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ARTICLE INFO ABSTRACT

Keywords: Background: Guizhi Gancao Decoction (GGD), a classic formula in Traditional Chinese Medicine (TCM), is
Guizhi Gancao Decoction composed of Ramulus Cinnamomi (RC) and Radix Glycyrrhizae (RG). It is traditionally used to restore heart Yang
Anti-cold activity and promote Qi transformation. However, its anti-cold effects, underlying mechanisms, and primary active
Brown adipose tissue components remain to be fully elucidated.

PPARy pathway
Network pharmacology
Thermogenesis

Objective: To investigate the anti-cold activity of GGD, identify its primary active components, and further ex-
plore its underlying mechanisms.
Methods: Mice were randomized into six groups (n = 10): control (no cold exposure), model (cold exposure),
Miglitol (50 mg/kg, cold exposure), and three GGD groups (1, 2, 4 g/kg, cold exposure). After 21 days of
treatment, body temperature and athletic performance were assessed. The main components of GGD were
identified using HPLC-Q-TOF-MS, and network pharmacology was employed to analyze key compounds, targets,
and biological processes. The pivotal signaling pathway was experimentally validated.
Results: GGD significantly alleviated hypothermia induced by cold exposure, while reducing total cholesterol,
lipid droplets, mitochondrial membrane potential, and Adenosine

Triphosphate (ATP) production in brown adipose tissue (BAT). Additionally, GGD significantly upregulated
the expression of Uncoupling protein 1 (UCP1) and its upstream regulator, Peroxisome proliferatoractivated
receptor y (PPARY).
Conclusions: Administration of GGD maintains core body temperature during cold exposure by activating BAT
via the PPARy signaling pathway. The key compounds licochalcone D, hispaglabridin A, and cinnamic acid
target PPARy, UCP1, and Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGCl-a) re-
spectively, regulating fatty acid oxidation and lipid metabolism. These compounds contribute to enhanced
thermogenesis via PPARy pathway. The prescription has the potential to be developed as a medicine for in-
creasing thermogenesis in cold conditions.

Introduction exploration in alpine regions.” The long duration of the disease, complex
treatment, and high disability rate make frosbite prevention a critical task.

Frostbite refers to tissue damage caused by a drop in body or local In mammals, adaptive thermogenesis is regulated by two main
temperature due to exposure to the cold environments or prolonged low mechanisms, shivering and non-shivering thermogenesis (NST).? In
temperatures.' It is a common condition among individuals involved in shivering thermogenesis, temperature-sensitive neurons in the cervical
winter military operations, scientific research, mountaineering, and spinal cord respond to cold stimulation causing opposing muscles to
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Fig. 1. Experimental design and GGD potency in a cold environment. (A, B) Dose and experimental scheme. (C, D) The core body temperature and shell temperature
after acute cold exposure in —20°C for 60 min. (E, F) The core body temperature and shell temperature of cold-adapted mice after cold exposure in —20°C for

120 min. Data were presented as mean + SEM analyzed by one-way ANOVA (n = 10) and Turkey post-tests. *p < 0.01 vs; Model group *** p < 0.001 vs; Model

group, ### p < 0.001 vs. Control group. GGD, Guizhi Gancao Decoction.

contract without load, thereby converting chemical energy into thermal
energy without physical exercise. However, shivering can impair
movement.” In contrast, NST is primarily triggered by a cold sensation
from the skin and involves non-muscle contraction, which does not
interfere with movement. During acute cold exposure, NST-mediated
metabolic activity accounts for approximately one-third of total body
heat production, making it a more effective, comfortable, and sustain-
able thermogenesis mechanism.”>

In the thermogenic organs, Brown adipose tissue (BAT) is a unique
type of fat that consumes energy to generates heat, playing a crucial role in
NST and resistance to hypothermia in mammals.® The biological function
of BAT is primarily regulated by the sympathetic nervous system. In the
mitochondrial membrane, Uncoupling protein 1 (UCP1) catalyzes H* to
return directly to the mitochondrial matrix through specific channels,
which dissipates the H" transmembrane potential gradient, reduces the
mitochondrial membrane potential, and uncouples oxidation from phos-
phorylation, ultimately dissipating energy as heat without generating
ATP.” Miglitol and other diabetes medications have been reported to in-
crease expression in mice fed a high-fat diet.>” In this study, miglitol was
used as a positive control to stimulate UCP1 expression.

Guizhi Gancao decoction is a well-known classical formula in
Traditional Chinese Medicine (TCM) consisting of two medicinal herbs,
as recorded in the Treatise on Febrile Diseases. The two herbs are
Ramulus Cinnamomi (RC, Cinnamomum cassia (L.) J.Presl, [Lauraceae])
and Radix Glycyrrhizae (RG, Glycyrrhiza glabra L, [Fabaceae]).
According to TCM theory, RC has a sweet and warm property that re-
inforces heart Yang. Yang-tonifying herbs tend to boost body function
possibly through enhancing the mitochondrial oxidative processes,'’
which makes RC the main medicine of this recipe. Qi (vital energy) is
regarded as a driving force of biological activities in the human body,
including both nutrient substances and organ functions.'' The RG, as a
Qi-tonic herb, acts as the assistant of RC and plays a role in mi-
tochondrial ATP generation.

