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ABSTRACT. Low/cold ambient temperatures can induce hepatic damage in mammals, prompting the evolution 
of huddling as an adaptive strategy among small mammals to survive cold conditions in the wild. However, 
the specific mechanisms by which low/cold ambient temperatures and huddling influence the liver remain 
poorly characterized. This study examined the impact of huddling on liver glycogen and lipid metabolism in 
wild Brandt’s vole, Lasiopodomys brandtii (Radde, 1861) under low/cold ambient conditions. Results indicated 
that: (1) Compared to the Control group (CON), the Resting Metabolic Rate of the Cool separated group (CS) 
increased, whereas the Cool huddling group (CH) exhibited no change; (2) Liver glycogen content decreased, 
and glycogen phosphorylase activity increased in both the CH and CS groups compared to the CON group. 
However, CH showed a less pronounced reduction in glycogen content and attenuated glycogen phosphorylase 
hyperactivity compared to CS. Glycogen synthase activity remained consistent across all groups; (3) Compared 
with the CON group, the CS group exhibited decreased triglyceride content, fatty acid synthase activity, and 
acetyl-coenzyme A carboxylase activity. Conversely, triglyceride content and fatty acid synthase activity in CH 
were unchanged, while acetyl-coenzyme A carboxylase activity was higher compared to CS. Hepatic lipase 
activity was stable across all experimental groups. These results indicate that low/cold ambient temperatures 
decrease hepatic glycogen and lipid reserves in the livers of Brandt’s voles. However, huddling mitigates these 
effects by inhibiting glycogen breakdown and promoting lipid synthesis, thereby enhancing physiological 
resilience to cold stress.
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INTRODUCTION

Temperature is a critical environmental factor that sig-

nificantly affects the physiological and metabolic processes 

of mammals, shaping energy acquisition strategies, energy 

requirements, and physical adaptations (Kawate et al. 1994). 

Low/cold ambient temperatures pose a substantial challenge 

to small mammals, inducing stress that necessitates meta-

bolic and behavioral adaptations for survival. The liver is 

one of the most active and important thermogenic organs, 

accounting for approximately 20%–30% of total metabolic 

activity (Villarin et al. 2003). Exposure to cold environments 

can alter hepatic enzyme activity, driving processes such as 

lipid peroxidation, hepatic glycogenolysis, and xenobiotic 

metabolism (Sahin and Gümüşlü 2004, Stocks et al. 2004). 

Glycogen serves as the primary storage form of glucose in 

mammals, while triglycerides (TG) represent a vital reservoir 

of lipids. Experimental studies have demonstrated that cold 

exposure can significantly impact hepatic glucose and lipid 

metabolism. For example, rats exposed to 2 °C for one hour 

exhibit increased hepatic TG concentrations (Górski et al. 

1988). Similarly, cold stress at 8 °C for four hours leads to 

elevated consumption of liver glycogen and lipids compared 

to rats maintained at thermoneutral conditions of 22 °C 

(Ferreira et al. 2010). Despite these insights, the effects of 

low/cold ambient temperatures on liver glucose and lipid 
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metabolism in small mammals remains an active area of 
research, requiring further investigation to elucidate under-
lying mechanisms and adaptive responses.

