redrawn
via Cytoscape (V. 3.9.1) according to the level of the
betweenness value. The circles of targets with higher

ingredient targets in SJD with chi- and yin-related targets. B Protein-protein

interaction diagrams for 50 targets. C PPI diagram after sorting by betweenness. The inner circle indicates the most central target, and the larger

and redder circles in the diagram represent greater betweenness values.

D GO analysis. The 50 core targets were uploaded to the DAVID database

for GO analysis. MF, molecular function; BP, biological process; CC, cell component. The top 10 results in terms of the number of enriched genes are
shown. E KEGG analysis. The 50 core targets were uploaded to the DAVID database for pathway analysis, and the figure shows the top 30 pathways
in terms of the number of enriched genes. The bubble plots shown were all generated via bioinformatics, with larger circles representing more

enriched genes and redder colors representing lower p values
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betweenness values were larger, indicating that the target
occupied a more central position. The results revealed
that the most central targets of SJD for the treatment
of chi and yin deficiency were TNF, STAT3, EGFR and
NR3C], etc. (Fig. 4C).

GO and KEGG analysis

The genes corresponding to the above 50 targets were
uploaded to the DAVID database for GO analysis. The
results of the BP, CC and MF analyses were exported,
and the first 15 results for each were generated. A bubble
diagram of the GO enrichment results was generated via
bioinformatics. The results revealed that these 50 genes
were associated with biological processes such as posi-
tive regulation of cell migration, positive regulation of
transcription from the RNA polymerase II promoter, and
positive regulation of pri-miRNA transcription from the
RNA polymerase II promoter (Fig. 4D). The main active
ingredients of SJD may act on membrane rafts, extracel-
lular regions, the nucleoplasm of the cell and other loca-
tions. The targets of SJD may be protein phosphatase
binding, endopeptidase activity, RNA polymerase II tran-
scription factor activity, and ligand-activated sequence-
specific DNA binding.

KEGG pathway analysis was performed on the above
50 targets. The results revealed that the 50 overlapping
target proteins were enriched in 80 pathways (p < 0.05),
and the top 30 pathways were identified (Fig. 4E). The
results revealed that the main active ingredient targets of
SJD were closely related to resistance to EGFR tyrosine
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kinase inhibitors and the AGE-RAGE signaling path-
way in diabetic complications and inflammatory bowel
disease.

Molecular docking

To evaluate the binding of the main active ingredients
of SJD to target proteins, we selected the ingredients of
SJD that can target TNF-a, STAT3, EGFR and nuclear
receptor subfamily 3 group C member 1 (NR3C1) and
performed molecular docking using SYBYL software
(Table 1). A higher absolute value of the docking score
indicates a higher probability that the ingredients bind
to the target protein. The results revealed that the dock-
ing score of mudanpioside E with TNF-a was -7.1288.
We used benpyrine and TNF-alpha-IN-2 (Ruan et al.
2021), two specific inhibitors of TNF-a, as controls, and
the results revealed that the ability of mudanpioside E to
specifically bind to TNF-a was greater than that of TNE-
alpha-IN-2 but weaker than that of benpyrine. Mudan-
pioside E was able to form a hydrogen bond between
Asn30 and Ala35 of the A chain of TNF-a (Fig. 5A).

The docking scores of timosaponin C, timosaponin B II
and macrostemonoside H with STAT3 ranged from -8.2569
to -8.7870, whereas the docking scores of STAT3 with the
two specific inhibitors stattic and cryptotanshinone were
-5.8227 and -6.7568, respectively. These findings indicate
that timosaponin C, timosaponin B II and macrostemono-
side H specifically bind to STAT?3 significantly better than
the two specific inhibitors of STATS3, stattic and cryptotan-
shinone (Hou et al. 2023; Li et al. 2023c).

Table 1 Docking scores between the main active ingredients and key targets in SJD

PDBID Target Expression location in cells Ingredients Docking score
1A8M TNF-a Cell membrane/Extracellular Mudanpioside E -7.1288
*Benpyrine -8.2680
“TNF-alpha-IN-2 -2.9090
5AX3 STAT3 Cytoplasm/Nucleus Timosaponin C -8.2569
Timosaponin B Il -8.3269
Macrostemonoside H -8.7870
BStattic -5.8227
®Cryptotanshinone -6.7568
1IvVO EGFR Cell membrane/Nucleus/Endoplasmic Timosaponin Al -8.5874
reticulum/Golgi apparatus membrane/Nuclear “Tyrphostin B42 677882
membrane
‘Gefitinib -7.9708
1M2Z NR3C1 Cell nucleus/Cytoplasm/Mitochondria/Spin- Chikusetsusaponin IVa -8.2556
dle/Centrosome/Cytoskeleton/Microstructural
center
1A9U MAPK14 Cytoplasm/Nucleus Timosaponin Al -74516
1CP3 CASP3 Cytoplasm Chikusetsusaponin IVa -7.3161

