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Leptin is a hormone mainly synthesized and secreted by white adipose tissue

(WAT), which regulates various physiological processes. To investigate the role

of leptin in energy balance and thermoregulation in Eothenomys miletus, voles

were randomly divided into leptin-injected and PBS-injected groups and placed

at 25°C ± 1°C with a photoperiod of 12 L:12 D. They were housed under

laboratory conditions for 28 days and compared in terms of body mass,

food intake, water intake, core body temperature, interscapular skin

temperature, resting metabolic rate (RMR), nonshivering thermogenesis

(NST), liver and brown adipose tissue (BAT) thermogenic activity, and serum

hormone levels. The results showed that leptin injection decreased body mass,

body fat, food intake, andwater intake. But it had no significant effect on carcass

protein. Leptin injection increased core body temperature, interscapular skin

temperature, resting metabolic rate, non-shivering thermogenesis,

mitochondrial protein content and cytochrome C oxidase (COX) activity in

liver and brown adipose tissue, uncoupling protein 1 (UCP1) content and

thyroxin 5′-deiodinase (T45′-DII) activity in brown adipose tissue

significantly. Serum leptin, triiodothyronine (T3), thyrotropin-releasing

hormone (TRH) and corticotropin-releasing hormone (CRH) concentrations

were also increased significantly. Correlation analysis showed that serum leptin

levels were positively correlated with core body temperature, body mass loss,

uncoupling protein 1 content, thyroxin 5′-deiodinase activity, nonshivering

thermogenesis, and negatively correlated with food intake; thyroxin 5′-
deiodinase and triiodothyronine levels were positively correlated, suggesting

that thyroxin 5′-deiodinase may play an important role in leptin-induced

thermogenesis in brown adipose tissue. In conclusion, our study shows that

exogenous leptin is involved in the regulation of energy metabolism and
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thermoregulation in E.miletus, and thyroid hormonemay play an important role

in the process of leptin regulating energy balance in E. miletus.
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1 Introduction

In order to cope with seasonal changes in environmental

conditions, many small mammal species, such as rodents,

typically maintain energy balance by adjusting their metabolic

rate, hormone, behavior and morphological changes

(Klingenspor et al., 1996; Wang et al., 1999; Klingenspor

et al., 2000; Bartness et al., 2002; Li and Wang, 2005; Zhao

et al., 2014). And maintaining a constant body temperature is

essential for their survival (Silva 2006). More and more evidence

showed that leptin plays an important role in energy homeostasis

of animals. Leptin is a product encoded by the obesity gene and a

protein hormone with a molecular weight of 16 kD composed of

167 amino acids (Zhang et al., 1994). In humans or other

mammals, leptin is mainly synthesized and secreted by

adipocytes in white adipose tissue (WAT) (Considine et al.,

1996; Klingenspor et al., 2000; Picó et al., 2022). It is also

produced by other tissues, such as stomach, placenta, brown

adipose tissue (BAT) and breast (Klingenspor et al., 1996;

Hoggard et al., 1997; Bado et al., 1998; Picó et al., 2022).

Leptin plays an important role in regulating animal food

intake, energy expenditure and body mass (Campfield et al.,

1995; Halaas et al., 1995; Pelleymounter et al., 1995; Halaas et al.,

1997). Secretion of leptin is mainly regulated by body fat content,

and serum leptin levels in rodent or human were positively

correlated with fat storage (Considine et al., 1996; Rousseau

et al., 2003; Li and Wang, 2005), therefore, leptin serves as an

indicator of energy availability (Nedergaard et al., 2022). Animals

that lack leptin become grossly obese, purportedly for two

reasons: increased food intake (Fischer et al., 2020;

Nedergaard et al., 2022) and decreased energy expenditure

(Commins et al., 1999). In mice, peripheral and central

injection of leptin reduced food intake and body fat (Halaas

et al., 1997). It found that in seasonal small mammals such as

Microtus brandti, Dichotonyx groenlandicus, and Phodopus

sungorus, seasonal changes in food intake, body mass and

body fat content have been found to be related to seasonal

changes in leptin levels, which showed that leptin is involved

in regulating the seasonal changes of animal body mass and

energy balance (Klingenspor et al., 2000; Johnson et al., 2004; Li

and Wang, 2005).

