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Abstract

Background: Cold exposure is associated with metabolic alterations.
This study aims to investigate the effects and mechanisms of cold
exposure on liver metabolism through the integration of transcriptomics
and metabolomics. Methods: Liver tissues from mice exposed to cold
were subjected to RNA sequencing and liquid chromatography-mass
spectrometry (LC-MS) for transcriptomic and metabolomic profiling,
respectively. Differentially expressed genes (DEGs) and differentially
expressed metabolites (DEMs) were identified. mRNA expression
levels were validated by real-time polymerase chain reaction (RT-
PCR). Gene ontology (GO), Kyoto encyclopedia of genes and genomes
(KEGG), and Reactome enrichment analyses were performed. Finally,
transcriptomic and metabolomic data were integrated and analyzed.
Results: Cold exposure altered the transcriptomic and metabolomic
profiles in the liver in cold exposed mice. Enrichment analyses were of
DEGs and DEMs. Enrichment analyses of DEGs and DEMs revealed
that DEGs were involved in pathways such as the PI3K-Akt signaling
pathway, cytokine-cytokine receptor interaction, and cell adhesion
molecules. DEMs were enriched in pathways related to membrane
transport, nucleotide metabolism, and the metabolism of cofactors
and vitamins. The integration of transcriptomic and metabolomic data
identified several pathways potentially associated with cold exposure,
such as the PI3K-Akt signaling pathway. Conclusion: Cold exposure
alters liver transcriptomic and metabolomic profiles in mice. The
integrative analysis of transcriptomic and metabolomic data highlights
the complexity of the liver's response to cold exposure and identifies
potential targets for further investigation.
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1 Introduction

The climate or environmental temperature can significantly affect
human physiological status™.This is particularly concerning for the
health of individuals living in high-latitude regions, where winters
are long and temperatures can be extremely low.

Epidemiological studies have shown that people residing in
cold regions are more susceptible to certain diseases, such as
cardiovascular diseases and liver diseases””. A cross-sectional
study identified cold seasons as an independent risk factor for
metabolic-dysfunction-associated fatty liver disease (MAFLD)®.

Additionally, another study reported that the prevalence of MAFLD
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in northern China is 19% higher than that in southern China', a
phenomenon potentially associated with cold climate conditions
and regional lifestyle habits.

Furthermore, exposure to a cold environment can trigger a
harmful inflammatory response in the liver, potentially contributing
to hepatitis and other liver-related diseases. In a study involving
mice subjected to chronic cold stress, Liu et al. confirmed that
cold exposure induced liver cell apoptosis and pyroptosis, while
promoting the release of pro-inflammatory cytokines®. Conversely,
cold exposure has also been reported to have beneficial effects on
certain conditions. For example, a study found that cold exposure
improved insulin sensitivity in patients with type 2 diabetes', and



FRIGID ZONE MEDICINE

appropriate cold stimulation has been shown to alleviate muscle
soreness after exercise!”.

Cold exposure induces metabolic reprogramming, particularly
affecting the liver function. In response to cold stimulation, the liver
produces heat and releases glucose to maintain euglycemia and
core body temperature. Several preclinical studies have reported
a significant reduction in hepatic glycogen content in cold-ex-
posed rats®®. Xu et al. found that cold exposure upregulated the
expression of gluconeogenic genes in the liver, thereby enhancing
hepatic gluconeogenesis in male mice"”. In addition, untargeted
metabolomics has been employed to investigate the metabolic
changes induced by cold exposure in mice!""’. Certain genes, such
as uncoupling proteins 4 (UCP4) and UCP5, have been found
to be susceptible to dietary and temperature manipulations!?.
However, a comprehensive analysis of liver transcriptional and
metabolic changes in response to cold exposure remains lacking.

In this study, we comprehensively analyze cold exposure-induced
liver transcriptional and metabolic abnormalities in the liver by
integrating transcriptomic and metabolomic data.

2 Materials and methods
2.1 Animal model establishment and treatment

C57BL/6 mice (20-22g) were purchased from Liaoning Chang-
sheng Biotechnology Co., Ltd. (Liaoning, China). All mice were
randomly assigned to the control, day, and night groups. With
the same strain, age, and gender, the mice were maintained on a
standardized diet throughout the study. Mice in the control group
were housed at room temperature. In the day group, mice were
exposed to 12 h of light at 4°C, followed by 12 h of darkness
at room temperature. In contrast, mice in the night group were
subjected to the opposite conditions, experiencing 12 h of
darkness at 4°C and 12 h of light at room temperature. After
one month of treatment, physiological indicators were assessed,
and samples were collected. All experimental procedures were
approved by the Laboratory Animal Ethics Committee of Harbin
Medical University (IRB3057723).