2 Specific inhibitor of TNF-a
b Specific inhibitor of STAT3
¢ Specific inhibitor of EGFR
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Timosaponin A was able to form hydrogen bonds with
amino acid residues such as Lys4, Leu225, Cys227 and
Arg231 on the A chain of the EGFR protein (Fig. 5A). The
docking scores were also significantly better than those
of tyrphostin B42 and gefitinib, which are specific inhibi-
tors of EGFR (Li et al. 2023a; Li et al. 2023b). These find-
ings suggest that there may be greater binding potential
between timosaponin A I and EGFR.

In conclusion, the above results suggest that several
main active ingredients in SJD may have a strong binding
capacity with targets such as TNF-a, STAT3 and EGFR.

Immunohistochemical analysis

Previously, we found that several main active ingredi-
ents of SJD specifically bind to the target proteins TNF-
a, EGFR and STAT3 via molecular docking, but it is not
clear whether they are agonists or inhibitors of TNF-q,
EGFR and STAT3. Many previous studies have focused
on damage to the heart during heat stress, with less
attention given to the lungs. Therefore, we wanted to
investigate the effects of SJD on the protein expression
of TNF-a, p-EGFR and p-STAT3 in the lung tissue of
Hainan Wenchang chickens via immunohistochemistry.

TNF-« is expressed mainly in the cell membrane and
extracellular space. Immunohistochemistry revealed that
in the lungs of control chickens, TNF-a was expressed
only in small amounts near the microvessels (Fig. 5B),
and in the model group, TNF-a was expressed in large
amounts in the interstitial space of the lung tissues (indi-
cated by the upward arrows). In the lung tissues of chick-
ens gavaged before the high dose of SJD, the expression
of TNF-a in the lung tissues was significantly lower than
that in the model group.

Phosphorylated STAT3 (p-STAT3) is expressed in the
cytoplasm, nucleus and lung tissues of Hainan Wen-
chang chickens and transmits extracellular signals to the
nucleus through phosphorylation and dephosphoryla-
tion. Immunohistochemical results revealed that in the
lungs of control chickens, p-STAT3 was expressed only
in the cytoplasm of a small number of cells (Fig. 5B),
whereas in the model group, p-STAT3 was expressed in
large amounts in the cytoplasm and nucleus of the lung

(See figure on next page.)
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tissue cells (indicated by the downward arrows), whereas
the expression of p-STAT3 in the lung tissues was signifi-
cantly lower than that in the model group after high-dose
SJD gavage.

Phosphorylated EGFR (p-EGFR) is expressed on the
cell membrane and transmits extracellular signals to the
nucleus through phosphorylation and dephosphoryla-
tion. The immunohistochemistry results revealed that in
the lungs of the control chickens, p-EGFR was expressed
at low levels on the cell membranes (Fig. 5B), whereas in
the model group, p-EGFR was abundantly expressed on
the cell membranes of the lung tissues (indicated by the
arrow to the left), whereas the expression of p-EGFR in
the lung tissues was significantly lower than that in the
high-dose pregavage group of SJD.

These results suggest that high-temperature treatment
leads to a significant increase in the protein expression
levels of TNF-a, p-EGFR and p-STAT3 in lung tissue,
whereas SJD pregavage followed by heat treatment leads
to a relative decrease in the protein expression levels of
TNF-a, p-EGFR and p-STAT3. These findings suggest
that SJD may inhibit the protein expression of TNF-a,
p-EGFR and p-STATS3.

Oral acute toxicity assay

To assess the safety of wider oral administration of SJD,
we conducted an acute oral toxicity study in rats in the
present study. The rats were observed for 14 d follow-
ing the oral administration of 30 g/kg over a 24 h period.
The results revealed that both female and male rats
survived with no abnormal symptoms, such as weight
loss, unformed stools or abnormal behavior. Histologi-
cal analysis revealed no significant lesions in the heart,
liver, spleen, lung or kidney tissues of female or male rats
(Fig. 5C), suggesting that SJD is not orally toxic.