Cinnamon (Cinnamomum cassia) is the dried bark of the Cinnamon
tree (C. cassia). Its pungent, hot, and sweet properties make it parti-
cularly effective for revitalizing the fire element, fostering Yang energy,
dispersing chill, and warming meridians.'” This herb is commonly used
to treat cold syndromes. Cinnamaldehyde and cinnamic acid are the
primary active components of cinnamon. Recent studies have reported
that cinnamaldehyde improves adipose tissue function by reducing
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visceral fat deposition, promoting lipolysis, fatty acid oxidation, and
thermogenesis.'> ' However, the cold-resistance effect of cinnamic
acid remains to be further investigated. Glycyrrhiza is the dried root
and rhizome of the Glycyrrhiza uralensis.'® Its active components in-
clude licorice include polysaccharides, flavonoids, and triterpenoids.
Studies have shown that glycyrrhiza flavonoids may play contribute to
weight loss by promoting energy expenditure,’” while the mechanism
of the cold-resistance activity and its effect on the thermogenic protein
levels in BAT remain unclear. Thus, this study aims to verify the ther-
mogenic activity of GGD in a cold environment and explore its me-
chanism through network pharmacology analysis.

Materials and methods
Preparation of Guizhi Gancao decoction

According to the preparation recorded in "Treatise on Febrile
Diseases", 7kg of cinnamon (No. 180501, Bozhou Sanfeng
Pharmaceutical Co Ltd., China) and 3.5kg of licorice (No. 180901,
Bozhou Sanfeng Pharmaceutical Co Ltd., China) were weighed and
soaked in 10 times weight water for 30 min. The soaking liquid was
decocted for 1.5h in the TCM extraction tank. Then the filtered liquid
residue was extracted again for 1h. The filtrate was concentrated to
3200 mL (3700¢) in a low-temperature thickener, filtered through a
No.3 sieve (0.355 mm), and stored the filtrate at —80°C. After vacuum
freeze-drying, each gram of dry powder GGD is equivalent to 11.835¢
of crude herb. GGD liquid is dissolved in purified water. The positive
control drug miglitol was purchased from Weiao Pharmaceuticals
(Sichuan) Co., Ltd., China.

Animals and administration

C57BL/6 J male mice were purchased from the animal center of the
General Hospital of Northern Theater Command. Mice were randomly
allocated into six groups (n = 10), control (vehicle i.g without cold
exposure), model (vehicle i.g with cold exposure after day 15th),
Miglitol (50 mg/kg b.wt. per day with cold exposure after day
15th),>'®'? and GGD groups (1, 2, 4 g/kg b.wt. with cold exposure
after day 15th) (Fig. 1A). The dose of GGD in the low-dose group (1 g/
kg b.wt.) was equivalent to the adult's dose recorded in the ancient
prescription. GGD was oral administered for 15 days before cold ex-
posure. Mice in the control and model group were administered pur-
ified water. All mice were housed at room temperature with a 12- h
light-dark cycle and fed chow and water ad libitum. Weight was re-
corded on alternate days.

Cold exposure experiment

The dose of GGD in the low-dose group was equivalent to the daily
dose of clinical adults recorded in the ancient prescription. A pre-
liminary 14-day cold exposure experiment shows mice in the GGD
group had significantly higher core body temperatures than the model
group. Therefore, here we administrated GGD for 14 days continuously
and implement acute cold exposure experiments on day 14th in —20°C
for 60 min. Then continue cold acclimation training in —20°C for a
week ( 30 min per day ) . On day 22nd, the cold-adapted mice were
exposed to a cold experiment in —20°C for 120 min and behavioral tests
were taken. The experiment process in vivo is shown in Fig. 1B.

Measurements of temperature

Rectal temperature (core body temperature) was measured with
a mice thermometer before and after cold exposure. After the mice
were fixed, the probe of the thermometer was gently inserted into
the rectum for about 1.5cm, and record the thermometer read-
ings.”” Mice were fasted 12h before the experiment.21 Surface
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temperature was measured by a digital infrared camera (FLIR E5,
FLIR Systems, Japan).