The regulation of glycogen and lipid metabolism in 
mammals involves a complex interplay of enzymatic activ-
ities. Glycogen synthase (GS) is a key enzyme responsible 
for glycogen synthesis (Hers 1976, Watts and Malthus 1980, 
Pederson 2019), while glycogen phosphorylase (GYPL) 
facilitates glycogen breakdown (Henke and Sparks 2006, 
Donnier-Maréchal and Vidal 2016, Mathieu et al. 2017). 
Evidence suggests that refrigeration at 4 °C for 12 hours 
reduces GS mRNA expression in the mouse liver (Zhu 
et al. 2020), whereas GYPL activity remains stable in the 
livers of rats born at 5 and 20 °C (Hyvarinen et al. 1976). 
Hepatic lipase (HL) is a lipolytic enzyme that hydrolyzes 
TG and phospholipids in circulating plasma lipoproteins 
(Fan and Watanabe 1998, Thuren 2000, Santamarina-Fojo 
et al. 2004). Fatty acid synthase (FASN) is a critical enzyme 
involved in the ‘de novo’ synthesis of fatty acids in mammals 
(Roy et al. 2006, Horiguchi et al. 2008, Fhu and Ali 2020), 
while Acetyl-CoA carboxylase (ACC) serves as the primary 
rate-limiting enzyme in fatty acid synthesis (Kim 1983, Chen 
et al. 2019, Wang et al. 2022). Studies have shown that pro-
longed exposure to 4 °C for seven days reduces both FASN 
protein expression and FASN and ACC mRNA expression in 
rat livers (Sepa-Kishi et al. 2018). Investigating the activity 
and regulation of these enzymes is crucial to understanding 
the regulatory mechanisms underlying glycogen and lipid 
metabolism in mammalian livers under low/cold ambient 
temperature conditions, helping elucidate the adaptive 
metabolic responses of mammals to cold environments.

Brandt’s voles, Lasiopodomys brandtii (Radde, 1861), 
small non-hibernating herbivorous rodents, are widely 
distributed across the Inner Mongolian grasslands of 
China, Mongolia, and the southeastern Baikal region of 
Russia (Zhang et al. 2018). This species plays a crucial role 
in grassland ecosystems due to its strong social behavior, 
ecological importance, and potential for human-wildlife 
conflict (Zhong et al. 2007). As these regions experience harsh 
winters, Brandt’s voles live in colonies throughout the year 
and employ huddling as a social thermoregulatory strategy 
to minimize energy expenditure and heat loss. Huddling 
behavior has been demonstrated to confer significant en-
ergetic benefits under cold conditions (Brenner 1965, Case 
1973, Putaala et al. 1995). Studies indicate that individuals 
kept isolated under low/cold ambient temperatures exhibit 
reduced Resting Metabolic Rate (RMR) and heat produc-
tion but increased activity compared to those in groups 

(Sukhchuluun et al. 2018). Our previous research has shown 
that cold exposure increases myocardial glycogen content 
in the myocardium of Brandt’s voles, while huddling miti-
gates this accumulation (Xu et al. 2021). However, whether 
similar effects occur in liver glycogen and lipid metabolism 
remains unclear.

The liver is a central organ for regulating energy meta
bolism, particularly glycogen and lipid storage, yet studies on 
the impact of huddling under low/cold ambient conditions in 
small mammals have predominantly focused on other organs, 
such as the heart and intestines, or on behavioral responses 
(Sanchez et al. 2015, Zhang et al. 2018, Xu et al. 2021). Given 
the critical role of the liver in energy homeostasis, it is essen-
tial to determine whether huddling behavior impacts hepatic 
glycogen and lipid metabolism in response to cold stress. 
Brandt’s voles can serve as an ideal model for investigating 
this phenomenon (Zhang et al. 2018). We hypothesized that 
exposure to low/cold ambient temperatures would decrease 
hepatic energy reserves, such as glycogen and lipids, and 
that huddling would alleviate these reductions. To test these 
hypotheses, we analyzed the glycogen and lipid content of 
vole livers under two conditions: huddling versus isolation. 
The experiments were conducted during autumn at normal 
temperatures (22 ± 2 °C) and under low/cold ambient tem-
peratures (15 °C). Additionally, we measured the activities of 
key enzymes involved in glycogen and lipid metabolism to 
further elucidate the underlying mechanisms (Fig. 1).

MATERIAL AND METHODS

Ethics Statement

All procedures followed the Laboratory Animal 
Guidelines for the Ethical Review of Animal Welfare (GB/T 
35892-2018) and were approved by the Biomedical Ethics 
Committee of Qufu Normal University (Permit Number: 
2023115). The authors declare that the study was carried 
out in compliance with the ARRIVE guidelines.