Discussion

In the 21st century, heat stress caused by the intensifica-
tion of extremely high-temperature climates around the
globe not only posed a serious threat to human health but
also aggravated animal husbandry. This study provides
a systematic research model for the development and

Fig. 5 Molecular docking and immunohistochemistry results. A Three-dimensional binding of small molecules to target proteins

and two-dimensional interactions are shown in the figure, and hydrogen bonding between small molecules and target proteins is shown in cyan.
B Immunohistochemistry of Wenchang chicken lung tissue. The nuclei are shown in blue, and the brown areas indicate positive protein expression.
The arrows indicate representative positive areas. The darker the brown color is, the higher the protein expression in that region. n=6. Three
pathological sections were prepared for each chicken, and six fields of view were randomly selected from each section to capture images. 200x
scale bar: 50 um, one-way ANOVA, ****. p < 0.0001; **: p < 0.01. C Results of H&E staining of heart, liver, spleen, lung and kidney tissues from female
and male rats, n=10. Three pathological sections were prepared for each rat, and six fields of view were randomly selected to capture images

for each section. Scale bars are 200 um. Heart, liver, lung and kidney tissues were imaged at 200x magnification, and spleen tissues were imaged

at 100x magnification
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application of traditional Chinese medicine via big data
analysis and network pharmacology (Fig. 6). To the best
of our knowledge, the anti-heat stress CHF developed in
this study has unprecedented anti-heat stress effects, sig-
nificantly and quickly increasing the tolerance tempera-
ture by 2°C and 6°C in mice and chickens, respectively.
Within 1 h of ingestion, the survival rate of chickens
under acute heat stress can be increased to 100%.

This study suggests that SJD has promising applica-
tion potential. Recent studies have shown that natural
plant products, such as salidroside (extracted from Rho-
diola), myricetin (a natural flavonoid from bayberry) and
quercetin, which have protective effects against acute
heat stress-induced myocardial damage, are effective
against heat stress (Chen et al. 2019; Lin et al. 2017; Lin
et al. 2018). However, these methods are still far from
practical application. On the one hand, these natural
products need to be taken at least 1 week in advance to
be effective; on the other hand, these studies used con-
servative heat stress models, such as heating for 1 h a
day for 7 d or continuous heating for 70 min, which are
far from real environmental temperature changes. Dur-
ing the actual breeding process, summer heat waves
often occur suddenly, far exceeding the temperature
tolerance of the animals and resulting in sudden mor-
tality. Therefore, the "gold standard” for evaluating the
quality of acute heat stress medications is to determine
whether they have an effect on mortality. Compared

" 2% CHF1 CHF3
o
s
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with the reported medicine, SJD significantly and rapidly
improves the temperature tolerance of the animals, with
100% survival rate of chickens under acute heat stress,
making it more suitable for preventing acute heat stress
at extremely high temperatures in summer. Furthermore,
SJD has broader applicability because it can significantly
improve the survival rate of broilers in high-tempera-
ture and high-humidity environments, which are more
lethal to animals with no available and effective drugs
(Asseng et al. 2021). When simulating the application of
SJD, we considered the situation in which the humidity
in summer is very different among different areas, such
as Turpan and Wenchang. The results of this study show
that SJD is resistant to acute heat stress in both dry and
high-temperature environments and in humid and high-
temperature environments, suggesting that SJD has wide
potential for application.

The lungs and heart are likely the most important tar-
get organs for treating heat stress. Previous studies have
shown that heat stress is a systemic response of organ-
isms to a thermal environment that can cause damage to
organs such as the heart, lungs, liver and kidneys (Chen
et al. 2019). However, as shown in our previous studies of
acute heat stress in chickens, we found that the lungs and
heart undergo more dramatic and complex changes dur-
ing acute heat stress (Nan et al. 2023). These findings sug-
gest that the lungs and heart play a more important role
in heat stress. In this study, we obtained new evidence

Collection of
Chinese herbal
formulae (CHF)
Data Cleaning
Data Analysis
Formulation of
Candidate CHF

The best one

Animal Model
Design

In vivo model
screening

In vivo Ingredient Oral safety
pharmacodyna Analysis assessment
mic evaluation Database Maximum
Animal models Search tolerated dose
Clinical Network Pathological
validation Pharmacology analyses
Drug delivery Analysis

modes

Dosage

Fig. 6 A model for systematically developing new Chinese medicine formulations
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when we analyzed the collected CHFs and found that
they tended to act on the organs of the lung, spleen and
heart, suggesting that an anti-heat stress effect could be
achieved by intervening in the lungs and heart. In heat
stress models in mice and chickens, the lungs and heart
are the most damaged organs under heat stress, with
obvious structural damage, whereas the liver and kidney
are infiltrated with only hemorrhagic and inflammatory
cells. Similarly, SJD effectively protected the lungs and
heart, reduced the damage caused by heat stress in both
mice and chickens, and greatly improved the survival
rate of both mice and chickens under heat stress. These
results provide new insights for future research into heat
stress. However, more research is needed to understand
how the high-temperature environment damages the
lungs and heart.

