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Abstract: The negative effects of low temperature can readily induce a variety of diseases. We sought to understand the reasons
why cold stress induces disease by studying the mechanisms of fine-tuning in macrophages following cold exposure. We found
that cold stress triggers increased macrophage activation accompanied by metabolic reprogramming of aerobic glycolysis. The
discovery, by genome-wide RNA sequencing, of defective mitochondria in mice macrophages following cold exposure
indicated that mitochondrial defects may contribute to this process. In addition, changes in metabolism drive the differentiation
of macrophages by affecting histone modifications. Finally, we showed that histone acetylation and lactylation are modulators
of macrophage differentiation following cold exposure. Collectively, metabolism-related epigenetic modifications are essential
for the differentiation of macrophages in cold-stressed mice, and the regulation of metabolism may be crucial for alleviating the
harm induced by cold stress.
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1 Introduction

Humans are able to regulate their body tempera‐
ture very effectively, so temperature stress is often
ignored compared to other pathogenic factors such
as environment, microbes, and toxic substances.
However, low temperature can negatively affect the
body’s immunity, resulting in increases in the inci‐
dence of viral flu, cough, cold, diarrhea, asthma, pneu‐
monia, and other respiratory problems (Budhathoki
and Zander, 2019). The number of deaths caused by
low temperature in the future is unlikely to decrease,
and the resulting health costs may reach one billion
euros per year by 2100 (Díaz et al., 2019; Xie et al.,

2021). Minimalization of the impact of cold stress
should be highly valued. Macrophages are the most
functionally diverse innate immune cells, and play
an important role in regulating the dynamic immune
balance and adaptive immune response. Macrophages
differentiate into the M1 pro-inflammatory pheno‐
type by sensing microbial components, such as lipo‐
polysaccharides (LPS), or damage-associated molecu‐
lar patterns (DAMPs) released from injured tissues.
Alternatively, macrophages differentiate into the M2
anti-inflammatory phenotype following stimulation
by interleukin-4 (IL-4) or other factors. These forms
of macrophage differentiation play key roles in the
development of inflammation, disease progression,
and tissue and organ repair (Orecchioni et al., 2019;
Wang TT et al., 2019). Therefore, to understand the
molecular basis of the effect of cold stress on im‐
munity and find an appropriate coping mechanism,
we have focused on the effect of cold stress on the
differentiation of macrophages.

When exposed to cold, the body needs to gener‐
ate heat and dissipate energy, which will reshape the
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body’s metabolic balance. Macrophage activation
is accompanied by metabolic reprogramming, with
different metabolic pathways providing energy re‐
quired for specific forms of immunity (Stienstra
et al., 2017; Dumont et al., 2021; Horn and Kielian,
2021). Studies have shown the resting metabolic
state of macrophages to be primarily oxidative phos‐
phorylation, ensuring a continuous “scavenger” func‐
tion (Jha et al., 2015). Differentiation into the M1
inflammatory macrophage phenotype requires cellu‐
lar commitment to aerobic glycolysis (Warburg ef‐
fect), which is a simple and fast track to generate
adenosine triphosphate (ATP). Aerobic glycolysis
satisfies high energy demands required for rapid
proliferation, phagocytosis of pathogens, and secre‐
tion of pro-inflammatory factors (Fuchs et al., 2019).
Thus, the study of immunometabolism can provide
new ideas and a better understanding of macrophage
differentiation.

Increasing evidence suggests that epigenetic
modifications and metabolism are highly intercon‐
nected (Saggese et al., 2020; Zheng et al., 2020; Li
et al., 2021). Some metabolites (e.g., acetyl-coenzyme
A (CoA), α-ketoglutarate, and nicotinamide adenine
dinucleotide (NAD+)) are used as donors or cofactors
for epigenetic modifications that regulate gene ex‐
pression (Hosios and Vander Heiden, 2017; Palzer
et al., 2018; Wang ZJ et al., 2018). Importantly, pre‐
liminary research in our laboratory demonstrated
that cold stress activates microglia by altering the
levels of intracellular acetylation that results in a
pro-inflammatory condition (Xu et al., 2019). This
observation suggests that epigenetic modifications
play an important role in regulating immune cell
function during cold stress. However, there have
been few studies on the mechanisms by which cold
stress affects the differentiation of macrophages from
the perspective of metabolic-related epigenetic modi‐
fications, which hinders our understanding of this
biological process.

In this study, we examined the changes in macro‐
phages after cold exposure from a metabolic perspec‐
tive using multiple omics approaches. We also com‐
bined the analysis of metabolism-related epigenetic
modification levels to systematically assess the
effect of cold stress on the differentiation of mouse
macrophages and elucidate the underlying molecular
mechanisms.

2 Materials and methods

2.1 Animal experimental models

A total of 160 healthy adolescent male C57BL/6
mice (four weeks old) were purchased from Chang‐
sheng Biotechnology Co., Ltd. (Changchun, China).
The mice were divided into experimental groups as
follows: room temperature (RT) group, cold expo‐
sure 1 week (CE1W) group, cold exposure 2 weeks
(CE2W) group, and cold exposure 3 weeks (CE3W)
group. All experiments were carried out after one week
of adaptive feeding. For cold exposure experiments
(Xu et al., 2018), between 8: 00 a. m. and 8: 00 p. m.,
mice were transferred into a climate chamber at 4 ℃
for 3 h randomly per day, and then back to room tem‐
perature. Mice were raised under a room tempera‐
ture of (24±2) ℃ and 40% relative humidity, under a
12/12-h light/dark cycle, with free access to food and
water. All mice were kept in specific pathogen-free
conditions prior to use.

2.2 Blood routine examination

After the last cold exposure period, mice were
immediately anesthetized. Blood from the retro-
orbital plexus was collected into a syringe coated with
ethylene diamine tetraacetic acid (EDTA)-lithium and
analyzed using a blood routine examination analyzer
(IDEXX, USA). For each mouse, a leukocyte count
was made.

2.3 Gas exchange analyses

To evaluate the gas exchange levels of mice after
cold exposure, mice with similar body weights were
monitored using metabolic cages (CLAMS, USA)
over 24 h with food ad libitum.

2.4 Primary peritoneal macrophage isolation

Briefly, each mouse was sacrificed after the last
cold exposure period. Each mouse was injected intra‐
peritoneally three times with 5 mL of cold phosphate-
buffered saline (PBS). Cells were harvested from the
abdominal cavity (Ma et al., 2020). The cell suspen‐
sion was centrifuged at 1300 r/min and then collected
into cell culture dishes with RPMI 1640 medium
(Gibco, USA) containing 10% (volume fraction) fatal
bovine serum (FBS) and 1% (volume fraction) penicillin-
streptomycin. Two hours after culture, the floating
cells were removed by washing the cells with PBS.
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The attached cells were considered peritoneal macro‐
phages (PMs) and were subjected to the experi‐
ments. The purity of PMs was confirmed by flow
cytometry using cluster of differentiation 11b (CD11b)
(BioLegend, USA) and F4/80 (BioLegend) antibodies.