Animals and groups

Forty-eight adult voles (thermal neutral zone: 28–38 
°C) were captured and housed as described previously (Lu 
et al. 2007, Wang et al. 2020). The voles were acclimated to 
laboratory conditions for two weeks. They were housed four 
animals per cage (28 × 18 × 12 cm) at an ambient tempera-
ture of 22 ± 2 °C, relative humidity of 55 ± 5%, and light ⁄ 
dark regime of 12:12 h (light on from 06:00 am to 06:00 pm). 
Food (standard rabbit chow, Pengyue Experimental Animal 
Breeding Co., Ltd., China) and water was provided ad libitum 
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and wood shavings were used as bedding. Based on body 
weight, a total of 24 males (28–50 g, average 38 g) adult 
voles were randomly divided into three groups, respectively. 
Control group (CON): Voles were continuously housed under 
an ambient temperature of 22 ± 2 °C, with four animals in 
each cage, similar to their normal state in autumn. Cool 
huddling group (CH): Voles were housed together in a cage 
under an ambient temperature of 15 °C. The group size 
(four voles in each cage) ensured most animals remained 
inactive in a huddle (Zhang et al. 2018). Cool separated 
group (CS): Voles were housed individually in cages at an 
ambient temperature of 15 °C. The three treatment groups 
were maintained under the same relative humidity (55 ± 5%) 
and light regime (12:12 h light ⁄dark, light on from 06:00 am 
to 06:00 pm). Animal treatment started in late September 
and lasted eight weeks (Wang et al. 2020).

Sample preparation

All animals were sacrificed by CO
2
 asphyxiation be-

tween 08:00 and 11:00 am on the last day of the experiment. 

A portion of liver tissue was embedded and stored at −80 
°C for use in frozen sections. The remaining liver tissue was 
frozen in liquid nitrogen and stored at −80 °C. All procedures 
were carried out in accordance with the approved guidelines.

Detection of RMR

RMR was measured by groups of voles both huddling 
(four voles in a transparent plastic chamber with a volume 
of 5.8L) and separated (four voles in the same chamber 
but separated by double-layered dividing meshes) for three 
hours at their acclimation T

a
s 4 and 22 °C in open-circuit 

respirometry system (TSE labmaster, Germany). The air flow 
rate was 3 L/min. The open circuitry respirometry system 
monitored four metabolic chambers in one running of the 
measurement. Three metabolic chambers were used for 
oxygen consumption of group voles and one blank chamber 
used for a baseline in sequence, but all sampled in every 6 
min. We took the average of consecutive, stable and mini-
mum three readings of oxygen consumption as the RMR at 
least after one hour acclimation to the chamber.

Figure 1. Graphical summary of research background. (GYPL) Glycogen phosphorylase, (GS) glycogen synthase, (FASN) 
Fatty Acid Synthase, (ACC) Acetyl-coA Carboxylase, (HL) hepatic lipase.
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Glycogen and triglyceride content detection

Samples stored at −80 °C were used to detect glyco-
gen and triglycerides content. The glycogen amount in the 
livers of the three groups was determined with a Glycogen 
Assay Kit (BC0345, Solarbio, Beijing, China) by the anthrone 
method (Cai et al. 2022). Triglyceride content was deter-
mined using a triglyceride content kit (BC0625, Solarbio) 
by measuring the absorbance at 420 nm (Tao et al. 2021).

Paraffin sectioning and Periodic Acid-Schiff staining (PAS)

PAS staining was performed to detect glycogen distri-
bution in the liver. Liver samples were fixed in 4% parafor-
maldehyde and embedded in paraffin before being sectioned 
into 6-μm tissue slides using a paraffin slicer (HistoCore Au-
tocut, Leica). The sections were mounted on glass slides and 
washed in 0.5% periodate solution for 10 min, followed by 
three rinses in distilled water for 10 s each. Next, the sections 
were immersed in Schiff’s reagent, shielded from light, for 
30 min and subsequently rinsed under running water for 5 
min. The slides were then dehydrated, sealed with neutral 
gum, and stored. The sealed slides were visualized using a 
confocal laser scanning microscope (Olympus, Osaka, Japan) 
at an objective magnification of 40×. Grayscale analysis of the 
images was performed using Image-Pro Plus v6.0 software 
to quantify the relative glycogen content.