This study also provides a theoretical basis for the
modern interpretation of the theory of ‘chi and yin
deficiency’ In the process of analyzing disease targets,
we did not find heat stress-related targets directly but
‘chi’ and ‘yin’ related targets were found. On the one
hand, pharmacological mechanism of SJD, a CHF, can
be explained via TCM theory. On the other hand, we
also hope to provide some new understanding of the
modernization of traditional Chinese medicine theory
in the process of studying SJD. In the theory of TCM,
heat stress is also known as ‘chi and yin deficiency’ In
SJD, through big data analysis, Gypsum fibrosum, red
Paeonia root, Rehmanniae radix, and Anemarrhena
rhizome are known medicines that can counteract yin
deficiency, whereas white hyacinth bean is believed to
replenish chi. By identifying the ingredients of SJD and
analyzing network pharmacology, we found that 58 of
the 94 ingredients in SJD act on chi and that 66 of them
act on yin. The targets of these compounds are closely
related to life-based activities and material transforma-
tion, which is consistent with the TCM theory that yin
represents the process of converting energy into matter
and that chi is the process of exchange between yin and
yang (Wang et al. 2020). In addition, through pathol-
ogy analyses of the damage caused by heat stress or
network pharmacology analyses of the targets of SJD,
we have shown that inflammation results in traces, so
the role of inflammation in ‘chi’ and ‘yin’ needs further
research.

In addition to inflammatory factors (such as TNF«),
we found for the first time that STAT3 and EGFR may
play key roles in anti-heat stress. Signal transducer and
activator of transcription (STAT) factors are involved in
many processes, including early development, cell pro-
liferation, survival and differentiation, and the response
to inflammatory factors (Katturajan et al. 2022; Wei
et al. 2023). The activation of EGFR stimulates a variety
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of downstream pathways, including the Ras/MAPK,
PIBK/AKT and JNK/STAT pathways, which regulate
cell migration, proliferation and survival (Halder et al.
2023; Sadler et al. 2023; Sundqvist et al. 2020; Yang
et al. 2019). In the present study, we first demonstrated
via molecular docking that the active ingredients of
SJD, timosaponin C, timosaponin B II and macroste-
monoside H, can target STAT3 and that timosaponin A
can target EGFR. We further demonstrated via immu-
nohistochemistry that SJD exerts anti-thermal effects
during heat stress by inhibiting EGFR and STAT3 phos-
phorylation. Considering that our validation of the
binding of ingredients to targets is not yet sufficient, we
compared the potential of ingredients of SJD with that
of star inhibitors (such as tyrpostin B42, gefitinib, static
and cryptotanshinone) in molecular docking to bind to
these targets, providing a basis for the study of these
targets and compounds. Nevertheless, the results of
molecular docking are limited, and we are yet to ascer-
tain the extent to which these compounds and target
proteins bind in actual conditions, as well as their effi-
cacy when acting independently In the future, we will
continue to investigate the effects of these ingredients
and the role of these targets in heat stress.

Conclusion

The present study demonstrated the efficacy of SJD in
preventing heat stress in poultry. The temperature toler-
ance of broilers increased by 6°C in both dry and humid
high-temperature environments, and the survival rate of
broilers at high temperatures was reported to be 100%.
SJD is safe, nontoxic and can also be used to prevent
heat stress. This study also provides new insights into the
mechanisms of heat stress, revealing TNF-a, STAT3 and
EGER as potential targets for pharmacological interven-
tion against heat stress. In conclusion, the present study
not only developed a Chinese herbal formula, SJD, for
the treatment of heat stress but also provided a theoreti-
cal basis for the development of anti-heat stress-targeted
drugs in the future.