2.5 Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent
(Invitrogen, USA), and 5 μg of total RNA was reverse-
transcribed using the Transcriptor First Strand cDNA
Synthesis Kit (TaKaRa, Japan). Then, quantitative real-
time PCR (qPCR) was performed using SYBR Green
(TaKaRa) and the following primer pairs: IL-1β,
5'-TCG CAG CAG CAC ATC AAC AAG AG-3'
(forward) and 5'-TGC TCA TGT CCT CAT CCT
GGA AGG-3' (reverse); tumor necrosis factor-α
(TNF-α), 5'-GCG ACG TGG AAC TGG CAG AAG-3'
(forward) and 5'-GCC ACA AGC AGG AAT GAG
AAG AGG-3' (reverse); IL-10, 5'-TTC TTT CAA
ACA AAG GAC CAG C-3' (forward) and 5'-GCA
ACC CAA GTA ACC CTT AAA G-3' (reverse);
arginase 1 (Arg1), 5'-CAG AAG AAT GGA AGA
GTC AG-3' (forward) and 5'-CAG ATA TGC AGG
GAG TCA CC-3' (reverse); hypoxia-inducible factor-1α
(HIF-1α), 5'-GAA TGA AGT GCA CCC TAA CAA
G-3' (forward) and 5'-GAG GAA TGG GTT CAC
AAA TCA G-3' (reverse). Expression levels of target
messenger RNAs (mRNAs) were analyzed using
the 2−∆∆CT method and normalized to the expression
level of mouse β-actin (Sangon Biotech, China). All
fold changes are expressed relative to the control
group.

2.6 Quantification of mitochondrial DNA copy
number

Total DNA was isolated from the PMs by phenol/
chloroform extraction. Mitochondrial DNA (mtDNA)
was amplified using primers specific for the mito‐
chondrial cytochrome c oxidase subunit 2 (COX2)
gene, and normalized to genomic DNA by amplifica‐
tion of the ribosomal protein S18 (Rps18) nuclear
gene. The primers were as follows: COX2, 5'-AGT
TGA TAA CCG AGT CGT TCT G-3' (forward) and
5'-CTG TTG CTT GAT TTA GTC GGC-3' (reverse);
Rps18, 5'-TGT GTT AGG GGA CTG GTG GAC A-3'
(forward) and 5'-CAT CAC CCA CTT ACC CCC AAA
A-3' (reverse).

2.7 Scanning and transmission electron microscopy

PMs were cultured on cell culture slides (SPL
Life Sciences, Korea) to observe their surface charac‐
teristics. Imaging was performed using an S-520 scan‐
ning electron microscope (Hitachi, Japan).

PMs were fixed with 2.5% (volume fraction) glu‐
taraldehyde, dehydrated in ethanol, and embedded in
epoxy resin. Then, ultrathin sections (80 nm) of adher‐
ent cells were obtained using an ultramicrotome (Leica,
Germany). The sections were counterstained with
uranyl acetate and lead citrate, and observed using a
JEM SX 100 transmission electron microscope (Jeol,
Japan) to capture images for evaluation of the integrity
of mitochondria by a double-blind method.

2.8 Metabolome analysis

More than 1×106 cells were ultrasonically hom‑
ogenized in 200 µL of chilled water and 800 µL of
chilled methanol/acetonitrile (1:1, volume ratio). The
samples were centrifuged at 14 000g for 20 min at 4 ℃
and the residue was mixed with 200 μL SDT (4%
(volume fraction) sodium dodecyl sulfate (SDS),
100 mmol/L Tris-HCl (pH 7.6), and 100 mmol/L
dithiothreitol (DTT) lysis buffer to measure the pro‐
tein content. L-Glutamate-d5T was added to the super‑
natant, which was then vacuum-dried and resuspended
in 100 μL of 50% (volume fraction) acetonitrile. The
samples were centrifuged at 14 000g for 15 min at
4 ℃ and the supernatant was retained for analysis.
The intracellular levels of metabolites from the tri‐
carboxylic acid (TCA) cycle pathway, glycolysis path‐
way, oxidative phosphorylation, and the pentose phos‐
phate pathway (PPP) were determined using liquid
chromatography-tandem mass spectrometry (LC-MS/
MS). Metabolomic profiling was performed using a
Shimadzu Nexera X2 LC-30AD ultrahigh-performance
liquid chromatograph (Shimadzu, China) coupled with
a QTRAP5500 mass spectrometer (AB SCIEX, USA).
The elution solvents consisted of A (acetonitrile:H2O=
5:95, volume ratio) and B (acetonitrile:H2O=95:5, vol‐
ume ratio), each containing 10 nmol/L of ammonium
bicarbonate (pH 9.0). The elution gradient was set as
follows: 95% B (2–9 min), 95% to 70% B (9–10 min),
70% to 30% B (10–11 min), 30% B (11–11.5 min),
30% to 95% B (11.5–15 min), and 95% B. The column
temperature was set at 40 ℃ and the flow rate was
0.3 mL/min. Data were acquired in both electrospray
ionization positive and negative modes. The capillary
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was 5.5 kV for the positive mode and −4.5 kV for the
negative mode. The source temperature was 550 ℃ .
The data were analyzed using MultiQuant Software
(AB SCIEX, USA).

2.9 Glucose consumption

Taking the cell-free group as the control group,
after the PMs were cultured in fresh medium for 24 h,
the supernatants were collected and glucose concentra‐
tion was determined by high-performance liquid chro‐
matography (HPLC) using a Sepax Bio-C18 column
(4.6 mm×250 mm; Sepax, USA) and a ultraviolet (UV)
detector (Agilent, USA) at a wavelength of 192 nm.
Glucose consumption (GC) is calculated as the fol‐
lowing format: GC=Ccontrol−CPM, where Ccontrol is the glu‐
cose concentration in the control group medium, and
CPM is the glucose concentration in the PM medium.

2.10 Pyruvate dehydrogenase assay

The pyruvate dehydrogenase (PDH) activity in
PMs was measured by a colorimetric method, and ana‐
lyzed using an assay kit (Solarbio, China) following
the manufacturer’s protocol.

2.11 Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) activity in PMs
was identified by a micromethod, and analyzed using
an assay kit (Solarbio) following the manufacturer’s
instructions.

2.12 Measurement of lactate

The levels of lactate in PMs were quantified by a
colorimetric method, and analyzed using an assay kit
(Solarbio) following the manufacturer’s instructions.