Frozen sectioning and Oil Red O staining

Oil Red O staining is used to detect the distribution 
of TG in liver. Liver tissues fixed in 4% paraformaldehyde 
were subjected to gradient sucrose immersion, cryo-embed-
ded, and sectioned into 10-μm tissue slices using a cryostat 
(CM1950, Leica). The tissue slices, brought to room tempera-
ture, were immersed in Oil Red O working solution (G1260, 
Solarbio) for 8–10 min (Wang et al. 2021). After staining, the 
sections were briefly drained for 3 s and then differentiated 
by sequential immersion in two vats of 60% isopropyl alcohol 
for 3–5 s. The sections were sequentially immersed in two 
vats of pure water for 10 s. Finally, the slides were sealed with 
glycerol gelatin and stored. The sealed slides were visualized 
using a confocal laser scanning microscope (Olympus, Osa-
ka, Japan) at an objective magnification of 40×. Grayscale 
analysis of the images was performed using Image-Pro Plus 
v6.0 software to quantify relative TG content.

Detection of enzyme activities related to glycogen and 
lipid metabolism

Samples stored at −80 °C were used to detect GYPL, 
GS, FASN, ACC, and HL activities. GYPL activity was deter-

mined by measuring the rate of NADPH increase at 450 nm 
with a Glycogen Phosphorylase Activity Assay Kit (BC3345, 
Solarbio, Beijing, China) according to the manufacturer’s 
instructions (Zhang et al. 2021). GS activity was determined 
by measuring the rate of NADH decline at 340 nm using a 
Glycogen.

Synthase Assay Kit (BC3335, Solarbio) according to 
the manufacturer’s instructions (Zhang et al. 2021). FASN 
activity was determined by measuring the rate of decrease 
in light absorption at 340 nm using the Fatty Acid Synthase 
Activity Assay Kit (BC0555, Solarbio) (Meng et al. 2021). 
ACC Activity was determined by ammonium molybdate 
phosphate determination of increased inorganic phosphorus 
using the Acetyl Coenzyme A Carboxylase Activity Assay 
Kit (BC0410, Solarbio) (Cai et al. 2022). HL activity was 
determined by measuring the absorbance at 595 nm using 
the Hepatic Lipase Activity Kit (BC2380, Solarbio) (Tang et 
al. 2021).

Statistical analyses

All data were analyzed using SPSS v22.0 and presented 
as mean ± standard deviation (SD). Overall and group diffe
rences were determined using one-way analysis of variance 
(ANOVA) and Fisher’s least significant difference (LSD) 
post-hoc test, respectively. Under circumstances where no 
homogeneity was detected, ANOVADunnett’s T2 method 
was applied. Results were considered significant at p < 0.05.

RESULTS

Body weight, liver mass, liver mass/body weight and RMR

Compared to the CON group, the body weight and liver 
mass decreased in the two low/cold ambient temperature 
groups (Fig. 2A, B), but the ratio of liver mass to body weight 
did not change among the three groups (Fig. 2C). Compared 
to the CON group, the RMR of individuals increased in the 
CS group, but remained unchanged in the CH group (Fig. 2D).

Changes in glycogen content and activities of enzymes 
involved in glycogen synthesis and degradation

The distribution of liver glycogen in Brandt’s vole 
is shown in Fig. 3A, B. Compared to the CON group, liver 
glycogen content decreased in both low/cold ambient tem-
perature groups. However, the reduction in liver glycogen 
content induced by low/cold ambient temperatures was less 
pronounced in the CH group compared to the CS group 
(Fig. 3C, D). Compared to the CON group, the GYPL activity 
increased in both low/cold ambient temperature groups. 
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However, the increase in the GYPL activity induced by low/

cold ambient temperatures was less pronounced in the CH 

group compared to the CS group (Fig. 3E). The GS activity 

remained stable across all three groups (Fig. 3F).