Methods

Reagents

Peppermint, Chrysanthemum flower, red paeonia
root and other traditional Chinese medicine plants
were purchased from Hubei Zhihetang Pharmacy Co.
Ltd. (Wuhan, China); paraformaldehyde, n-butanol,
anhydrous ethanol, xylene, hydrochloric acid, ammo-
nia, xylene, and hydrogen peroxide were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Wuhan,
China); methanol and formic acid were purchased
from Thermo Fisher (Massachusetts, USA); deionized
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water, prepared from Milli-Q Advantage A10 ultrapure
water machine; HE staining solution, neutral den-
drimer, citrate antigen repair solution and PBS buffer
were purchased from Wuhan Bolf Biotechnology Co.
Ltd. (Wuhan, China); DAB color development Kkits
(K3468) were purchased from DAKO (Copenhagen,
Denmark); HRP-conjugated secondary antibody (anti-
rabbit, ab205718) and HRP-conjugated secondary anti-
body (anti-mouse, ab205719) were purchased from
Abcam (Cambridge, UK); vitamin C (A8100), BSA
(A8010), and rabbit serum (SL034) were purchased
from Beijing Solarbio Technology Co. Ltd. (Beijing,
China); rabbit anti-TNF-a antibody (bs-10802R), rab-
bit anti-STAT3 antibody (bs-1141R) and rabbit anti-
EGFR antibody (bs-1644R) were purchased from
Beijing Bioss Biotechnology Co. Ltd (Beijing, China).

Experimental animals

All animal experiments in this study were reviewed
by the Scientific Ethics Committee of Huazhong Agri-
cultural University (HZAU). Four- to five-week-old
male KM mice (SPF grade), weighing 20 to 22 g, were
purchased from the Animal Experimentation Centre
of Huazhong Agricultural University with the eth-
ics number HZAUMO-2022-0098; 6- to 8-week-old
female and male SD rats (SPF grade), weighing 180 to
220 g, were purchased from Hunan SJA Laboratory
Animal Co. Ltd. (Changsha City, Hunan Province),
with the ethics number HZAURA-2023-0021; 15 to
18-day-old AA broiler chickens were purchased from
Ezhou Lianghuchun Agricultural and Animal Hus-
bandry Co. Ltd. (Ezhou City, Hubei Province); and
1-day-old Wenchang chickens (a breed of chicken in
Wenchang, Hainan Province) were purchased from
Hainan Taniu Wenchang Chicken Co. Ltd. (Haikou
City, Hainan Province) and kept at the experimen-
tal chicken farm of Huazhong Agricultural University
until 3 months after the start of the experiment. The
ethical approval number of the chickens used in the
experiments was HZAUCH-2022-0017.

Collection and analysis of traditional Chinese medicine
prescriptions

The CHFs included in this study were obtained from the
China National Knowledge Infrastructure (CNKI) data-
base via the searching of terms ‘heat stress’ and ‘Chinese
herbal formulas! The search period was from 1 January
2001 to 1 October 2023 for literature on the treatment
of heat stress in CHFs. Articles related to the treatment
of heat stress in CHF patients were reviewed, includ-
ing articles containing expert experience and academic
thinking on the treatment of heat stress in CHF patients,
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as well as articles containing specific prescriptions for
the treatment of heat stress or heat stroke. Articles that
were not included in this study were theoretical discus-
sions of Chinese medicine, review articles, self-reported
empirical formulas with only the name, no specific drug
composition or only a few Chinese herbs in the formula
or no drug dosage and incomplete composition of for-
mulas, dietary therapy articles, duplicate published arti-
cles (only one article was included), articles on the use
of CHF in combination with other medicines, surgery,
physiotherapy, topical medicines or acupuncture for the
treatment of heat stress, articles on the efficacy of using
Chinese medicine granules and ultramicro tablets instead
of decocted Chinese medicine, articles on the efficacy
of nonoral medicines (including acupuncture, external
cleansing, postpressing and acupuncture injections), arti-
cles on the efficacy of ethnic minority medicines and arti-
cles on the addition of ethnic minority medicines to the
main formulas and combinations of prescriptions.