2.2 RT-PCR analysis

Total RNA was extracted using TRIzol reagent (Takara, Japan).
The RNA was then reverse transcribed into cDNA using
ReverTra Ace gPCR RT kit (Toyobo, Japan). The RNA was then
reverse-transcribed into cDNA using the ReverTra Ace gPCR RT
kit (Toyobo, Japan). Quantitative PCR (QPCR) was performed on
an ABI 7500 Fast RT-PCR System (Applied Biosystems, USA)
using SYBR Green | (Toyobo, Japan). Relative gene expression

levels were calculated using the 2*°" method.
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The primer sequences used were as follows: Arntl forward
5'-CCAGGGTTTGAAGTTAGAGTCC-3', reverse 5-TGAAGTC-
GCTGATGGTTGAG-3', Cry1 forward 5'-AGGAGGACAGATC-
CCAATGGA, reverse AGGAGGACAGATCCCAATGGA;
Col1a1 forward 5'-TCCGGCTCCTGCTCCTCTTA, reverse
TCCGGCTCCTGCTCCTCTTA; Egf forward 5-TACTCAGCGT-
CACAGCATGG, reverse TACTCAGCGTCACAGCATGG; GAPDH
forward 5'-AAGAAGGTGGTGAAGCAGGC, reverse TCCACCAC-
CCTGTTGCTGTA.

2.3 Transcriptome analysis

RNA sequencing was performed on the lllumina Novaseq 6000
platform by Shanghai OE Biotech Co., Ltd. Sequencing results
were aligned to the reference genome using Hisat2 software!™.
Differentially expressed genes (DEGs) were identified based on
a log, fold change (FC) > 1 and P < 0.05. Hierarchical clustering
analysis of DEGs was performed using R (V3.2.0) to visualize
gene expression patterns across different groups and samples.

2.4 Metabolomics analysis

Raw liquid chromatography-mass spectrometry (LC-MS) data were
processed using Progenesis QI v2.3 software (Nonlinear Dynamics,
Newcastle, UK), including baseline filtering, peak identification,
integration, retention time correction, peak alignment, and normal-
ization. Metabolites were extracted from mouse liver tissue™. The
processed data matrix was imported into R for orthogonal partial
least squares-discriminant analysis (OPLS-DA) to distinguish
differential metabolites between groups. The overall contribution of
each variable to group discrimination was ranked based on variable
importance in projection (VIP) values obtained from the OPLS-DA
model. A two-tailed t-test was performed to determine the statistical
significance of between-group differential metabolites. Metabolites
with VIP > 1.0 and P < 0.05 were considered significant.

2.5 Enrichment analysis

Gene ontology (GO)"™ and kyoto encyclopedia of genes
and genomes (KEGG)"® pathway enrichment analyses were
performed on DEGs using a hypergeometric distribution approach.
Significantly enriched terms were identified using R (v3.2.0).
Graphs were also generated using R (v3.2.0).

2.6 Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed using the
GSEA software"”. This analysis uses predefined gene sets and
ranks genes based on their degree of differential expression
between the two sample groups. The predefined gene sets were
then assessed to determine whether they were significantly
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enriched at the top or bottom of the ranked gene list.

2.7 The integration of transcriptomics and metabo-
lomics

Transcriptomic and metabolomic data were considered correlated
if they accumulated in the same sample. DEG- differentially
expressed metabolite (DEM) - pairs with Pearson correlation
coefficients of P < 0.05 were selected for further analysis.
Correlation plots were generated for comparative analysis,
followed by KEGG pathway enrichment analysis. KEGG pathway
enrichment analysis was then performed. Additionally, homol-
ogous DEGs and DEMs were mapped to reference pathways in
the KEGG database to better understand their regulatory roles
within these pathways.
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2.8 Statistical analysis

All experimental results are expressed as mean * standard
error of the mean (SEM). Comparisons between groups were
performed using a t-test. A two-tailed P < 0.05 was considered
statistically significant.