Motor ability test of mice after cold exposure

Mice underwent running behavior training on day 16 and swimming
behavior training on day 18. An electric shock applied at one end of the
treadmill forced the mice to quickly run to the other side. The swim-
ming training was conducted in a water maze, where the swimming
distance in a 1.2-meter-diameter pool was recorded and measured using
behavior recorder. After swimming, the mice were placed on a dry,
fluffy pad to dry their fur. On day 21, the shortest time required for the
mice to cross a 1-meter-long track at 24°C was recorded. Afterward, the
mice were explored to —20°C for 30 min following GGD administra-
tion. After 120 min of cold exposure at —20°C, the shortest time for
mice to cross the 1-meter track was recorded again. On day 22, the
distance swum by the mice in the water maze tank within 1 min before
administration was tracked using a small animal movement tracking
system. After 30 min of oral administration, the mice were again ex-
plored to —20°C. Following 120 min of cold exposure, the swimming
distance for 1 min in the water maze tank was measured again. The
motor ability of the mice was statistically analyzed before and after cold
exposure. After the behavioral experiments, the mice were euthanized
using an overdose of pentobarbital (150 mg/kg).

The main components analysis in GGD by HPLC-Q-TOF-MS

For the chromatographic conditions, aThermo-C18 column (4.6 mm
X 250 mm, 5 pm) was used, and the mobile phase consisted of 0.1%
formic acid aqueous solution (A) and acetonitrile (B). The gradient
elution scheme is shown in Table 1. The flow rate was 0.6 mL/min, with
a column temperature of 25°C. Detection wavelengths were 254 nm,
283 nm, and 360 nm, and the sample injection volume was 10 pL. For
the Mass spectrometry, an electrospray ionization source was used in
negative ion scanning mode. The drying process was carried out at
350°C with a gas flow rate of 10 liters per minute, while the ion source
temperature was maintained at 320°C. The atomization gas pressure
was set to 40 psi, equivalent to 275.8 kPa (using the conversion factor
of 1 psi = 6.895 kPa). Additionally, the capillary voltage was precisely
regulated at 3500 V. The main components of GGD were identified by
HPLC-Q-TOF-MS based on retention time, [M-H] molecular weight,
and mass spectral intensity. The composition of the volatile oil from
cinnamon was determined using positive ion MS. The molecular weight
and SMILES structures of the compounds were searched in the Drug-
Bank database (https://www.drugbank.ca/), leading to the inference of
49 major components.

Network pharmacological analysis

The compound targets were collected from the STICH (http://stitch.
embl.de/) and SwissTargetPrediction databases (http://
swisstargetprediction.ch/), as well as relevant literature sources, spe-
cifically focusing on the main ingredients in GGD. Subsequently, a
compound-target network was constructed in Cytoscape software
(Version 3.7.2). Targets associated with thermogenesis and energy

Table 1

HPLC gradient elution mode.
Time (min) A (%) B (%)
0 85 15
10 80 20
35 75 25
55 70 30
65 60 40
90 35 65
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metabolism-related diseases were systematically retrieved from the
DisGeNET and GeneCard databases, and the disease-target network was
constructed. The overlapping targets identified within the two networks
were designated as candidate targets to construction of both the com-
pound-target-disease network and the protein-protein interaction (PPI)
network. The PPI network was then leveraged to analyze key targets
based on their degree values, with the corresponding compounds re-
lated to these targets being selected as key compounds. Furthermore,
Gene Ontology Biological Process (GOBP) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis were performed
on the candidate targets to speculate the pivotal biological processes
and signaling pathways underlying the mechanisms of GGD.

Measurement of ATP production in BAT

Briefly, freshly extracted BATs from mice immediately post-cold
exposure, excluding the blank control group, were homogenized using
tissue lysis buffer. Moreover, the ATP concentration was measured by a
commercial ATP Assay Kit (Catalog No. S0026; Beyotime) following
manufacture’s protocol.

Western blotting analysis

The protein of BAT was collected and homogenized in RIPA lysis buffer
(Beyotime, P0013C), which was supplemented with protease inhibitor
(Beyotime, P1005) and Phenylmethylsulfonyl fluoride (PMSF) (Beyotime,
ST507), using a Dounce homogenizer. This homogenate was maintained
on ice for 30 min, followed by centrifugation at 120,000 g for 15 min at
4°C. The supernatant was transferred to a new EP tube for protein quan-
tification with BCA kit (Biosharp, BL521A), dilute all proteins to 2 pug/uL
with SDS-PAGE sample loading buffer (Beyotime, PO015). These protein
samples (30 ug) were loaded onto SDS-PAGE gels for separation, subse-
quently transferred onto polyvinylidene fluoride (PVDF) membranes, and
then incubated overnight with 5% BSA at 4°C for effective blocking and
sealing of the membranes. The corresponding primary antibodies (UCP1,
Wanleibio, WL02625; PPARy, Wanleibio, WL01800; PGC1-a, Wanleibio,
WL02123; and a-tubulin, Wanleibio, WL02296) and secondary antibodies
(Proteintech, RGAR0O1; Proteintech, RGAMO001) were incubated in se-
quence. Protein strips were developed and photographed, with protein
expression levels quantitatively evaluated by gray analysis.