2.13 RNA sequencing of PMs

Total RNA was extracted with a TRIzol-based
protocol. An RNA library was constructed using a
NEBNext Ultra II RNA Library Prep Kit (NEB, USA).
RNA quality was assessed based on the RNA integrity
number (RIN), measured using an Agilent 2100 Bio‐
analyzer (Agilent, USA). Paired-end RNA sequencing
(RNA-Seq) was performed using HiSeq 2500 system
(Illumina, USA). Sequence reads were aligned to
the mouse reference genome (mm10), and gene ex‐
pression values were calculated from aligned reads
using RNA-Seq by expectation maximization (RSEM).
Differentially expressed genes (DEGs) were called

using edgeR for each experimental design. Func‐
tional profiling of DEGs was performed using Gene
Ontology (GO) databases.

2.14 Oxygen consumption rate measurements

The oxygen consumption rate (OCR) was mea‐
sured using a Seahorse XF24 analyzer (Seahorse Bio‐
science, USA) according to the manufacturer’s in‐
structions. Briefly, PMs were plated in an XF24-well
microplate (Seahorse Bioscience) and cultured as indi‐
cated. The assay medium (extracellular flux base me‐
dium containing 1 mmol/L pyruvate, 4 mmol/L gluta‐
mine, and 25 mmol/L glucose) was prepared before
assay. The OCR was measured in three steps by add‐
ing the following reagents: 1.5 μmol/L of oligomycin
(Seahorse Bioscience), 2 μmol/L of carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP; Seahorse
Bioscience), and 0.5 μmol/L of rotenone/antimycin
(Seahorse Bioscience). After the measurements were
taken, cells were lysed and proteins were quantified
using the Enhanced BCA Protein Assay Kit (Beyo‐
time, China).

2.15 Reactive oxygen species assay

Reactive oxygen species (ROS) levels were meas‑
ured using an ROSAssay kit following the manufacturer’s
instructions (Beyotime). Briefly, the macrophages were
treated with 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) solution (10 μmol/L) and then incubated
at 37 ℃ for 20 min. After washing the cells with
serum-free medium, the cellular fluorescence of ROS
production was quantitated by flow cytometry (Beck‐
man, USA) at 488 nm excitation and 525 nm emission
wavelengths.

2.16 Autophagic flux assay

To analyze the autophagic flux, pRFP-GFP-hLC3
(Youbio, China) was transfected into PMs by a transient
transfection method using Lipo6000TM Tansfection
Reagent (Beyotime) following the manufacturer’s
instructions. The autophagosomes were labeled with
yellow dots (a merge of green and red fluorescence),
while autolysosomes were labeled with red dots only.
After fixation in 4% (volume fraction) paraformalde‐
hyde, a laser scanning confocal microscope (LSCM),
the LEICA TCS SP2 (Leica, Germany), was used to
analyze the fluorescently labeled light chain 3 (LC3)
puncta number.
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2.17 Immunofluorescent detection of mitochondria

PMs were seeded on slides and incubated for
24 h at 37 ℃ . The cells were then transfected with
pEGFP-hLC3 by Lipo6000TM Tansfection Reagent
(Beyotime, China). After 24 h, the cells were incubated
with a Mito-Tracker Red CMXRos (Beyotime) for
15 min at 37 ℃. Then, 4',6-diamidino-2-phenylindole
(DAPI) was used as the nuclear stain, and cells were
viewed under a laser scanning confocal microscope
(Leica).

2.18 Measurement of mitochondrial membrane
potential

JC-1 (Beyotime) can form red fluorescent aggre‐
gates in normal mitochondria, but is transformed into
green fluorescent monomers in depolarized mitochon‐
dria. Here, samples were stained with JC-1 for 20 min
at 37 ℃ according to the manufacturer’s instructions.
The mitochondrial membrane potential (ΔΨm) alterna‐
tion of cells was viewed under a laser scanning
confocal microscope (Leica).

2.19 Total PM protein extraction

Total PM proteins were extracted with 50 μL
radio-immunoprecipitation assay (RIPA) buffer (Beyo‐
time) containing 10 mmol/L phenylmethylsulfonyl
fluoride (PMSF; Beyotime). Protein concentration
was determined using the Enhanced BCA Protein
Assay Kit according to the manufacturer’s instruc‐
tions. The samples were stored at −80 ℃ for western
blot analysis.

2.20 Mitochondrial isolation and protein extraction

Mitochondria were isolated from PMs, using a
Cell Mitochondria Isolation Kit (Beyotime) accord‐
ing to the manufacturer’s protocol. Proteins were
extracted using mitochondria lysis buffer containing
10 mmol/L PMSF, and protein concentration was de‐
termined using the Enhanced BCA Protein Assay Kit
according to the manufacturer’s instructions.

2.21 Total histone extraction

Total histone was extracted from PMs using the
EpiQuik Total Histone Extraction Kit (Epigentek,
USA), and the protein concentration was determined
using the Enhanced BCA Protein Assay Kit accord‐
ing to the manufacturer’s instructions.

2.22 Nuclear protein extraction

Nuclear proteins were extracted from PMs using
the Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime), and the protein concentration was deter‐
mined using the Enhanced BCA Protein Assay Kit,
according to the manufacturer’s instructions.

2.23 Western blot analysis

About 30 μg of total protein was separated
by sodium dodecyl sulfate-polyacrylamide gel electro‑
phoresis (SDS-PAGE) and transferred to a polyvinyl‐
idene fluoride (PVDF) membrane (Merck Milli‐
pore, USA). Membranes were blocked in 0.05 g/mL
nonfat milk in TBST (20 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, and 0.05% (volume fraction)
Tween 20) for 1 h at room temperature, and then
incubated overnight at 4 ℃ with the following
primary antibodies: HIF-1α (1:1000 (volume ratio,
the same below), Cell Signalling Technology, USA), 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 (PFKFB3; 1:1000, Proteintech, China), phospho‐
glycerate kinase 1 (PGK1; 1:1000, Proteintech), Unc-
51-like kinase 1 (ULK1; 1:1000, Proteintech), Beclin1
(1:2000, Proteintech), lysosome-associated mem‐
brane protein 2 (LAMP2; 1:1000, Proteintech), p62/
sequestosome-1 (SQSTM1; 1:1000, Proteintech),
autophagy-related gene 5 (ATG5; 1:1000, Proteintech),
LC3 (1:500, Proteintech), dynamin-related protein 1
(Drp1; 1:2000, Proteintech), mitofusin 1 (Mfn1; 1:1000,
Proteintech), PTEN-induced kinase 1 (PINK1; 1:1000,
Proteintech), Parkin (1:1000, Proteintech), sirtuin 1
(Sirt1; 1:1000, Proteintech), acetylated-lysine (1:1000,
Cell SignallingTechnology), anti-L-lactyl lysine (1:1000,
PTM Bio Inc., China), nuclear factor-κB (NF-κB) p65
(1:1000, Proteintech), phospho-signal transducer and
activator of transcription 6 (p-STAT6; 1:1000, Cell
Signalling Technology), voltage-dependent anion chan‐
nel 1/2 (VDAC1/2; 1:1000, Proteintech), lamin B1
(1:5000, Proteintech), histone-H3 (1:3000; Protein‐
tech), and β-actin (1:10000, Proteintech). Membranes
were incubated with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody
(1:10000, Proteintech) for 1 h at room temperature.
Membranes were then treated with chemiluminescent
HRP substrate (Millipore, USA), which was detected
using a chemiluminescent imaging system (Bio-Rad,
USA). The expression of each protein was measured
with Image Lab software (6.0.1).
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2.24 Sirt1 activity assay

Sirt1 deacetylase activity was measured using
the Sirt1 Assay Kit (Sigma-Aldrich, USA) according
to the manufacturer’s protocol. Fluorescence intensity
was detected at 340 nm excitation and 460 nm emis‐
sion, and data were acquired through a multifunctional
microplate reader (Tecan, Switzerland).