3 Results

3.1 Identification of DEGs in the liver of cold-exposed
mice

The mRNA expression profiles of liver tissues were analyzed
using RNA sequencing. Hierarchical cluster analysis revealed
distinct gene expression patterns across the different groups
(Fig. 1A and B). DEGs were identified based on a log, FC > 1
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Fig. 1 Cold exposure alters gene expression profiles in the mouse liver
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(A) Gene expression heatmap between the control and day groups. (B) Gene expression heatmap between the control and night groups. (C) The volcano plots of

differentially expressed genes between the control and day groups. (D) The volcano plots of differentially expressed genes between the control and night groups. (E)

The number of DEGs between the control and night groups. (F) The number of DEGs between the control and day groups. (G) Radar Chart of differentially expressed

genes between the control and day groups. (H) Radar Chart of differentially expressed genes between the control and night groups. (I) AcotT mRNA expression in

the control and day groups. (J) Acot1 mRNA expression in the control and night groups. (K) Cry1 mRNA expression in the control and day groups. (L) CryT mRNA

expression between the control and day groups. CTL, control. P < 0.05. P < 0.01

and P < 0.05 (Fig. 1C and D). A total of 586 DEGs were identified
between the control and day groups, with 147 upregulated and
439 downregulated (Fig. 2E and Table S1). Similarly, 552 DEGs
were identified between the control and night groups, including
170 upregulated and 382 downregulated genes (Fig. 2F and Table
S2). A radar chart illustrated gene expression changes relative to
the baseline control group (Fig. 1G and H). Additionally, several
DEGs were validated using RT-PCR (Fig. 11-L), with results
consistent with RNA sequencing data.

3.2 Enrichment analysis of DEGs

GO, KEGG, and Reactome enrichment analyses were performed
using the DEGs. The DEGs between the control and day groups
were enriched in GO terms including "membrane (GO: 0016020)",
"cytoplasm (GO: 0005737)", and "plasma membrane (GO:
0005886)" (Fig. 2A). The enriched KEGG pathways including

"PI3K-Akt signaling pathway", "cytokine-cytokine receptor inter-
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action", and "cell adhesion molecules" (Fig. 2B). Additionally, the
enriched Reactome pathways mainly include "immune system"
and "signal transduction" (Fig. 2C). Similarly, the DEGs between
the control and night groups were enriched in GO terms such as
"membrane (GO: 0016020)", "cytoplasm (GO: 0005737)", and
"plasma membrane (GO: 0005886) (Fig. 3D). The enriched KEGG
pathways included "pancreatic secretion”, "neuroactive ligand-re-
ceptor interaction", and "protein digestion and absorption" (Fig.
2E). Additionally, the enriched Reactome pathways mainly include
"immune system" and "signal transduction" (Fig. 2F). Next, we
identified genes that were altered in both the day and night
groups. A total of 27 genes (9 upregulated and 18 downregulated)
were associated with cold exposure (Fig. 2G). The 9 upregu-
lated genes were associated with "Cushing syndrome", "steroid
hormone biosynthesis", and "cortisol synthesis and secretion" (Fig.
2H). The 18 downregulated genes were enriched in "pancreatic
secretion", "PI3K-Akt signaling pathway", and "cytokine-cytokine
receptor interaction” (Fig. 2I).
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Fig. 2 Enrichment analysis of differentially expressed genes (DEGs) in the mouse liver

(A) The bar chart of gene ontology enrichment analysis of DEGs between the control and day groups. (B) Kyoto encyclopedia of genes and genomes (KEGG)

enrichment analysis of DEGs between the control and day groups. (C) Reactome enrichment analysis of DEGs between the control and day groups. (D) GO enrichment

analysis of DEGs between the control and night groups. (E) KEGG enrichment analysis of DEGs between the control and night groups. (F) Reactome enrichment

analysis of DEGs between the control and night groups. (G) The overlapped DEGs across the three groups. (H) KEGG pathway of DEGs is upregulated following cold

exposure. (I) KEGG pathway of DEGs is downregulated following cold exposure. CTL, control.