Statistical analysis

The experimental data were statistically analyzed using GraphPad
Prism 9 (GraphPad Software, San Diego, CA, USA). One-way ANOVA or
two-way ANOVA, along with the Turkey or Bonferroni method, were
used for post-multiple comparisons. The experimental results were ex-
pressed as Mean + SEM, with p < 0.05 indicating statistical sig-
nificance. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group;
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. the model group
(Schematic diagram is shown in Fig. 2).

Results
The thermogenic activity of GGD after cold exposure in mice

Acute cold exposure poses a life-threatening risk of hypothermia for
individuals without cold adaptation. To investigate the thermogenic
activity of GGD after 14 days of the administration, all groups except
the blank control were subjected to 60 min acute exposure to —20°C
(Fig. 1A-B). Notably, the core body temperature of mice in the middle-
and high-dose GGD groups was significantly higher than that of the
model group during cold exposure. Moreover, infrared thermal images
displayed a more extensive red area on the body surface of mice ad-
ministered GGD, indicating a higher body surface temperature (Fig. 1C-
D). This experiment proved that GGD significantly prevents the drop in
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both core and surface temperatures caused by cold exposure, effectively
maintaining body temperature in cold environment in a dose-depen-
dent manner.

To more accurately mimic the conditions faced by people residing in
cold regions during winter and explore the thermogenic activity of GGD
on cold-adapted mice in a cold environment, mice were given daily 30-
minute cold adaptation training at —20°C from day 14-21 of drug
administration. Subsequently, on day 22, a more severe 120-minute
cold exposure test at —20°C was conducted, with monitoring of both
core body temperature and surface temperature. As shown in Fig. 1E-F,
GGD, regardless of concentrations, significantly mitigated the drop in
body surface temperature caused by cold exposure (p < 0.001) com-
pared to the cold exposure model group. These findings indicated that
GGD could maintain both core and surface body temperature after cold
adaptation.

Effect of GGD on the exercise ability and peripheral circulation of mice after
cold exposure

In previous experiments, it was observed that the exercise capa-
city of mice decreased significantly with prolonged cold exposure,
which is crucial for maintaining physical performance in cold en-
vironment.'® To explore the difference in physical performance be-
tween groups exposed to cold, we recorded the time expended for
mice to run across a 1-meter track and the swimming distance in a
water maze pool over 1 min on the day 22 of administration, both
before and after 120 min of cold exposure at —20°C. As shown in
Fig. 3A-B, after cold exposure, the running speed and swimming
distance of the cold exposure model and miglitol group were sig-
nificantly reduced compared to pre-cold exposure controls, in-
dicating a notable limitation in their movement ability. While there
was no significant difference in running (p >0.05) and swimming
ability (p > 0.05) before and after cold exposure in the GGD groups.
In conclusion, compared to the cold exposure group, GGD can ef-
fectively maintain mice motor abilities under cold conditions.

After repeated cold exposure, mice in the cold-adapted group ex-
perienced tail swelling and necrosis due to disrupted peripheral circu-
lation, vascular endothelial damage, and increased vascular perme-
ability. These changes caused plasma extravasation and the release of
inflammatory factors."® In this study, we explored the protective effect
of GGD on peripheral circulation in a cold environment by measuring
the length of non-necrotic tail segments across groups. As shown in
Fig. 3C, both miglitol and GGD significantly alleviated cold-induced
damage to extremities of mice in a dose-dependent manner. Notably,
GGD at 1 g/kg b.wt. exhibited a protective effect similar to miglitol,
whereas GGD at 4 g/kg b.wt. provided the greatest protective effect.

Identification of the main components of GGD

HPLC-Q-TOF-MS analysis chromatogram of GGD is shown in Fig. 4.
The total ion flow in negative ion mode is presented in Fig. 4A, while
the chromatograms at detection wavelengths of 254 nm and 283 nm are
displayed in Fig. 4B-C, respectively. Based on the molecular ion peak
[M-H]" molecular weight analysis from mass spectrometry, 49 com-
pounds were identified by comparing with literature (Supplementary
table 1). GGD contains numerous flavonoids and triterpenoids in GGD,
which have been confirmed to play a role in regulating energy meta-
bolism.**%*

The thermogenic effect of GGD analyzed by network pharmacology

First, we constructed a Compound-Target network. By searching
Swiss Target Prediction and STITCH databases, 114 targets of 24
compounds in GGD were screened out, and 29 pairs of compound-target
relationships were added according to the literature. Additional targets
and references are shown in Table 2. A total of 24 compounds and 128
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Fig. 2. Schematic diagram.

targets were imported into Cytoscape software to construct a com-
pound-target network (Fig. 5A). According to the network degree
analysis, catechuic acid, glycyrrhiza A, afzelin, cinnamic acid, glycyr-
rhiza chalcone D, etc., may play crucial roles in the thermogenic effect
of GGD. Additionally, AKR1[3, CEBPa, PPARY, etc., emerged as the key
targets (Table 3).