2.25 Dual luciferase assay

PMs were plated in six-well dishes for 12 h
and then co-transfected with 2.5 μg pNF-κB-Luc or
pSTAT6-Luc and 1 μg pGL4.74[hRluc/TK] vectors
(Youbio) using the Lipo6000TM Tansfection Reagent,
according to the manufacturer’s protocol. After 24 h,
the cells were lysed and the luciferase activity was
measured using a dual luciferase reporter gene assay
kit (Beyotime), according to the manufacturer’s in‐
structions. Firefly and Renilla luciferase activity levels
were determined, and the relative luciferase activity
was normalized to the Renilla luciferase activity.

2.26 Chromatin immunoprecipitation (ChIP)

PMs were treated with fresh 1% (0.01 g/mL)
formaldehyde (Cell Signalling Technology) at room
temperature to crosslink the proteins bound to the
chromatin DNA. Cell lysis, sonication, and immuno‐
precipitation were performed using the SimpleChIP
Enzymatic Chromatin IP Kit (Cell Signalling Technol‐
ogy), according to the manufacturer’s instructions.
The antibodies for immunoprecipitation were anti-
acetylated-lysine (1:100, Cell Signalling Technology),
anti-L-lactyl lysine (1:100, PTM Bio Inc.), and IgG
(1:100, Cell Signalling Technology). After reverse
crosslinking and DNA purification, immunoprecipi‐
tated DNA and input DNA were quantified by qPCR
using SimpleChIP Universal qPCR Master Mix (Cell
Signalling Technology) with primers for histone acetyl‑
ation and lactylation binding sites in the p65 promoter
(forward primer: 5'-CTG TGC CTA CCC GAA ACT
CA-3'; reverse primer: 5'-ACT CTG CAG GTG AGA
CCA AT-3') and STAT6 promoter (forward primer:
5'-GGT GAG TAA TGG ACT CAG TTG C-3'; reverse
primer: 5'-ACA CCT GGG AGG AGG ACT TT-3').

2.27 Statistical analysis

All statistical parameters were calculated using
GraphPad Prism 8 software (GraphPad, USA) and
Excel software (Microsoft, USA). Differences were

analyzed using t-tests (for two groups) and one-way
analysis of variance (ANOVA) with Dunnett’s post-
hoc test. P<0.05 was considered statistically signifi‐
cant. Values are expressed as means±standard error of
the mean (SEM).

3 Results

3.1 Effects of cold stress on macrophage differenti‑
ation

In the cold stress model (Fig. 1a), the mice ex‐
posed to cold for three weeks were identified as the
cold stress group (CE3W). Other mice kept at room
temperature formed the control group (RT). Because
cold exposure increases the body’s metabolism to
maintain a constant body temperature, the cold-
stressed mice were maintained in metabolic cages to
monitor gas exchange levels. Compared to the RT
group, cold-stressed mice had significantly higher
CO2 production rate and O2 consumption rate during
the light and dark cycles (Figs. 1c‒1f). Routine blood
tests found that the number of white blood cells in the
blood of cold-stressed mice was significantly higher
than that of control mice (Fig. 1b). These results dem‐
onstrated that cold stress affected their metabolism
and caused an inflammatory response.

PMs were used to assess the response of macro‐
phages to cold stress and to evaluate the inflammation
induced by cold stress. These cells have a stable func‐
tion and phenotype (Layoun et al., 2015). After cold
stress, mouse PMs were isolated and the purity of the
population was confirmed by flow cytometry (Fig. 1g).
Scanning electron microscopy showed that cold stress
had changed the morphology of the macrophages, with
increased size and pseudopodia (Fig. 1h), suggesting
a more active state than that of the RT group. We per‐
formed qPCR to evaluate the expression of IL-1β and
TNF-α (which are associated with the M1 macro‐
phage phenotype) as well as IL-10 and Arg1 (which
are associated with the M2 macrophage phenotype)
(Yu et al., 2016). Cold stress significantly increased
the expression of IL-1β, TNF-α, IL-10, and Arg1 mRNA
(Fig. 1i). Surprisingly, the increase in IL-10 and Arg1
was the most dramatic. These data indicated that cold
stress induced not only pro-inflammatory differenti‐
ation of macrophages, but also anti-inflammatory
differentiation.
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3.2 Cold stress induces metabolic reprogramming

As the different macrophage phenotypes depend
upon differing bioenergy requirements (van den Boss‐
che et al., 2017), we hypothesized that the observed
phenotypic changes in PMs might be caused by the ef‐
fect of cold stress on metabolism. To test this, we per‐
formed targeted metabolomic analysis with LC-MS/MS

of PMs from control and cold-stressed mice. The
metabolites of glycolysis, the TCA cycle, and PPP
were measured. We found that with cold stress, me‐
tabolites of the glycolytic pathway (pyruvate and lac‐
tate) increased significantly. Metabolites of the TCA
cycle also changed. α-Ketoglutarate, citrate, and fuma‐
rate decreased significantly in the PMs of the CE3W

Fig. 1 Induction of inflammation accompanied by increased macrophage activation following cold exposure. (a) The
schema of the cold stress model; (b) Leukocyte levels measured in mice following cold exposure (n=3 per group);
(c, d) The O2 consumption rates and average O2 consumption rates of RT and CE3W mice; (e, f) The CO2 production
rates and average CO2 production rates of RT and CE3W mice; (g) Confirmation of the purity of PMs isolated from RT and
CE3W mice by flow cytometry using CD11b and F4/80 antibodies; (h) Representative micrographs of morphological
changes in PMs isolated from RT and CE3W mice; (i) Relative mRNA expression of M1-like genes (TNF-α and IL-1β)
and M2-like genes (Arg1 and IL-10) in PMs obtained from RT and CE3W mice (n=3 per group). Data represent the
mean±SEM. * P<0.05, *** P<0.001, vs. RT. RT: room temperature, the control group; CE3W: cold exposure 3 weeks, the
cold stress group; CD11b: cluster of differentiation 11b; TNF-α: tumor necrosis factor-α; IL: interleukin; Arg1: arginase 1;
mRNA: messenger RNA; PMs: peritoneal macrophages; SEM: standard error of the mean.
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group, while the levels of malate and oxaloacetate
were unchanged (Figs. 2a and 2b). PDH is a key rate
limiting enzyme that catalyzes the oxidative decar‐
boxylation of pyruvate in the TCA cycle. To verify
the metabolomics results, we analyzed PDH activity
using an enzymatic assay. We showed that PDH ac‐
tivity decreased after cold stress (Fig. 2c). In addition,
24-h glucose uptake was assessed by HPLC. The re‐
sults showed increased glucose uptake in PMs of
the CE3W group (Fig. 2d). The expression level of
HIF-1α, the main transcriptional regulator of glycoly‐
sis, was increased significantly (Fig. 2e). These results
demonstrated that cold stress induced a metabolic
shift to glycolysis in the PMs (Marín Franco et al.,
2020).