3.3 DEMs in the mouse liver tissue following cold exposure

Metabolites in liver tissues were detected using liquid chromatogra-
phy-mass spectrometry (LC-MS). The Base Peak Chromatogram
revealed metabolic differences among the groups in both positive
and negative ion models (Fig. S1). OPLS-DA was conducted to
identify variations in metabolites among the three groups (Fig. 3A
and B). The model's prediction results confirmed the reliability of the
OPLS-DA analysis (Fig. 3C and D). The heatmap illustrated metab-
olite expression differences in each group (Fig. 3E and F). A total of
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239 metabolites were differentially expressed between the control
and day groups, with 123 upregulated and 116 downregulated (Fig.
3G and Table S3). The most significant altered DEMs between the
control and day groups are shown in the lollipop chart (Fig. 5I).
Similarly, 241 metabolites were differentially expressed between
the control group and the night group, with 128 upregulated and
113 downregulated (Fig. 3H and Table S4). The most significant
altered DEMs between the control and night groups are shown in
the lollipop chart (Fig. 3J). Some DEMs overlapped between the
day and night groups (Fig. 3K).
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Fig. 3 Enrichment analysis of differentially expressed metabolites (DEMs) in the mouse liver tissue

(A) Orthogonal partial least squares discriminant analysis (OPLS-DA) analysis of the cardiometabolic group between the control and day positive ion (POS) mode.

(B) OPLS-DA of the cardiometabolic group between the control and night in POS mode. (C) Permutation test evaluating the accuracy of the OPLS-DA model for the

control and day group. (D) Permutation test evaluating the accuracy of the OPLS-DA model for the control and night group. (E) Heatmap of DEMs between the con-

trol and day groups. (F) Heatmap of DEMs between the control and night groups. (G) Volcano plots of DEMs between the control and day groups. (H) Volcano plots

of DEMs between the control and night groups. (1) Lollipop chart of DEMs between the control and day groups. (J) Lollipop chart of DEMs between the control and

night groups. (K) Venn diagram of DEMs across the three groups. CTL, control.

3.4 Enrichment analysis of DEMs

KEGG pathway analysis was performed using the DEMs. The
results showed that the DEMs between the control and day
groups were enriched in KEGG pathways, including "membrane
transport", "nucleotide metabolism", and "metabolism of cofactors
and vitamins" (Fig. 4A). The upregulated DEMs were primarily
enriched in "ABC transporters" and "purine metabolism", while
the downregulated DEMs were enriched in "protein digestion and
absorption" and "aminoacyl-tRNA biosynthesis" (Fig. 4B). Mapping
the DEMs to the Reactome database revealed enrichment in
pathways such as "transport of small molecules", "SLC-mediated
transmembrane transport”, and "metabolism of nucleotides"
(Fig. 4C). For the DEMs between the control and night groups,

enriched KEGG pathways included "ABC transporters", "purine

metabolism", and "ferroptosis" (Fig. 4D). The upregulated DEGs

were enriched in "pyrimidine metabolism" and "purine metab-
olism", whereas the downregulated DEMs were enriched in
"ABC transporters" and "ferroptosis" (Fig. 4E). Similarly, mapping
these DEMs to the Reactome database highlighted enrichment in
pathways related to "transport of small molecules", "SLC-mediated
transmembrane transport", and "metabolism of nucleotides" (Fig.
4F). Additionally, enriched pathways were identified using GSEA
(Fig. 4G and H).

3.5 Integration of transcriptomic and metabolomic data

We integrated the KEGG enrichment analysis results from both
the transcriptomic and metabolomic data. In the comparison
between the control and day groups, DEGs were enriched
in 136 pathways, while DEMs were enriched in 98 pathways
(Fig. 5A). A total of 37 overlapping pathways were identified,
including "alanine, aspartate and glutamate metabolism" and
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Fig. 4 Enrichment analysis of the differentially expressed metabolites (DEMs) in

(A) KEGG enrichment analysis of DEMs between the control and day groups. (B) Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis of the
upregulated and downregulated DEMs between the control and day groups. (C) Reactome enrichment analysis of DEMs between the control and day groups. (D)
KEGG enrichment analysis of DEMs between the control and night groups. (E) KEGG enrichment analysis of the upregulated and downregulated DEMs between the
control and night groups. (F) Reactome enrichment analysis of DEMs between the control and night groups. (G) Gene set enrichment analysis (GSEA) enrichment

analysis of Purine metabolism pathway between the control and day groups. (H) GSEA enrichment analysis of Purine metabolism pathway between the control and

liver of cold-exposed mice

night groups. (1) GSEA enrichment analysis of ABC transporters pathway between the control and day groups. CTL, control.