Second, a disease-target network was constructed. The genes re-
lated to thermogenesis, obesity, cold intolerance, metabolic
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syndrome, type 2 diabetes, and cold were searched in DisGeNET and
GeneCard databases. After screening, 261 disease-related targets and
379 correlation pairs were identified. Disease-target information was
input into Cytoscape software to create the disease-target network
for GGD (Fig. 5B). Based on the disease-target network analysis,
UCP1, PPARy, and PGC1-a were identified as potential key targets
for the cold-resistant effects of GGD (Table 4), though further ana-
lysis and validation were required.
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Fig. 3. GGD could maintain the athletic ability and peripheral circulation in a cold environment. (A) The time mice took to cross a 1 m-long track. (B) The distance
mice swim for 1 min. (C) The tail lengths of mice after frequency cold exposure Data were presented as mean + SEM by two-way repeated measure ANOVA and
Bonferroni post-tests. N = 7-9, * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the time cost or distance before cold exposure or compared with Model group.
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Fig. 4. HPLC-Q-TOF-MS analysis. (A) The total negative ion current of GGD. (B, C) The HPLC image detected at 254 nm, 283 nm.

Third, we constructed and analyzed the compound-target-disease
network. According to the common targets between the compound-
disease network and disease-target network, we developed the com-
pound-target-disease network (Fig. 5C-D) and PPI network (Fig. 5E),
with the latter constructed using STRING (Fig. 5F). According to the
degree values in the Protein-protein interaction network (PPI) network,
PPARy, PGCl-a, and UCP1 may be the key targets contributing to the
cold resistance properties of GGD.

Next, GOBP analysis and KEGG analysis were performed. The tar-
gets from the compound-target-disease network were input into the
David database, and the top 13 biological processes were identified
based on -logl0 P values (Fig. 5G-I). These results suggested that the
key biological processes through which GGD exerts its thermogenic
effect in a cold environment induced promoting brown fat differentia-
tion, fatty acid oxidation, and lipid metabolism. The targets in the
compound-target-disease network were then imported into the KEGG
database, where 9 key signaling pathways were screened out based on P
values. Among these, the thermogenic and PPAR pathway may be cri-
tical for GGD's role in promoting fatty acid oxidation and lipid meta-
bolism, thereby increasing heat production and enhancing cold re-
sistance.

Effect of GGD on lipid metabolism in mice

Thermogenic regulation is often accompanied by changes in energy
metabolism. To explore the effect of GGD on lipid metabolism, bio-
chemical indexes of serum collected after cold exposure were tested. As
shown in Fig. 6A-B, total cholesterol (TC) was significantly reduced in
the cold exposure model group compared to the blank control group
(p < 0.01). Furthermore, the TC levels were significantly lower in the
miglitol group (p < 0.05) compared with the cold exposure group,
with an even more pronounced reduction observed in medium- and
high-dose GGD group (p < 0.01). However, no significant differences
in total triglyceride (TG) levels were found among all groups. In

mammals, BAT is activated by cold or drug stimulation, leading to a
reduction in adipocyte size and fat droplet volume, resulting in a
multicellular morphology that provides substrates for mitochondrial
thermogenesis. As shown in Fig. 6C, the cold exposure model group
displayed a decrease in brown adipose cell and fat droplet volume
compared to the blank control group, suggesting that cold exposure
promotes BAT activation and thermogenesis. Lipid droplet volume
significantly decreased in the miglitol group, and a similar reduction
was observed in the medium- and high-dose GGD groups, where BAT
exhibited a more pronounced multicellular morphology, facilitating fat
mobilization and utilization. These results demonstrate that GGD re-
duces serum total cholesterol levels, promoted the BAT activation, and
accelerated metabolism, ultimately contributing to increased heat
production.

Effect of GGD on mitochondrial membrane potential and ATP content in
BAT

In the proton leakage hypothesis, the mitochondrial membrane
potential associated with thermogenesis is reduced, resulting in the
uncoupling of oxidative phosphorylation and the transformation of
energy to heat without ATP production.®’ To investigate the effect of
GGD on the mitochondrial membrane potential of BAT, the total mi-
tochondria were purified and isolated from fresh tissue samples ob-
tained after cold exposure, and the mitochondrial membrane potential
test was performed by the JC-1 detection kit. As shown in Fig. 6D, the
red fluorescence intensity of mitochondria in the blank control group
and the cold exposure model group was stronger, while the green
fluorescence intensity was weaker, demonstrating a significant differ-
ence between these two groups (p < 0.05). While there was no sig-
nificant difference in the intensity of red fluorescence and green
fluorescence in BAT mitochondria of mice treated with GGD. The ratio
of red to green fluorescence was shown in Fig. 6E. Compared with the
cold exposure model group, the BAT mitochondrial membrane potential