The time course of cold stress in PMs was as‐
sessed at 1, 2, and 3 weeks of cold exposure (Fig. 2f).
Results showed that with increasing cold exposure, the
protein level of HIF-1α gradually increased (Figs. 2g
and 2h). Downstream metabolic enzymes regulated by
HIF-1α, such as PFKFB3 and PGK1, are key en‐
zymes driving the glycolytic pathway. Their expres‐
sion levels gradually increased as well (Figs. 2k and
2l). The activity of LDH, an enzyme that converts
pyruvate into lactate, was significantly increased (Fig. 2i).
There was an accompanying and gradual increase in
the secretion of lactate (Fig. 2j) (Rodríguez-Prados
et al., 2010; Yang et al., 2014). These results further
confirmed that cold stress induced the activation of
glycolytic metabolism in the macrophages. Overall,
these data support the conclusion that the differenti‐
ation of macrophages induced by cold stress may be
shaped by the metabolic reprogramming of glycolysis.

3.3 Whole-genome sequencing of PMs

We performed RNA-seq analysis to further under‐
stand how macrophage phenotypes are regulated by
associated metabolic patterns. To examine how PMs
respond to cold stress, we performed genome-wide
RNA-seq on freshly isolated PMs from control and
cold-stressed mice. Compared with the RT group,
changes in gene expression were detected in the PMs
of the CE3W group, including 158 up-regulated and
173 down-regulated genes (Fig. 3a). GO analysis
showed that “response to stress,” corresponding to
genes related to body stress injury or stress response
recovery, was the most significantly enriched biological
process (2.31×1017) caused by cold stress. The top 20
significantly (P<0.05) enriched biological processes

of DEGs were related to the immune system, organic
metabolism, inflammation, and cell migration (Fig. 3b).
Examples included “immune system process,” “re‐
sponse to organic substance,” “response to cytokine,”
and “regulation of cell migration.” These results sug‐
gested that cold stress interfered with immune metab‐
olism, the inflammatory response, and the function of
macrophages. Next, we compared the first 15 biological
processes that were significantly enriched in PMs
(up-regulated genes and down-regulated genes) of the
CE3W group. The up-regulated genes were mostly re‐
lated to inflammatory factors and the immune system,
while the down-regulated genes were mostly related
to cell migration (Figs. 3c and 3d). In general, these
results indicate that cold stress activates the immune
response of macrophages, induces inflammation, and
inhibits the movement of macrophages.

3.4 Cold stress damages macrophage mitochondria

As the center of energy metabolism, the dynamic
network of mitochondrial fusion and fission is essential
for adaptation to the energy needs of cells in different
environments (Lu, 2009). Since the down-regulated
genes of PMs of the CE3W group were significantly
enriched in biological process related to “cell dynamics,”
we hypothesized that this may be due to the disrup‐
tion of mitochondrial homeostasis. To test this, we
assessed the expression of the main mitochondrial fis‐
sion protein Drp1 and the main mitochondrial fusion
protein Mfn1 by western blot. Results showed that
cold stress significantly increased the expression of
Drp1 and decreased the expression of Mfn1 (Figs. 4a
and 4b). qPCR results also showed a deletion of mtDNA
(Fig. 4c). Note that in previous studies, the change in
this process usually occurred in inflammatory im‐
mune cells (such as macrophages) related to the de‐
struction of the electron transport chain (ETC) (Katoh
et al., 2017). Damage to the ETC increases the flow
of leaking electrons, decreases ΔΨm, and increases
ROS (Kalghatgi et al., 2013). Consistent with those
observations, the production of ROS and the loss of
ΔΨm were increased by cold stress (Figs. 4d and 4g).
We also measured the OCR after addition of oligomy‐
cin (an ATP synthase inhibitor), the FCCP (H+ iono‐
phore), as well as rotenone and antimycin A (ETC
inhibitors) in real time to detect mitochondrial func‐
tion. Compared with the RT group, maximum respira‐
tory capacity was reduced in PM mitochondria of the
CE3W group (Fig. 4e).
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Fig. 2 Metabolic reprogramming underlies PM differentiation following cold exposure. (a) Heatmap of energy metabolism
levels, as measured by targeted metabolomics in PMs obtained from RT and CE3W mice (n=4 per group); (b) Graphs for
selected metabolites from panel (a); (c, d, e) PDH activity, relative glucose consumption, and relative mRNA expression of
HIF-1α in PMs obtained from RT and CE3W mice (n=3 per group); (f) The schema of isolation of PMs from RT, CE1W,
CE2W, and CE3W mice; (g, h) Western blot analysis of protein levels of HIF-1α in PMs obtained from RT, CE1W, CE2W,
and CE3W mice (n=3 per group); (i, j) Measurement of LDH activity and intracellular lactate levels in PMs obtained from
RT, CE1W, CE2W, and CE3W mice (n=3 per group); (k, l) Western blot analysis of protein levels of PGK1 and PFKFB3 in
PMs obtained from RT, CE1W, CE2W, and CE3W mice (n=3 per group). Data represent the mean±SEM. NS (not
significant), * P<0.05, ** P<0.01, *** P<0.001, compared to RT, using one-way ANOVA with Dunnett’s post-hoc test. RT: room
temperature, the control group; CE1W: cold exposure 1 week, the cold stress group; CE2W: cold exposure 2 weeks, the cold
stress group; CE3W: cold exposure 3 weeks, the cold stress group; G6P: glucose 6-phosphate; F6P: fructose 6-phosphate;
3PG: 3-phosphoglycerate; 2PG: 2-phosphoglycerate; 6PG: 6-phosphoglycerate; TCA: tricarboxylic acid; PPP: pentose
phosphate pathway; PDH: pyruvate dehydrogenase; HIF-1α: hypoxia-inducible factor-1α; mRNA: messenger RNA; LDH:
lactate dehydrogenase; PGK1: phosphoglycerate kinase 1; PFKFB3: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3; PM: peritoneal macrophage; SEM: standard error of the mean; ANOVA: analysis of variance.
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Mitophagy is a process by which cells clear dam‐
aged mitochondria, ensuring the integrity of the mito‐
chondrial network. To determine whether cold stress
induced mitophagy in macrophages, we evaluated the
expression of mitochondrial LC3, which is an indica‐
tor of autophagosome formation. PMs were trans‐
fected with the GFP-LC3 plasmid, and mitochondria
were labeled with Mito-Tracker Red. Mitophagy
was marked as a yellow dot (combination of green
and red fluorescence) and investigated by confocal
microscopy. The results showed that cold stress pro‐
moted the accumulation of mitochondrial LC3 in
macrophages (Fig. 4f). Further, the mitophagy-related

proteins, PINK1 and Parkin (Yu et al., 2020), showed
a similar expression trend after cold exposure (Figs. 4i
and 4j). Transmission electron microscopy (TEM) exam‑
ination showed that the number of autophagosome
double-membrane vesicles was increased in the PMs
of cold-stressed mice (Fig. 4h), which is consistent with
the results of western blots and confocal microscopy.