225



Size of each list
150

100+

50

o

T T
RNA Metabolite

B DAY_CTL

99 37 61

Metabolite
RNA

Size of each list
300

200

100

[

T T
RNA Metabolite

NIGHT_CTL

192 91 19

Metabolite

RNA

FRIGID ZONE MEDICINE

‘ DAY_CTL

Cushing syndrome
Cortisol synthesis and secrstion

Arachidonic acid metabolism

Bile secretion
> Aldosterone synthesis and secretion &
Linoleic acid metabolism @

cAMP signaﬁ\g pathway

Phospholipase D %naling pathway

Chenmical carcinogenesis -, reactive oxygen species
Glycerolipid metabolism

N levelt
\_PI3K-Akt signaling pathway

Thiamine metabolism
N

e Cellular Processes

X FoxO signaling pathway®

“Terpenoid backbone bit

* Environmental Information Processing
/ A * Human Diseases
_~mTOR slg\almg pathway

\

* Metabolism
¢ Organismal Systems

Glycine, serine and threonine metabolism \
I Ctioline metabiolism in cancer
Central carbon metabolism in cancer

Cysteine and methionine metabolism yd N
/ # Diabetic cardiomyopathy
. 9
ginine and proline metabolism
Taurine and hypotaurine metabolism
Glutathione metabolism

!
Butanoate metabolism
Gap juncion

Neuroactive ligand-receptor interaction

F

NIGHT_CTL

A
Serotonergic synapse

Arachidonic acid metabolism
Bile-secretion

o
Fat digestion and absorption

Regulation of lipolysis in adipocytes’
cAMP slg&llng pathway evelt
Glutathione metabolism - * Environmental Information Processing
s Glycerolipid metabolism N
N al hospholgid metabol = * Human Diseases
N lycerophospholipid metabolism "
\ = 2 * Metabolism
“Fatty acia(degradation
N \

N
Cysteine and methionine metabolism
& \

* Organismal Systems
‘Arginine and proline metabolism

cGMﬁ-v?G signaling pathway
/ Phospholipase D Signaling pathway

Glycine, setine'and t
) \

EI' Amifjo a°’d:;“?‘b‘;|fs[" _— N Fatty acid biosynthesis P!
lanine, aspagtatean R}"Erygxms R Barborylajo metabolism

Akt signaling pathway
p /" Gentral carbon metabolism in cancer

“Porphyrin metabblism

mTOR sis

Purine me/téboljsm

Histidine metabolism

ongevity mg;z\aling pathway

AMPK signaling pathway
Insulin resistance

Pentose phosphate pathway

Amino sugar and nucleotide sugar metabolism

226



FRIGID ZONE MEDICINE

G

Taurine and hypotaurine metabolism
Protein digestion and absorption
PIBK-Akt signaling pathway
Neuroactive ligand-receptor interaction
mTOR signaling pathway

Linoleic acid metabolism

ListHits

Glycine, serine and threonine metabolism

Glycerophospholipid metabolism
o

—log1o(P-value)

Glycerolipid metabolism
FoxO signaling pathway
Diabetic cardiomyopathy

Cushing syndrome

Cortisol synthesis and secretion

Choline metabolism in cancer
Carbohydrate digestion and absorption

Arginine and proline metabolism [ ]

Aldosterone synthesis and secretion [ ]

la)
A
‘9@ o ®@ 0 00O

Fig. 5 Combined analysis of transcriptome and metabolome

DAY_CTL

Omics
B Wetaboite & RNA

‘|||||||II||||...............