The names of the CHFs in the above articles have been
standardized with reference to the Pharmacopoeia of
the People’s Republic of China (2020 Edition) (ChP), in
which the same Chinese medicine with different parts
of the body and different methods of preparation are
considered one medicine if they have the same effect.
According to the above criteria, the ‘formulary manage-
ment’ module in the ‘platform management system’ of
the Chinese Medicine Inheritance Auxiliary Platform
(V2.5) (CMIAP) is selected, and the prescriptions are
entered one by one. The input process adopts the way
that two people input together to ensure the accuracy of
the data, and after the prescription input is completed,
the input data are checked again. After the prescrip-
tions are entered, the ‘Prescription Statistics’ module of
the CMIAP is entered, ‘Basic Information Statistics’ is
selected, and the four natures, five flavors and meridian
tropisms of the entered prescriptions are analyzed one
by one. We select ‘frequency statistics’ and ‘formulation
law’ in ‘new formula analysis’ to analyze the frequency of
medicines, formulation laws and new formulas, respec-
tively (Fig. 1A). Specifically, in this study, the number of
support levels for the ‘formulation law’ was set to 10 (the
number of support levels refers to the frequency of drug
combinations that appear in all formulas). The support
value of this parameter is 20% of the total number of for-
mulas, i.e., support = 20%, number of supports = number
of prescriptions multiply support), and the confidence
level is set to 0.6. In the ‘New Formulas Analysis; ‘correla-
tion’ and ‘penalty’ were set to 7 and 3, respectively (the
results of the system test showed that, in this study, ‘cor-
relation’ and ‘penalty’ were set to 7 and 3, respectively,
which are more desirable, and the results obtained are
more satisfactory). For new prescriptions resulting from
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the analysis, we will use our expertise to further evalu-
ate the efficacy and safety of the prescriptions before con-
ducting experimental screening.

Preparation of the herbal compound oral solution

The CHFs were accurately weighed via an analytical bal-
ance, and each CHF was soaked in six times the volume
of water (v/m = 1:6) for 20 min before extraction. Next,
the herbs were continuously heated in a digital closed
furnace (Changsha Mingjie Instrument Co., Ltd.) at
420°C until the water boiled, heated to 300°C for 35 min,
and then filtered through eight layers of sterile gauze to
obtain the first decoction. Next, six volumes of water
were added to the dregs, which were boiled at 420°C,
heated at 300°C for 25 min, and filtered through eight
layers of sterile gauze to obtain the second decoction. The
liquids obtained from the two decoctions were combined
and concentrated at 350°C to a concentration of 1 g/mL.

Acute heat stress model in mice

Forty male KM mice were randomly divided into four
groups of ten animals each after 7 d of adaptive feed-
ing: the control, F1, F2 and F3 groups. The doses of CHF
F1, F2 and F3 were calculated according to the formu-
las for converting the human dose to the mouse dose
in the “Techniques for the Study of Traditional Chinese
Medicines’:
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water in the control group, 1 mL of the original SJD solu-
tion in the high-dose (SJD-H) group, 10% of the SJD solu-
tion in the medium-dose (SJD-M) group and 1% of the
SJD solution in the low-dose (SJD-L) group. Heat treat-
ment was performed 1 h after drug administration. Heat-
ing was performed in an isolation chamber, starting at
57°C (referring to the pretest results), and the humidity
was maintained at 25-35%, with tempreture increasing
1°C every 10 min until all the birds died. The survival
rates at different time intervals were calculated.

Damp heat stress model of Wenchang chickens

Ninety Wenchang chicken birds were divided into six
groups of fifteen birds in each group. After 7 d of accli-
matization, heat treatment was started. One day before
the treatment, the chickens were fasted for 12 h. Then, 1
h before the start of heat treatment, the chickens in the
other groups, except those in the blank control group
and the model group, were given the corresponding con-
centrations of vitamin C and SJD by gavage. In the blank
control and model groups, chickens were gavaged with
10 mL of distilled water; in the positive control group,
chickens were gavaged with 10 mL of 0.025% vitamin
C; and in the experimental group, chickens were gav-
aged with 10 mL of 0.5%, 1% and 2% SJD (1 g/mL). The
blank control group did not undergo heat treatment, and
the other groups were heat-treated. The temperature of

Dosage administered to mice (mg/kg) x3 = Dosage administered to humans (mg/kg) x 37

The mice were fasted for 12 h before heat treatment,
and normal water intake was maintained. The control
group was given 200 pL of distilled water by gavage, the
doses of F1, F2 and F3 were 10 mL/kg, and heat treatment
was performed 1 h after the administration of F1, F2 and
F3. Specifically, the mice were placed in an isolator and
heated from 45°C to observe whether they died; if they
did not die, the temperature was continuously increased,
and the temperature was maintained at the same level for
10 min for each 1°C increase. Finally, the survival rate of
the mice in each group was calculated until all the mice
had died. Heart, lung and liver tissues from the mice in
the longest survival group and the control group were
collected and fixed in 4% paraformaldehyde.