3.5 Cold stress increases macrophage autophagy

With stress, autophagy promotes cell survival by
eliminating damaged cell components, and maintaining
nutrient and energy homeostasis (Sun et al., 2013).
PMs were transfected with the RFP-GFP-LC3 plasmid.

Fig. 3 Gene expression in isolated PMs from RT mice and CE3W mice. (a) A volcano plot of differential PM gene
expression of mice after cold exposure; (b) The top 20 significantly (P<0.05) enriched BPs among differentially expressed
genes, with the significance of BPs being indicated by the intensity of red color; (c) The top 15 significantly (P<0.05)
enriched-BPs among genes down-regulated after cold exposure; (d) The top 15 significantly (P<0.05) enriched BPs
among genes up-regulated after cold exposure. PM: peritoneal macrophage; RT: room temperature, the control group;
CE3W: cold exposure 3 weeks, the cold stress group; BP: biological process; DEG: differentially expressed gene (Note:
for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Fig. 4 Mitochondrial dysfunction and increased mitochondrial autophagy in PMs following cold exposure. (a, b) Western
blot analysis of protein levels of Drp1 and Mfn1 in PMs obtained from RT and CE3W mice (n=3 per group); (c) The
relative mtDNA content measured by qPCR in PMs obtained from RT and CE3W mice (n=3 per group); (d) The levels of
ROS in PMs of RT and CE3W mice measured by flow cytometry (n=3 per group); (e) The OCR in PMs obtained from RT
and CE3W mice (n=4 per group); (f) Mitophagy determined by measuring the LC3 located in mitochondria, scale bar=
5 μm; (g) Measurement of Δψm (the color change is due to contrast issues), scale bar=25 μm; (h) Measurement of
mitochondrial changes, scale bar=1 μm; (i, j) The mitochondrial (Mito.) protein levels of PINK1 and Parkin in PMs of RT
and CE3W mice (n=3 per group). Data represent the mean±SEM. * P<0.05, ** P<0.01, *** P<0.001, vs. RT. PM: peritoneal
macrophage; Drp1: dynamin-related protein 1; Mfn1: mitofusin 1; RT: room temperature, the control group; CE3W: cold
exposure 3 weeks, the cold stress group; mtDNA: mitochondrial DNA; ROS: reactive oxygen species; OCR: oxygen
consumption rate; FCCP: p-trifluoromethoxyphenylhydrazone; Δψm: mitochondrial membrane potential; GFP: green
fluorescent protein; LC3: light chain 3; PINK1: PTEN-induced kinase 1; VDAC1/2: voltage-dependent anion channel
1/2; qPCR: quantitative real-time polymerase chain reaction; SEM: standard error of the mean.
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Autophagosomes were marked as yellow dots, and
autophagolysosomes as red dots. Confocal microscopy
showed that the number of yellow and red dots in the
PMs of cold-stressed mice increased in parallel when
compared with the control (Fig. 5a), indicating that
cold stress increased the autophagy flux of PMs. Next, we
studied changes in autophagy during cold stress. With
cold stress we assessed ULK1 (autophagy initiation
factor), Beclin1 and ATG5 (two autophagy-related

proteins necessary for the formation of autopha‑
gosomes), isoform conversion of LC3 (an indicator of
autophagosome formation), p62/SQSTM1 (ubiquitin-
binding scaffold protein selectively degraded by auto‑
phagy), and LAMP2 (Huang et al., 2018). According
to western blot analysis, ULK1, Beclin1, ATG5, LC3
II/I, and LAMP2 gradually increased with cold ex‐
posure (Figs. 5b and 5c), indicating an increase in
autophagosomes and lysosomes, consistent with the

Fig. 5 Enhanced autophagy in PMs following cold exposure. (a) The LSCM imaging of autophagic flux in PMs of RT and
CE3W mice (the color change is due to contrast issues); (b, c) Western blot analysis of protein levels of ULK1, Beclin1,
LAMP2, p62, ATG5, and LC3 II/I in PMs obtained from RT, CE1W, CE2W, and CE3W mice (n=3 per group). Data
represent the mean±SEM. NS (not significant), * P<0.05, ** P<0.01, *** P<0.001, vs. RT, using one-way ANOVA with Dunnett’s
post-hoc test. PM: peritoneal macrophage; LSCM: laser scanning confocal microscope; RT: room temperature, the control
group; CE1W: cold exposure 1 week, the cold stress group; CE2W: cold exposure 2 weeks, the cold stress group; CE3W:
cold exposure 3 weeks, the cold stress group; GFP: green fluorescent protein; RFP: red fluorescent protein; DAPI:
4', 6-diamidino-2-phenylindole; ULK1: Unc-51-like kinase 1; LAMP2: lysosome-associated membrane protein 2; ATG5:
autophagy-related gene 5; LC3: light chain 3; SEM: standard error of the mean; ANOVA: analysis of variance.
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autophagy flux results. Note that the initial increase
and then decrease in p62 levels may have been due to
excessive degradation.