Changes in TG content and activities of enzymes in-
volved in TG synthesis and degradation

The distribution of liver TG in Brandt’s vole is shown in 

Fig. 4A, B. Compared to the CON group, TG content decreased 

in the CS group, whereas no change was observed in the CH 

group (Fig. 4C, D). Compared to the CON group, the FASN 

activity decreased in the CS group, whereas no change was 

observed in the CH group (Fig. 4E). Compared to the CON 

group, the ACC activity decreased in both lowtemperature 

groups. However, the reduction in the ACC activity induced 

by low/cold ambient temperatures was less pronounced in the 

CH group compared to the CS group (Fig. 4F). The activity of 

HL remained stable across all three groups (Fig. 4G).

DISCUSSION

The key findings revealed that exposure to low/cold 

ambient temperatures increased GYPL activity while de-

creasing FASN and ACC activities. Importantly, huddling 

behavior mitigated these metabolic alterations, highlighting 

its adaptive role in cold environments.

Figure 2. Effects of huddling on body weight, liver mass, liver mass/body weight and Resting Metabolic Rate in Brandt’s 
voles under low/cold ambient temperatures: (A) Change in body weight; (B) Change in liver mass; (C) Change in liver mass/
body weight ratio; (D) Change in Resting Metabolic Rate. Values are means ± standard deviation. n = 8. (CON) Control 
group, (CS) cool separated group, (CH) cool huddling group.

A

C D

B

Huddling mitigates cold-induced liver energy depletion in Brandt’s vole

ZOOLOGIA 42: e24042 | https://doi.org/10.1590/S1984-4689.v42.e24042 | April 7, 2025 5 / 11



Exposure to low/cold ambient temperatures resulted 
in synchronized reductions in body weight and liver mass in 
the voles, while huddling behavior did not influence these 
parameters. Reducing body weight to lower heat demand 
and minimize heat dissipation may represent an adaptive 
strategy employed by Brandt’s voles to cope with cold envi-
ronments (Li and Wang 2005, Zhu et al. 2012).

Low/cold ambient temperatures of 15 °C caused a 
decrease in hepatic glycogen content in the Brandt’s voles. 
This reduction may be attributed to unchanged GS activity 
combined with increased GYPL activity, which maintains 
glycogen synthesis capacity while enhancing glycogen 
breakdown. The increased consumption of glycogen likely 
supports the heightened thermogenic demands imposed 
by cold stress (Jakus et al. 2008). Consistent with these 
findings, previous studies have demonstrated that 24-hour 

hypothermia (body temperature Tb = 20.4 ± 0.4 °C) in rats 
leads to substantial glycogen depletion (Prokop’eva and Iv-
leva 1986). As an important thermogenic organ in the body, 
the liver plays a pivotal role in sustaining body temperature 
under cold conditions. At 15 °C, Brandt’s voles likely rely on 
enhanced glycogen utilization in the liver to support heat 
production and maintain body temperature.

Huddling behavior plays a crucial role in preserving 
liver glycogen in Brandt’s voles under cold conditions by 
suppressing GYPL activity. This suppression alleviates the 
depletion of liver glycogen induced by exposure to a low/
cold ambient temperature of 15 °C. Previous studies have 
shown that huddling reduces body temperature in Brandt’s 
voles compared to isolated individuals under similar cold 
conditions (Sukhchuluun et al. 2018). By lowering body 
temperature, huddling reduces the temperature gradient 

Figure 3. Effects of huddling on liver glycogen-related indices in Brandt’s voles under low/cold ambient temperatures: (A) 
Scale bar = 100 μm. (B) Scale bar = 25 μm. PAS staining of glycogen in liver. Arrows point to glycogen staining location. 
Dashed Arrows point to nucleus. Enlarged part is inside the box. (C) Relative glycogen content displayed by PAS staining. 
(D) Change in glycogen content. (E) GYPL activity level. (F) GS activity level. Values are means ± standard deviation. n = 8. 
(CON) Control group, (CS) cool separated group, (CH) cool huddling group.