Dry heat stress model of dry heat in broilers

Forty broilers were randomly divided into control, high-
dose, medium-dose and low-dose groups, for a total of
four groups with ten birds in each group. There was no
significant difference in the average body weight of the
broilers in each group. The broilers in each group were
fasted for 12 h before heat treatment, and the drug was
administered by gavage in a volume of 1 mL of distilled

the isolation chamber was adjusted to 45°C, the humid-
ity was adjusted to 80-90%, and heat treatment was car-
ried out for 24 min, during which the conditions of the
chickens were closely monitored (referring to the pretest
results). At the end of the experiment, five live chickens
were randomly selected from each group to be slaugh-
tered, and the liver, kidney, lung, and heart tissues were
collected and fixed with 4% paraformaldehyde.

UPLC-QTOF-MS analysis
After the SJD oral mixture was freeze-dried into solid
particles, 5 g of SJD was added, 10 mL of 50% methanol
aqueous mixture (v/v, methanol:water = 1:1) was added
for dissolution, the mixture was ultrasonicated for 30
min, 1 mL of the supernatant was added to a centrifuge
tube, the mixture was centrifuged at 14,000 rpm for 5
min, the supernatant was filtered through a 0.22 pm
micropore filter membrane, and the mixture was then
injected into the vials for UPLC-QTOF-MS analysis.
UPLC-MS/MS analysis was performed on a Waters
UPLC (I-Class)-MS (XEVO-G2QTOF) liquid mass spec-
trometry system using a Waters ACQUITY UPLC BEH-
C18 column (1.8 pm X 2.1 mm X 100 mm). The column



Wang et al. Animal Diseases (2024) 4:42

temperature was set at 40°C, and the sample injection
volume was set at 5 pL. The flow rate was set to 0.3 mL/
min. The mobile phase consisted of 0.1% formic acid
aqueous solution (A) and 0.1% formic acid acetonitrile
solution, and a multistep linear gradient elution proce-
dure was used. During each acquisition cycle, the mass
acquisition range was 50—1,500 Da, the spray voltage was
3.0 kV (positive) or -2.7 kV (negative), the capillary tem-
perature was 400°C, the sheath gas flow rate was 800 L/h,
and the auxiliary gas flow rate was 50 L/h. UNIFI data-
base software was used to match the methods (Table 2).

Network pharmacological analysis

On the basis of the compositional assay results above, the
top 9 active ingredients in SJD were screened out, and they
were searched in the PubChem database (https://pubch
em.ncbi.nlm.nih.gov/) to download the 2D model and
canonical SMILES of each compound (Kim et al. 2019).
Using the Swiss target prediction module of the Swiss
ADME platform (http://www.swisstargetprediction.ch/),
the canonical SMILES of each compound was imported
to obtain the predicted target and common name of each
compound (Daina et al. 2019).

The potential targets related to ‘chi’ (or ‘qi’) and ‘yin’
were collected from the GeneCards database (https://
www.Genecards.org/) and the OMIM database (https://
www.omim.org/). Venn diagrams were used to intersect
the targets of SJD action with those related to ‘chi’ and
‘vin’ diseases to obtain the intersecting targets of SJD
and chi and yin. The targets were uploaded to the String
platform (https://cn.string-db.org/) for visual mapping
to obtain protein-protein interaction (PPI) information
(Crosara et al. 2018). With Cytoscape (V. 3.9.1) soft-
ware, the overlapping targets and predicted related tar-
gets were queried via the CytoNCA plug-in to obtain the
betweenness value, which was used as a reference for fur-
ther screening and mapping of the core targets. The over-
lapping genes were imported into the DAVID database
(https://david.ncifcrf.gov/). The algorithm selected was
‘Official-Gene-Symbol, and the associated data from the
biological process (BP), cell component (CC), molecu-
lar function (MF) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) categories were exported (Kanehisa

Table 2 Gradient elution conditions

Time FlowRate (mL/min) %A %B
0 03 98 2
9 03 0 100
12 03 0 100
13 03 98 2
15 03 98 2
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et al. 2019; Shen et al. 2021). The results of the BP, CC and
ME categories of the top 15 terms in the Gene Ontology
(GO) analysis were visualized in a horizontal bar graph
with a color gradient in bioinformatics (http://www.bioin
formatics.com.cn/), and all pathways in the KEGG path-
way analysis were visualized in a bubble diagram.

Molecular docking validation

The 3D structures of the proteins were obtained from the
Protein Data Bank (PDB) database (https://wwwl.rcsb.
org/), the 3D structures of the compounds were obtained
from the PubChem database, and molecular docking was
performed via SYBYL (Trepos Corporation, USA). After
the protein docking environment was prepared, dock-
ing pockets were discovered via the Site Finder mode,
compounds were imported into SYBYL, induced fit was
selected, and the number of docking attempts was set to
60 to display only the highest-scoring results.