Table 2

Complementary targets from articles.
Compound number Compound name Target Reference
31 Liquiritigenin AMPK, ACC 26
15 Licoisoflavanone ACOT1, APOA4 27
12 Licochalcone D UCP1, PRDM16, PGC, ERK1/2, AKT, PPARG, AP2, CEBPA 28,29
47 Cinnamic acid UCP1, PRDM16, PGC, CIDEA, PPARG, PRDM16, CEBPA 29
46 Hispaglabridin A SREBP1C, PPARG, FAS 30
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Fig. 5. The thermogenic mechanism of GGD analyzed by network pharmacology. (A) Compound-target interaction network. The green nodes represent the con-
stituent compounds contained in GGD; the red nodes represent the associated protein targets. (B) Target-disease interaction network. The blue nodes represent the
diseases related to thermogenesis; the red nodes represent the associated proteins of targets. (C-F) Compound-target-disease network analysis. (C) Shared targets in
the Compound-target interaction network and the Target-disease interaction network. (D) Compound-target-disease interaction network. The green nodes represent
the constituent compounds contained in GGD; the blue nodes represent the diseases related to thermogenesis; the red nodes represent the associated proteins of
targets. (E) Protein-protein interaction (PPI) network made by STRING. (F) Degree analysis of PPI network. (G-H) Gene ontology biological process analyzed by

DAVID. (I) Key KEGG pathways.

Table 3

Key compounds and key targets in the compound-target interaction network.
Compound Degree Target Degree
Catechin 20 AKR1B1 5
Liquiritigenin 20 CEBPA 3
Afzelin 19 PPARG 3
Hispaglabridin A 14 CA12 3
Cinnamic acid 14 CA4 3
Ononin 11 CA7 3
Formononetin 11 UGT1A1l 3
Cinnamaldehyde 10 UGT1A10 3
Coumestrol 10 UGT1A8 3
Licochalcone D 8 PPARGCIA 2
Cinnamyl alcohol 5 PRDM16 2
Gancaonin N 3 UCP1 2
Gancaonin B 3

Table 4

Key targets in the target-disease interaction network.
Disease Degree Target Degree
Diabetes 101 UCP1 6
Obesity 71 PPARG 5
Cold 70 PPARGCIA 5
Cold Intolerance 53 INS 5
Thermogenesis 44 ADIPOQ 5
Metabolic Syndrome X 40 IL6 5

PPARA 5

in the high-dose GGD group (4 g/kg b.wt.) was significantly lower
(p < 0.05). These results indicated that GGD could decrease the mi-
tochondrial membrane potential of BAT in cold-exposed mice.

In the proton leakage hypothesis, the reduction of mitochondrial
membrane potential leads to the uncoupling of oxidative phosphor-
ylation, resulting in a decrease in intracellular ATP production. To in-
vestigate the potential thermogenic mechanism of GGD, the ATP con-
tent in BAT was detected. As shown in Fig. 6F, although ATP content
was lower in the cold exposure model group compared to the blank
control group, this difference was not statistically significant
(p = 0.05). However, both the miglitol and the high-dose GGD group
(4g/kg b.wt.) could significantly reduce the ATP content in BAT
(p < 0.05). These results indicated that GGD could promote the un-
coupling of the mitochondrial oxidative respiratory chain by reducing
mitochondrial membrane potential and ATP generation, and promote
the conversion of energy into heat, thus exerting the thermogenic ef-
fect.

Effect of GGD on expression of key protein in heat production

The network pharmacological analysis indicated that the key targets
for the thermogenic effect of GGD were UCP1, PPARy, PGC1-q, etc., so
the expression levels of key heat-producing proteins in BAT of mice
were verified by Western-blot. UCP1 is a key protein involved in the
uncoupling of the respiratory chain in mitochondria and plays a role in
heat generation.>” PPARy and PGC1-a are upstream proteins of UCP1,
which are responsible for regulating the expression of protein pathways
in energy metabolism.>” The protein expressions of UCP1, PPARy, and
PGCl-a in BAT were shown in Fig. 6G-J. The protein expression of

UCP1 was significantly increased after cold adaptation across different
treatment groups, especially in the high-dose GGD group. PPARY levels
in the BAT of GGD-treated mice was significantly higher than that in the
cold exposure model group (p < 0.01) in a dose-dependent manner.
The expression levels of PGC1-a in BAT of medium-dose and high-dose
GGD groups were significantly higher than those of the blank control
group, but there was no significant difference compared to the cold
exposure model group. Overall, these results suggested that GGD could
promote intracellular fat mobilization and utilization by upregulating
PPARy and its downstream protein UCP1 in BAT, thereby enhancing
thermogenesis through mitochondrial respiratory chain uncoupling.