Count

F EZEEB FBEEESESQEEGSEZS] s 2
EE.Q‘;Aﬂmgg8_@.@.@-‘.—2.@-8E.@.@%.@%%?E.ﬂ ]
£E£0 £S5 S0 §E£ 505050 %5 ® 28355 %% 8 &L 8o £
= 2 8522885 8888:58:535388583288%¢s3 £
EE8s 88 T8 g=gc s gsco 28 33g s
558 588 < g 338928950808 % 3¢cEgad 3
£E2ESEEE2EEEERTEREE 2QEGS 2QE L
T s 2@ 0 0 2% L 0T T GV G E Q0@ O >2F o
c c £ c £ Q0 S8 58800 0& £E T 5 8§ s S a2
55 D5 c o 58 9552829875 E 8§ 9o pn @ 13
@ e 9w g 88 wEEPL280833Fs £ 22w ° g
ga £ £ 2028 gasc s 5 £ £ £%8qg ° 3
$SBToT2sEQESLRESE g F 288 X S35 &
I T EFGoc 2006 L2 3 = o § =2 € Qa
M 5 3 g [} oo £ Sauc 35
S g E g & £ & S < 3 o
= = e s £ 23 o283 z | 25
T < £ 0o 8 5 £ s S g 2 & K 2 &
@ 5 £ S 50 S 3 5 2 g
< E’EE% > 2 Q 2 @ =3
3 <3 £33 c 3 o £ 5 @
2 g & & 2 3 2
& g3 < [ 2
S g
o] 8
K]
2
E
3
2
&)
Pathway Name
Omics

I etaboite & RNA

Count

|||||||III|||||||||||||

Bile secretion

D-Amino acid metabolism

£
2
°
]
8
1]
£
o
c

Insulin resistance

Phospholipase D signaling pathway
Regulation of lipolysis in adipocytes

£
2
°
p<}
)
©
£
©
<
a

Fatty acid biosynthesis

Fatty acid degradation
Glutathione metabolism
Histidine metabolism
Longevity regulating pathway
Porphyrin metabolism
Serotonergic synapse

CAMP signaling pathway
Glycerophospholipid metabolism

Glycine, serine and threonine metabolism
Glycerolipid metabolism

and di

‘Amino sugar and nucleotide sugar metabolism
AMPK signaling pathway

PI3K-Akt signaling pathway
Arachidonic acid metabolism
mTOR signaling pathway
¢GMP-PKG signaling pathway
Pentose phosphate pathway
Fat digestion and absorption

Arginine and pi
Central carbon metabolism in cancer

£
g5
S
8
]
T
£
o
£
<
S
s
i
E
o
2
s
@
£
]
2
9

Alanine, aspartate and glutamate metabolism

Pathway Name

(A) Number of differentially expressed metabolites (DEMs) and differentially expressed metabolites (DEMs) between the control and day groups enriched Kyoto

encyclopedia of genes and genomes (KEGG) pathways. (B) Number of overlapped KEGG pathways between the control and day groups. (C) Overlapping pathways

between the control and day groups. (D) Number of DEGs and DEMs between the control and night groups enriched KEGG pathways. (E) Number of overlapping

KEGG pathways between the control and night groups. (F) Overlapping pathways between the control and night groups. (G) Interaction network diagram of the

overlapping pathways between the control and day groups. (H) Interaction network diagram of overlapping pathways between the control and night groups. (I)

Enriched pathways associated with cold exposure. CTL, control.

"cAMP signaling pathway" (Fig. 5B and C). The correlation of
overlapping pathways was illustrated in the pathway network
(Fig. 5G). For the comparison between the control and night
groups, DEGs were enriched in 283 pathways, while DEMs were
enriched in 110 pathways (Fig. 5D). A total of 91 overlapping

pathways were identified, including "alanine, aspartate and
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glutamate metabolism" and "cAMP signaling pathway" (Fig.
5E and F). The correlation of these overlapping pathways was
also illustrated in the pathway network (Fig. 5G). Additionally,
some pathways were specifically associated with cold exposure,
including the "cAMP signaling pathway" and the "PI3K-Akt
signaling pathway" (Fig. 5H and I).
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4 Discussion

Cold exposure has the potential to modify the metabolic state
of organisms. Huang et al. demonstrated that cold exposure
could induce liver damage by triggering ferroptosis through
the p38 MAPK/Drp1 pathway!"®. Conversely, Sugimoto et al.
found that cold exposure could decrease liver inflammation
and improve metabolic disturbances!". Several studies have
shown that prolonged cold exposure, ranging from weeks
to months, results in consistent metabolic alterations, which
typically become apparent within a month?®??, In the present
study, we obtained transcriptome and metabolome data from
the liver of cold-exposed mice. We then conducted a compre-
hensive analysis and identified key pathways associated with
cold exposure.