3.6 Histone acetylation and lactylation regulate
macrophage differentiation

Sirtuins are deacetylases found throughout the
body, and Sirt1 is one of the most prominent (Kang
et al., 2020). We found that cold stress significantly
reduced the enzyme activity of Sirt1 (Fig. 6a). As ex‐
posure to cold increased, protein levels of Sirt1 also
gradually decreased (Figs. 6b and 6c). There is in‐
creasing evidence that metabolic pathways influence
the regulation of epigenetic genes by providing
donors and cofactors for epigenetic modification (van
Winkle and Ryznar, 2019; Wang ZQ et al., 2019). A
recently discovered histone modification, histone lac‐
tylation, uses lactate as a modification donor to regu‐
late gene expression (Zhang et al., 2019). Building on
earlier findings in our laboratory, we used western
blotting to evaluate whether the accumulation of
lactate induced by cold stress-mediated glycolytic me‐
tabolism reprogramming is involved in changing the
epigenetic status of PMs. The results showed that
cold stress increased levels of both histone acetyl‑
ation and lactylation. A gradual increase in histone
lactylation was associated with an increase in cold
exposure (Figs. 6d and 6e). Next, we assessed the im‐
pact of cold stress-induced epigenetic modifications
on the differentiation of macrophages. ChIP was
used to examine acetylation and lactylation of his‐
tone in the promoter regions (2000 bp before the
transcription start site) of NF-κB (p65) (M1 macro‐
phage core transcription factor) and STAT6 (M2
macrophage core transcription factor) (Chen et al.,
2017). The results showed that cold exposure in‐
creased histone acetylation in the promoter of NF-κB
(p65) promoter, while histone lactylation was more
significantly elevated in the promoter of STAT6
(Fig. 6f). The dual luciferase reporter gene was used
to assess promoter activity, and nuclear protein sep‐
aration was used to assess nuclear entry of tran‐
scription factors. Cold stress increased promoter ac‐
tivity for NF-κB (p65) and STAT6 (Fig. 6g) as well
as nuclear translocation (Figs. 6h and 6i). Taken to‐
gether, these results demonstrate that cold stress in‐
duces macrophage M1 pro-inflammatory differenti‐
ation and M2 anti-inflammatory differentiation, which

correlates with increased levels of the histone acetyl‑
ation and lactylation.

4 Discussion

Cold exposure can result in inflammation as well
as an increased susceptibility to various diseases, in‐
cluding the common cold. The correct functional re‐
sponse of macrophages to microenvironmental stimuli
and signals plays an important role in host protection
(Delavary et al., 2011). We found that mitochondrial
dysfunction induced by cold stress might be an import‑
ant causative factor that mediates the pro-inflammatory
differentiation of macrophages, resulting in inflamma‐
tion. Based on the observed experimental results,
we speculated that abnormal mitochondrial function
promotes metabolic reprogramming of macrophage
aerobic glycolysis, inducing macrophage M1 pro-
inflammatory differentiation and the release of inflam‐
matory factors. In turn, the aerobic glycolytic metab‐
olism of M1 macrophages leads to the accumulation of
lactate. Macrophages then undergo histone lactylation,
which initiates repair gene expression. We provided
evidence that histone acetylation and lactylation syn‐
ergistically participate in the response of macrophages
to cold stress, promoting the differentiation of M1 and
M2 macrophages. With the accumulation of lactate,
the expression of anti-inflammatory (M2) genes grad‐
ually increased. This may be a self-protective mechan‑
ism by which mitochondrial function and metabol‑
ically related epigenetic modifications regulate inflam‐
mation caused by cold stress.

Based on previous research at this laboratory,
adolescent mice with a high degree of sensitivity to
cold stress were selected for assessment. Following
cold exposure for three weeks, O2 absorption volume
and CO2 release volume increased, suggesting that
whole-body high-energy expenditure is required to re‐
sist the adverse effects of cold stress. The white blood
cell count also increased, indicating inflammation in‐
duced by cold stress (Xu et al., 2021). Effective nutri‐
ent distribution between tissues and cells is a basic
characteristic of multicellular organisms. Whole-body
high-energy mobilization is bound to cause changes
within cellular microenvironments (McMurtrey, 2016).
Macrophages are innate immune cells that reside in
most tissues of the body. Their immune barrier and
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surveillance functions ensure their leading role in
maintaining homeostasis in response to adverse

stimuli (Kaur et al., 2017). Thus, from the perspec‐
tive of immunometabolism, we analyzed the impact

Fig. 6 Macrophage differentiation induced by cold stress via histone acetylation and lactylation. (a) Activity analysis
of Sirt1 in PMs obtained from RT and CE3W mice (n=3 per group); (b, c) Western blot analysis of protein levels of
Sirt1 in PMs obtained from RT, CE1W, CE2W, and CE3W mice (n=3 per group); (d, e) Western blot analysis of
histone acetylation and lactylation in PMs obtained from RT, CE1W, CE2W, and CE3W mice (n=3 per group);
(f) Histone acetylation and lactylation occupancy analysis by ChIP-qPCR in PMs obtained from RT and CE3W mice
(n=3 per group); (g) p65 and STAT6 promoter activity measured by luciferase reporter gene assay in PMs of RT and
CE3W mice (n=3 per group); (h, i) Western blot analysis of relevant nucleoprotein expression levels of p65 and STAT6
in PMs obtained from RT and CE3W mice (n=3 per group). Data represent the mean±SEM, using one-way ANOVA
with Dunnett’s post-hoc test. NS (not significant), *P<0.05, ** P<0.01, *** P<0.001, vs. RT. Sirt1: sirtuin 1; PM: peritoneal
macrophage; RT: room temperature, the control group; CE1W: cold exposure 1 week, the cold stress group; CE2W:
cold exposure 2 weeks, the cold stress group; CE3W: cold exposure 3 weeks, the cold stress group; Kac: acetylation;
Kla: lactylation; H3: histone 3; STAT6: signal transducer and activator of transcription 6; ChIP: chromatin immuno‐
precipitation; qPCR: quantitative real-time polymerase chain reaction; SEM: standard error of the mean; ANOVA:
analysis of variance.
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of cold stress on macrophages. We found that cold
stress induced macrophage activation. The response
of macrophages to cold stress was accompanied by
simultaneous up-regulation of M1-like genes (IL-1β
and TNF-α) and M2-like genes (IL-10 and Arg1).
That is, bidirectional differentiation occurred.

With their high degree of plasticity, macrophages
play diverse roles in tissue homeostasis and the adap‐
tive immune response (Iavarone et al., 2020). The
strict control of energy metabolism serves as the basis
for macrophage reactive phenotypes (di Conza and
Ho, 2018). Thus, we first analyzed energy metabol‑
ism in the PMs of the cold stress mouse model. Re‐
sults suggested that cold stress promoted metabolic re‐
programming of aerobic glycolysis, which was the
metabolic state of the M1 macrophages. These meta‐
bolic changes were accompanied by accumulation of
lactate and suppression of the TCA cycle. In previous
reports, complex changes in cell metabolism were
found to be due to HIF-1α activation that resulted
in glucose uptake and overall enhanced glycolysis
(Malhotra et al., 2002; Codo et al., 2020), and inhib‑
ition of PDH activity, which reduces aerobic oxida‐
tion of glucose in mitochondria (Mathew and White,
2011). Consistent with those reports, chronic cold
stress gradually increased the expression of macro‐
phage HIF-1α and key glycolytic enzymes (PGK1 and
PFKFB3), as well as LDH activity. These results dem‐
onstrated HIF-1α involvement in regulation of the gly‐
colytic metabolic reprogramming of macrophages in‐
duced by cold stress, even with sufficient oxygen.
The stabilization of HIF-1α requires the induction
of hypoxic conditions, which excludes nonhypoxic
HIF-1α stabilization by fumaric and succinic acid re‐
ductions due to glucose metabolism (Schito and Rey,
2018). On the other hand, cellular metabolic processes
located in the mitochondria, such as the TCA cycle,
were generally defective in the PMs of cold-stressed
mice. These results imply that cold stress may cause
mitochondrial damage, affecting the perception of
intracellular oxygen with resultant reprogramming of
glycolysis metabolism. This reprogramming would
promote pro-inflammatory (M1) macrophage differ‐
entiation and the inflammatory phenotype. However,
increased expression of anti-inflammatory genes was
also observed. This is in contrast to the previous under‐
standing that aerobic glycolysis was the core metabolic
mode for M1 macrophages, a metabolic mode expected

to promote an inflammatory macrophage response
(Wang FL et al., 2018).