Discussion

As one of the most renowned classical formulas in TCM, GGD ex-
emplifies Zhang Zhongjing’s theory of Xin Gan Hua Yang (pungent and
sweet flavors transforming into Yang). This theory refers to the com-
patibility of a pungent-flavored herb with a sweet-flavored herb to
generate and invigorate Yang Qi.>* Here, Yang and Qi denote the es-
sential Qi of organs, serving as the material foundation of human vital
activities and the driving force for bodily functions.®® In modern
medicine, the concept of "energy" aligns with this interpretation, as
energy is recognized as the impetus of life. Mitochondria are re-
sponsible for over 95% of bodily energy production and play a pivotal
role in sustaining life and vitality. Thus, the TCM concept of Yang Qi
can be analogized to "energy" in modern medicine, providing a theo-
retical basis for investigating the effects of GGD on energy metabolism.

The thermogenic function of BAT is based on the uncoupling of
oxidative phosphorylation from ATP production, an evolutionary me-
chanism for thermoregulation during cold exposure.’® UCP1, a key
regulator of cold-induced thermogenesis, plays an irreplaceable role in
this uncoupling process.3 UCP1 is localized on the inner mitochondrial
membrane of brown adipocytes. Studies have demonstrated that Ucp1-
knockout mice fail to maintain core body temperature and develop
hypothermia upon acute cold exposure.>” The catabolism of fatty acids
and glucose provides energetic substrates for the thermogenic pro-
cess.”® Although the reduction in mitochondrial membrane potential
may affect mitochondrial function, it does not necessarily impair mi-
tochondrial activity, owing to the self-repairing and adaptive capacities
of mitochondria.*”

As a TCM preparation, GGD exhibits distinct advantages over
single-agent UCP1 activators (e.g., miglitol) and individual herbal
components (cinnamon/glycyrrhiza). CL-316,243 is a well-re-
cognized UCP1 agonist that effectively preserves core body tem-
perature in cold environments. However, its potent uncoupling ac-
tivity may induce hyperthermia, energy imbalance, metabolic
disorders, and even cellular necrosis and organ damage. Among
clinically approved drugs, retinoids have been verified to activate
UCP1 efficiently,’~** whereas these compounds are associated with
adverse effects such as retinoic acid syndrome, which can be fatal in
severe cases.”” In addition, miglitol and other antidiabetic agents
have been reported to upregulate UCP1 expression in mice fed a
high-fat diet.®” In the present study, miglitol was used as the positive
control; nevertheless, it elicits prominent gastrointestinal adverse
reactions including flatulence, diarrhea, nausea, and vomiting."* Our
findings demonstrated that GGD has a higher UCP1 activation effi-
ciency than miglitol, exerts a milder influence on exercise capacity
following cold exposure, and exhibits favorable safety profiles.



Z. Shen, X. Li, C. Yan et al. Precision Medication 3 (2026) 100077

A B 0.8

TG (mmol/L)
o o
P 9

TC (mmol/L)
£

N
o
[

1

0.0-

0~
Cold exposure - + o+ o+ o+ 4 Cold exposure - + o+ o+ o+ 4
Miglitol (mg/kg) - - 50 - - - Miglitol (mg/kg) - - 50 - - .
GGD (g/kg) - - - 1 2 4 GGD (g/kg) - - - 1 2 4
(o

Cold exposure - + +
Miglitol (mg/kg) - - 50 - - -
GGD (g/kg) . . = 1 2 4
-~ B
D 28 E 2820 Eqs
2 *k % B J-aggregates 9 s E
g 6 E= Monomer E g 15 _5 “
g 8o ]
S4 £3 1.0 2
3 22 g
] 2 2 s
2 5805 3
3 35
o i g B
0 F oo < 0
Cold exposure - + * * + + Cold exposure + + + + + Cold exposure - + + + + +
Miglitol (mg/kg) - - 50 - - - Miglitol (mg/kg) - 50 - - - Miglitol (mg/kg) - - 50 - - -
GGD (g/kg) - - - 1 2 4 GGD (g/kg) - ) 1 2 4 GGD (g/kg) - - - 1 2 4
G A
ucr [ < S — —— | >
PPARY | _— e — -“- | 57 kDa
¥ -
PGC-1a | T 90 kDa
a-Tubulin | | S— — e — —| 51 kDa
Cold exposure - + + + + +
Miglitol (mg/kg) - - 50 - - -
GGD (g/kg) - - - 1 2 4
H | J
1. b 1.5 ##
5 £ £ N\
3210 2 10 3 10 %
: : : -
= > 3
g 05 €, gos §
S a b \
0.0 0.0: N
Cold exposure - + + + + +  Cold exposure - + + + + + Cold exposure - + + + + +
Miglitol (mgl/kg) - - 50 - - - Miglitol (mg/kg) - - 50 - - - Miglitol (mg/kg) - - 50 - - -
GGD (g/kg) ) - - 1 2 4 GGD (g/kg) - - - 1 2 4 GGD (g/kg) - - - 1 2 4