RNA sequencing results showed that cold exposure altered
gene expression profiles in the liver of mice. A total of 586
and 552 DEGs were identified in the day and night groups,
respectively. Some of these genes are closely related to liver
lipid metabolism, such as Cyp11at, Cyp11b1, and Cyp11b2.
Perepechaeva et al. found that cold activates cytochromes
P450 subfamilies, which play an important role in choles-
terol degradation®. Subsequently, enrichment analysis was
performed using the DEGs. In the day group, DEGs were
enriched in KEGG pathways, such as the "PI3K-Akt signaling
pathway", "cytokine-cytokine receptor interaction", and "cell
adhesion molecules". In the night group, DEGs were enriched

ligand-receptor interaction", and "protein digestion and
absorption". Some pathways overlapped between the day
and night groups, including the "PI3K-Akt signaling pathway",
"cytokine-cytokine receptor interaction”, indicating that these
pathways were not affected by time periods within a 24-hour
cycle. Wang et al. revealed that cold exposure could activate
the Akt pathway, consequently enhancing hepatic ATP
production. Yin et al. found that cytokine-cytokine receptor

interaction is closely related to high-fat diet-induced non-al-
25]

in pathways including "pancreatic secretion", "neuroactive

coholic fatty liver disease
analysis results showed significant differences in metabolites
among the three groups. A total of 239 and 241 DEMs were
identified in the day and night groups, respectively. Cold
exposure altered the expression levels of several bioactive
metabolites. For instance, ergothioneine levels were upregu-
lated under cold stress, suggesting a potential role reducing
oxidative stress and inflammation®. Glutathione levels were
also elevated in the cold-exposed group, which is crucial for
antioxidation, detoxification, cell membrane protection, amino
acid metabolism, and immune regulation in the liver®”. These
findings suggest that cold exposure induces metabolic repro-
graming.

. Non-targeted metabolomics
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Enrichment analysis of the DEMs revealed that the DEMs in
the control vs. day group were enriched in pathways such as
"ABC transporters”, "purine metabolism", and "Bile secretion".
Meanwhile, the DEMs in the control vs. night groups were
enriched in "ABC transporters" and "ferroptosis". The "ABC
transporters" pathway was common to both day and night
groups. This pathway is involved in the excretion of drugs,
toxins, and metabolites, thereby protecting the liver from toxic
substances®®. Wang et al. suggested that targeting ABC trans-
porters and modulating bile acid toxicity could be a potential
intervention strategy to alleviate chronic inflammation and
reduce the incidence of liver cancer®. Additionally, we found
that compared with the day group, the ferroptosis pathway
was significantly enriched in the night group. Several studies
have also reported that cold exposure promotes ferroptosis,
leading to liver injury"®*”. These findings suggest that changes
of clock genes may contribute to liver damage, warranting
further investigation. To further elucidate the mechanisms
underlying cold exposure-induced liver changes, we integrated
transcriptome and metabolome data. Combined analysis
suggested that several pathways, including the "cAMP
signaling pathway" and the "PI3K-Akt signaling pathway,"
may be involved in cold exposure responses. Jiao et al. found
that the cAMP pathway plays a role in the liver injury during
long-term supercooled liver preservation®". Additionally, the
cAMP response element-binding protein (CREB) facilitates
the oxidative breakdown of fatty acids in hepatocytes, playing
a crucial role in fatty acid oxidation in MAFLD®?. Several
studies have demonstrated that the PI3K-Akt pathway protects
the liver through multiple mechanisms, including promoting
cell survival, antioxidation, anti-inflammation, and metabolic
regulation®*. Wu et al. found that quercetin attenuates bile
duct ligation (BDL)- or carbon tetrachloride (CCl4)-induced
liver injury by activating the PI3K/Akt signaling pathway™®.
Based on these findings, we speculate that these pathways
may be involved in metabolic changes in the mouse liver under
cold exposure.

Although our integrated analysis revealed altered pathways,
the study is primarily descriptive, and the lack of functional
validation limits our ability to conclusively determine the key
drivers of the metabolic response to cold exposure.

5 Conclusion

Cold exposure altered liver transcriptomic and metabolomic
profiles in mice. The integrative analysis of transcriptomic and
metabolomic data highlights the complexity of the physiological
response to cold exposure. These findings provide new insights
for future research on cold adaptation and shed light on the
interplay between gene expression and metabolic profiles in



FRIGID ZONE MEDICINE

response to environmental challenges.
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