Histological analysis

The preparation of tissue sections consisted of gradient
dehydration of paraformaldehyde-fixed tissues, followed
by paraffin embedding and sectioning with a microtome.
For H&E staining, the sections were first immersed in
xylene twice for 20 min each, then in anhydrous etha-
nol and 75% ethanol for 5 min each, and finally washed
with distilled water. The sections were then stained with
hematoxylin for 5 min and washed with distilled water.
This was immediately followed by treatment with 1%
hydrochloric acid in water for 3 s and then washing with
distilled water. The tissue was immersed in 0.7% ammo-
nia for 3 s, washed with distilled water, dehydrated in a
gradient of 85% ethanol and 95% ethanol, and finally
stained with eosin for 5 min. The excess stain was washed
off with distilled water, and the tissue was immersed in
anhydrous ethanol three times for 5 min each, followed
by n-butanol for 5 min and xylene for 5 min in that order.
The sections were air-dried and then blocked in neutral
resin.

For the IHC-stained sections, the procedure for
dewaxing was the same as that described above, and
the sections were washed with distilled water and then
placed in a repair cassette filled with citrate antigen
repair buffer (pH 6.0) for antigen repair in a microwave
oven for 8 min while the medium was heated until boil-
ing. Then, the mixture was allowed to warm for 8 min
and switched to medium-low heat for 7 min to prevent
excessive buffer evaporation. After natural cooling, the
slides were washed in phosphate buffer solution (PBS,
pH 7.4) on a decolorization shaker three times for 5 min
each. Then, the sections were incubated in 3% hydro-
gen peroxide solution for 25 min at room temperature,
protected from light, and then washed in PBS (pH 7.4)
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on a decolorization shaker three times for 5 min each to
block endogenous peroxidase activity. The sections were
shaken dry, coverslipped evenly with 3% bovine serum
albumin (BSA) and sealed for 30 min at room tempera-
ture. The sealing solution was gently shaken, the pri-
mary antibody diluted in PBS was added to the sections,
and the sections were incubated flat in a wet box at 4°C
overnight. The next day, the sections were placed on a
destaining shaker in PBS (pH 7.4) three times for 5 min
each to block endogenous peroxidase. On the following
day, the sections were washed three times in PBS (pH
7.4) on a decolorizing shaker for 5 min each time, dried,
covered with a secondary antibody (HRP-conjugated) of
the same genus as the primary antibody and incubated
for 50 min at room temperature. The color development
time was monitored under a microscope, and develop-
ment was stopped by rinsing the sections with tap water
when the positive color was brownish-yellow. The sec-
tions were incubated with hematoxylin for approxi-
mately 3 min, rinsed with tap water, differentiated with
hematoxylin differentiation solution for a few seconds,
rinsed with tap water, returned to blue with hematoxy-
lin blue return solution and rinsed with running water.
The sections were sequentially placed in 75% alcohol
and 85% alcohol for 5 min each, and then the process
was repeated in anhydrous ethanol and xylene twice for
5 min each. The sections were then removed from the
xylene to dry slightly and were sealed with neutral gum.
The prepared sections were analyzed under a micro-
scope (BX53, Olympus Corporation, Japan).

Acute oral toxicity test

The experiment started after 7 days of acclimatization.
Ten female and ten male rats were used in the experi-
ment. The rats were fasted for more than 16 h before dos-
ing, and the total dose was 30.0 g/kg. Three doses were
administered at intervals of 1 h. The rats were observed
once before dosing, closely observed for 3 h after dos-
ing, and then further observed for 14 days. The mortality
rates of the rats and the conditions of the skin, fur, eyes,
mucous membranes, secretions, and excretions, as well
as changes in respiration, circulation, and the autonomic
and central nervous systems, were recorded. Presence
symptoms such as tremors, convulsions, salivation, diar-
rhea, lethargy and coma were observed. At the end of the
test, necropsies were performed on all surviving animals
and those that were found dead during the test. During
necropsy, the body surfaces of the animals were visually
inspected for abnormalities in all body orifices, head,
chest, abdomen, pelvis, etc., and their contents were
recorded. Vital organs such as the heart, liver, spleen and
lungs were examined for lesions, and tissue sections were
prepared for further examination.
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Data analysis

All the data in this study were analyzed with Graph-
Pad Prism (8.0.2) via one-way ANOVA. The values are
expressed as the means + standard errors. Image visuali-
zation was performed through platforms such as bioin-
formatics, Flourish and Venny 2.1.
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