Fig. 6. Mechanism verification of GGD thermogenesis. (A) Serum total cholesterol (TC). (B) Serum total triglyceride (TG). (C) H&E staining of BAT after GGD drug
intake and cold exposure in C57 mice. Sections were 100 pm thick and photomicrographs were taken at 400 X . (D) Fluorescence intensity of JC-1 aggregates and JC-
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aggregates and JC-1 Monomer. Data were analyzed by one-way ANOVA and Dunnett's Multiple Comparison Test. * p < 0.05 vs. Cold exposure group. (F) ATP
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In terms of the mechanism, PPARy, a nuclear receptor, acts as a key
transcription factor regulating adipose tissue function and plays a cri-
tical role in thermoregulation.’®**>*® PGCl-a, a nuclear receptor
coactivator of PPARYy, interacts with transcription factors to stimulate
mitochondrial biogenesis, enhance respiration, and improve mi-
tochondrial efficiency.”” PGC1-a serves as an essential regulator in the
thermogenic pathway of BAT and regulates several thermogenic fac-
tors.>>*”* In mice, PgcI-knockout impaired adaptive thermogenesis
regulation during cold stimulation.”® PGCl-a is the target gene of
PPARY, and enhances the transcriptional activity of PPARy through co-
activation, which in turn increases its own expression and promotes the
expression of PPARYy target genes. This creates a positive feedback loop
that amplifies the effects of both.?* Based on network pharmacological
analysis, the potential thermogenic effect of GGD under cold stimula-
tion may be associated with elevated biological activities and protein
expression of PPARy and PGC1-a, and subsequent activation of down-
stream thermogenic pathway, though further validation is required.

This study has several limitations: (1) The acute and chronic cold
exposure mouse models employed herein may not fully recapitulate the
process of long-term cold adaptation in humans. (2) Given the com-
plexity of traditional Chinese medicine components, although 49 in-
gredients were identified, no further refined experiments were con-
ducted to verify the necessity of individual components, and the
mechanism underlying the synergistic effect requires more in-depth
elucidation. (3) Regarding clinical translation, since the oral bioavail-
ability of GGD and the activation threshold of human BAT have not
been evaluated, subsequent studies should further validate these as-
pects using techniques such as PET-CT.

In summary, this study investigated the anticold effect of GGD. The
potential mechanism underlying its anticold activity was predicted via
component identification and network pharmacology, and subse-
quently validated by molecular biology approaches to clarify the bio-
logical pathways and key targets. These findings provide a novel the-
oretical basis for the development of TCM-based anticold agents. The
conclusions are as follows: (1) Regarding the anticold effect, GGD can
effectively maintain core body temperature, surface temperature, and
exercise capacity in mice under cold conditions, while protecting ex-
tremity tissues, which is attributed to its ability to enhance systemic
thermogenesis. (2) In terms of the anticold mechanism, under cold
stimulation, key compounds in GGD (including licochalcone D, glab-
ridin, and cinnamic acid) reduce lipid droplet volume and improve lipid
metabolism in mouse BAT, thereby providing substrates for mitochon-
drial energy metabolism. Furthermore, GGD upregulates the expression
of UCP1 and its upstream proteins PPARy and PGC-la in BAT, de-
creases mitochondrial membrane potential, and reduces ATP produc-
tion. This uncouples energy production from ATP synthesis, leading to
energy dissipation in the form of heat and enhanced thermogenesis,
which ultimately exerts the anticold effect. Collectively, it lays a new
theoretical foundation for the development of TCM thermogenic agents
for cold regions.

Conclusion

GGD exhibits significant potential in enhancing thermogenesis and
cold resistance. By boosting heat production and protecting peripheral
circulation, GGD effectively maintains core body temperature, surface
temperature, and motor ability in mice exposed to cold environments.
Key compounds in GGD, such as glycyrrhiza chalcone D, glycyrrhiza A,
and cinnamic acid, are predicted to enhance lipid metabolism by re-
ducing lipid droplet volume in brown adipose tissue, thereby fueling
mitochondrial energy metabolism. Additionally, GGD increases the
expression of UCP1 and its upstream regulator PPARy in BAT. This
upregulation culminates in a cascade of events, including the attenua-
tion of mitochondrial membrane potential, decreased ATP production,
and a concomitant surge in heat generation. These combined effects
contribute significantly to GGD’s cold resistance properties. These
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findings suggest that GGD has the potential to be developed as a ther-
apeutic agent for enhancing cold resistance. Further investigations are
required to validate these mechanisms in humans and to ensure the
safety and efficacy of GGD in clinical settings.
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