Change of energy expenditure regulated by leptin is related to

the thermogenic activity of BAT. BAT is the main site of cold

induced non-shivering thermogenesis (NST) in rodents. NST is

dominated by the sympathetic nervous system and regulated by

the hypothalamus pituitary thyroid axis (Cannon and

Nedergaard, 2004; Silva 2006). Ability of NST in BAT

depends on the concentration of uncoupling protein 1

(UCP1). UCP1 is a 32 kDa carrier protein uniquely expressed

in the inner mitochondrial membrane of BAT, which uncouples

fatty acid oxidation from adenosine triphosphate production,

releasing the energy produced by metabolic fuels in the form of

heat releasing energy rather than storing it as ATP (Cannon and

Nedergaard, 2004), which in turn is essential for active

thermoregulation in small mammals (Argyropoulos and

Harper, 2002). Research showed that leptin can regulate the

thermogenic capacity by increasing UCP1 content in BAT

(Scarpace et al., 1997; Commins et al., 1999). Leptin also

interacts with other endocrine hormones, such as melatonin,

thyroid hormone, thyrotropin-releasing hormone (TRH), to

jointly regulate energy homeostasis and lipid metabolism

(Zimmermann Belsing et al., 2003; Hermann et al., 2006;

Buonfiglio et al., 2018).

Leptin can regulate animal food intake (Campfield et al.,

1995; Baicy et al., 2007; Fischer et al., 2016), and energy balance

(Friedman 2019; Teixeira et al., 2021). Moreover, some studies

have shown that leptin also plays an important role in

thermoregulation (Luheshi et al., 1999; Fischer et al., 2016;

Weiner et al., 2021). It was found that ob/ob mice with leptin

deficiency, were not only gluttonous and obese (Halaas et al.,

1995), but also had the characteristics of sub hypothermia, so ob/

ob mice cannot survive for a long time under a low temperature

environment (Joosten and van der Kroon, 1974; Trayhurn et al.,

1977; Halaas et al., 1995). Later studies showed that exogenous

leptin increased the body temperature in ob/ob mice, indicating

that leptin participates in thermoregulation (Campfield et al.,

1995; Halaas et al., 1995; Pelleymounter et al., 1995; Enriori et al.,

2011; Kaiyala et al., 2016). Exogenous leptin injection can also

increase the body temperature of ob/ob mice without changing

the energy consumption, by opposing torpor bouts and by

shifting thermoregulatory thresholds (Fischer et al., 2016;

Fischer et al., 2020; Nedergaard et al., 2022). In addition,

leptin therapy reduces heat loss by reducing thermal

conductance (Fischer et al., 2016; Kaiyala et al., 2016).

Eothenomys miletus is a non-hibernating rodent, which

belongs to the genus Eothenomys (Arvicolinae, Cricetidae,

Rodentia). It is a native species of Hengduan Mountain and

also endemic to China. It is distributed in some areas of Yunnan,

Sichuan, Guizhou and Hubei in China, and mainly distributed in

Kunming, Dali, Lijiang, Xianggelila and Ailaoshan areas in

Yunnan Province. It mainly inhabits the highland mountains

and forests, mostly at night, and lives in shallow surface caves
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with at least two kinds of grass nests in its burrows, taking fresh

pulpy plants, roots and seeds of grasses as its main food. They are

one of the main wild hosts and vectors of the longitudinal valley

type pestis in Western Yunnan (Zhu et al., 2008). So far, there

have been a number of reports on the physiological and

ecological studies in E. miletus, such as the characteristics of

thermoregulation and thermogenesis (Zhu et al., 2014),

evaporative water loss (Zhu et al., 2008), changes of body

mass, energy metabolism and serum leptin during cold

acclimation (Zhu et al., 2010), and the effects of photoperiod

on energy intake, body mass, and thermogenesis (Zhu et al.,

2011). There is a positive correlation between the serum leptin

concentration and body mass, and the serum leptin

concentration had seasonal changes (Zhu et al., 2014).