A

C D E F

B
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Figure 4. Effects of huddling on liver lipid-related indices in Brandt’s voles under low/cold ambient temperatures. (A) Scale 
bar = 100 μm. (B) Scale bar = 25 μm. Oil red staining of TG in liver. Arrows point to TG staining location. Enlarged part is 
inside the box. (C) Relative TG content displayed by Oil Red O staining. (D) Change in TG content. (E) FASN activity level. 
(F) ACC activity level. (G) HL activity level. Values are means ± standard deviation. n = 8. (CON) Control group, (CS) cool 
separated group, (CH) cool huddling group.

A

C D

F G

E

B
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between the body and surrounding environment, thereby 
reducing heat loss. RMR is a widely used indicator of ener-
gy expenditure (McClune et al. 2015). In the present study, 
voles engaged in huddling exhibited lower RMR at 15 °C 
compared to their isolated counterparts. This reduction in 
energy expenditure likely contributes to the inhibition of 
glycogen breakdown in the liver, as lower metabolic de-
mands diminish the need for rapid glycogen mobilization

Exposure to low/cold ambient temperature led to 
a reduction in hepatic TG content in Brandt’s voles. This 
decline was primarily attributed to decreased activities of 
FASN and ACC, critical enzymes involved in lipid synthesis. 
The suppression of these enzymatic activities under cold 
conditions weakened lipid biosynthesis capacity. Supporting 
evidence from previous research indicates that one hour of 
exposure to 2 °C in rats leads to an increase in total choles-
terol levels in the liver (Górski et al. 1988). The reduction in 
lipid synthesis at 15 °C can be explained by two factors. First, 
the relatively moderate cold stress of 15 °C may elicit a less 
pronounced physiological response compared to exposure to 
more extreme temperatures. Second, the energy demands for 
thermogenesis at 15 °C may outweigh the requirements for 
heat conservation, redirecting metabolic resources toward 
immediate energy production rather than lipid storage.

Huddling behavior effectively promotes lipid synthesis 
in the liver of Brandt’s voles by enhancing the activities of 
FASN and ACC. At a low/cold ambient temperature of 15 
°C, the TG content in the liver of voles in the CH group 
was higher than in the CS group and showed no difference 
compared to the CON group. This observation aligns with 
studies on chinchilla-strain domestic rabbits, Oryctolagus 
cuniculus (Linnaeus, 1758), where individuals at the center 
of a huddle under acute cold stress (9–11 °C) exhibited 
elevated serum TG concentrations relative to those at the 
periphery (García-Torres et al. 2015). The reduction in energy 
expenditure associated with huddling likely contributes to 
enhanced lipid synthesis by preserving metabolic resources 
that would otherwise be directed toward thermogenesis. 
Additionally, no differences in HL activity were observed 
among the groups, suggesting that cold exposure at 15 °C 
and huddling behavior did not influence lipid degradation 
in the liver. In conclusion, huddling behavior improves lipid 
synthesis in the liver of Brandt’s voles, leading to an increase 
in lipid content.

In summary, this study investigated the enzymatic 
mechanisms governing glycogen synthesis and degradation, 
as well as lipid synthesis and decomposition, in the livers 
of huddling and isolated Brandt’s voles exposed to low/

cold ambient temperatures. The findings demonstrated 
that cold conditions reduced hepatic glycogen and lipid 
storage. However, huddling behavior effectively mitigated 
these effects by suppressing glycogen decomposition and 
promoting TG synthesis, thereby alleviating these changes 
and enhancing cold tolerance. These results emphasize the 
ecological importance of huddling as a behavioral adapta-
tion among small mammals. By regulating glycogen and 
lipid metabolism, huddling supports individual physiological 
resilience and promotes population-level survival during 
harsh winters. These results emphasize the ecological impor-
tance of huddling as a behavioral adaptation among small 
mammals. By regulating glycogen and lipid metabolism, 
huddling supports individual physiological resilience and 
promotes population-level survival during harsh winters. 
This population—level and individual—level dual—level 
strategy exemplifies an effective survival mechanism for 
social species facing adverse environmental conditions. By 
enhancing overwinter survival and ensuring reproductive 
continuity, huddling contributes to the long-term persistence 
of the species, highlighting its critical role in the adaptive 
toolkit of small mammals.
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