A comparison of gene expression in PMs from
cold-stressed mice and control mice showed that cold
stress causes mitochondrial function defects in PMs.
Mitochondrial function is determined by a number of
factors including their mass, density, and distribution.
The state of mitochondrial fusion and fission reflects
mitochondrial mass. The network of fusion is more
conducive to the use of glucose for energy needs,
while fission isolates mitochondria from harmful sub‐
stances to avoid more damage (Youle and van der
Bliek, 2012). When the body is subjected to stimuli, it
will reshape mitochondria to cope with the needs of
energy intensive biological processes (MacVicar et al.,
2019). With cold stress, macrophages expressed high
levels of Drp1 and reduced levels of Mfn1, suggest‐
ing that mitochondrial homeostasis had been des‑
troyed. Mitochondrial fusion plays an important role
in ensuring the accuracy and stability of mtDNA repli‐
cation, and a reduction of Mfn1 leads to mtDNA dele‐
tion (Suárez-Rivero et al., 2017). Furthermore, in‐
creased fission usually induces defects in the mito‐
chondrial ETC, which leads to an increase in produc‐
tion of ROS and reduces mitochondrial respiratory cap‑
acity (Indo et al., 2007; Zheng et al., 2021). These re‐
sults may force PMs to use bioenergy replacement
mechanisms such as glycolysis. In addition, cold stress
may increase the degree of proton leakage mediated
by uncoupling proteins located in the inner membrane
of mitochondria (Shang et al., 2009). The conversion
of more metabolic energy into heat to be emitted to
maintain a constant body temperature under cold con‐
ditions reduces the ΔΨm and aggravates mitochondrial
damage. Importantly, excessive fission also induces
the miniaturization of mitochondria, which cannot be
repaired by fission, when the mitochondria are dam‐
aged. Mitophagy is the targeted phagocytosis and
destruction of mitochondria by autophagosomes, and
is generally considered to be the main mechanism
for mitochondrial quality control (Hoshino et al.,
2019). However, abnormal mitochondrial autophagy
would aggravate cell damage (Kang et al., 2021). In
our study, we observed that cold stress activated mito‐
chondrial autophagy in PMs, as shown by the in‐
creased expression of PINK1 and Parkin proteins,
high colocalization of LC3 on mitochondria, and
accumulation of mitophagosomes. These data imply
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that damage to the mitochondrial function of PMs
caused by cold stress is a potential factor leading to
aerobic glycolysis.

To increase adaptability to a cold environment,
continuous high-level energy mobilization is needed
to maintain normal body function. Despite continuous
dietary intake, prolonged stress would increase the
functional burden, forcing macrophage adaptation to
the change in the microenvironment. In the case of under‑
nutrition, autophagy is a homeostatic process, which pro‐
motes the circulation of cellular components through a
“decomposition and reuse” model, thereby maintain‐
ing macromolecular metabolites such as proteins, nu‐
cleotides, fatty acids, and membrane lipids. Autophagy
compensates for a lack of substrates for energy gener‐
ation and biosynthetic pathways by degrading macro‐
molecules (Castillo et al., 2013; Matus et al., 2014).
Consistent with this, cold exposure increased macro‐
phage autophagy, as demonstrated by the gradual in‐
crease in expression of autophagy-related proteins,
such as ULK1, ATG5, Beclin1, and LC3 II/I. Further,
a gradual increase in the formation of phagolyso‐
somes was observed. This may have been due to the
degradation of macromolecules required to meet the
metabolic needs of macrophages undergoing differen‐
tiation in response to cold stress. However, excessive
autophagy would destroy macrophage structure and
disrupt normal immunological function.

Recent developments in the field of immuno‐
metabolism have revealed that metabolites regulate a
variety of transcriptional responses, including epigenetic
modification (Amiel and Perona-Wright, 2020; Lio
and Huang, 2020). These developments suggest that
metabolism goes beyond its traditional roles in bioen‐
ergetics and biosynthesis. The main metabolite of gly‐
colysis, lactate, is no longer considered “metabolic
waste.” The lactate-derived lactylation of histone
lysine residues is an epigenetic modification, which
initiates the transcription of anti-inflammatory genes
in response to metabolic reprogramming following a
macrophage inflammatory response. Consistent with
previous laboratory results (Xu et al., 2018), cold
exposure increased histone acetylation, while enzy‐
matic activity and protein expression of Sirt1, a key
deacetylase, gradually decreased. With an increase
in glycolysis, the accumulation of lactate in macro‐
phages would result in histone lactylation, which in
conjunction with histone acetylation would affect the

differentiation of macrophages through modification
of NF-κB (p65) and STAT6 promoters. Generally, his‐
tone acetylation is related to inflammation mediated
by macrophages (Hardbower et al., 2017; Singh et al.,
2018). In contrast, histone lactylation promotes M2
anti-inflammatory differentiation, reducing excessive
inflammation. Therefore, we speculate that the differ‐
entiation of macrophages during cold stress may be
the result of multilayered epigenetics, regulated by
histone acetylation and lactylation. We propose such a
biological process. As such, cold stress-induced meta‐
bolic reprogramming of macrophage aerobic glycoly‐
sis would destroy the integrity of mitochondrial func‐
tion, which in conjunction with increased histone acetyl‑
ation would promote pro-inflammatory differenti‑
ation of M1 macrophages. With the accumulation of
intracellular lactate driven by glycolysis, histone lactyl‑
ation would initiate the transcription of STAT6, up‑
regulating the expression of repair genes and the body’s
self-protective mechanisms (Fig. 7). However, when
the inflammatory stimulus persists and cannot be de‐
stroyed, the abnormally prolonged or excessive in‐
flammatory response will lead to tissue damage and
chronic inflammation.

In summary, our results demonstrate that meta‐
bolic reprogramming, which induces differentiation
of macrophages, is not only the result of cellular sig‐
naling cascades. As an important organelle for cell
metabolism, the integrity of mitochondrial function
is also a factor that should be evaluated. Metabolite-
controlled histone modifications may also be key regu‐
lators of the balance of M1-like and M2-like macro‐
phages during stress. In addition, responses to cold
stress are highly variable among species (Reynés
et al., 2019; Spiljar et al., 2021). Therefore, the direct
human applicability of our finding that a profound re‐
arrangement of immune cell metabolism induced by
cold exposure is associated with activation processes
remains to be established.
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