Therefore, leptin may play a role in regulating the seasonal

energy balance and adaptation of E. miletus. However, the

changes of body mass and energy metabolism of E. miletus

after exogenous leptin injection are still unclear. In the

present study, the effects of leptin on energy homeostasis and

thermoregulation were studied by intraperitoneal injection of

leptin in E. miletus. We predicted that exogenous leptin injection

could enhance thermogenic capacity and reduce body mass in E.

miletus.

2 Materials and methods

2.1 Animals

In January 2022, E. miletus were captured from Chenggong

District, Kunming City, Yunnan Province (24°52′4″N,
102°51′57″E, 2,020 m). Kunming is located in the central

Yunnan plateau, with an average altitude of 1870 m, and

belongs to the mountain monsoon climate of the northern

subtropical low latitude plateau. The annual average

temperature is about 16.5°C, and the average minimum

temperature in January is 3°C. After disinfecting and killing

fleas, E. miletus were brought back to the laboratory of

Yunnan Normal University (Chenggong Campus), and were

raised in a mouse cage (260 mm × 160 mm × 150 mm),

without nest material, and standard rat food (produced by

Kunming Medical University) is fed. Food and water were

provided ad libitum. The macronutrient composition of the

diet was 6.2% crude fat, 20.8% crude protein, 21.5% neutral

detergent fiber, 12.5% acid detergent fiber, and 10.0% ash, and

the caloric value is 17.5 kJ/g. The room temperature was 25°C ±

1°C, and the light condition was 12 L: 12 D. Sixteen healthy adult

individuals with similar body mass were selected and used for the

experiment after 1 month of single cage adaptation.

The experiments were performed in two groups of eight

animals each with a room temperature of 25°C ± 1°C. In the leptin

injection group (Leptin; 4\, 4_), 12 L: 12 D (lights on at 8 a.m.),

0.1 ml of PBS solution containing recombinant murine leptin

(ProSpec, cyt-351-c) 0.5 μg/g.d was injected intraperitoneally

daily after 10 h of light; in the control group (Control; 4\,

4_), 0.1 ml of PBS solution was injected intraperitoneally daily

at the same time as above 0.1 ml of PBS solution was used as the

control treatment. The injection dose of leptin was reported by

Rousseau et al. (2002). The experiment was conducted in March

2022 for 28 days (d). During the experiment, the core body

temperature was measured every 2 days (measurement time,

13:00–15:00), and the body mass, food intake, water intake,

RMR and NST were measured on day 0, 7, 14, 21, and 28. At

0, 14 and 28 days, the infrared thermal imager (produced by

Czech Republic, WIC-640-SUW) was used to conduct thermal

imaging in E. miletus. All animal operation procedures comply

with the regulations of Animal Care and Use Committee of

School of Life Sciences, Yunnan Normal University. This study

was approved by the Committee (13-0901-011).

2.2 Determination of body temperature,
body mass, food intake and water intake

The core body temperature was measured with a digital

thermometer (Beijing Yezhiheng Technology Co., Ltd., XGN-

1000T) (the diameter of the temperature sensor is 2 mm, and the

accuracy is 0.1°C). A small amount of Vaseline was applied to the

probe of the sensor, and inserts it into the rectum of the animal

about 2 cm away. Record the temperature of the animal after the

thermometer was stable. The interscapular skin temperature was

measured by infrared thermography. The small mammal

metabolic monitoring system (PRO-MRMR-8 Sable Systems

International Inc, United States) was used to record body

mass, food intake and water intake.

2.3 Metabolic rate measurement

Resting metabolic rate (RMR) and NST were measured using

a small mammalian metabolic monitoring system. The gas flow

rate in and out of the respiratory chamber was 200 ml/min and

the size of the chamber was 32 cm × 16 cm × 15 cm. The

temperature of the RMR measurement was controlled by an

artificial climate chamber (Shanghai Boxun Medical Equipment

Factory, Model SPX-300) (temperature fluctuation ±0.5°C), and

the experimental temperature was controlled at 25.0°C ± 0.5°C

within the thermoneutral zone (Zhu et al., 2008). The animals

were fasted for 3 h before the measurement, and the animals were

acclimatized in the respiratory chamber for 30 min, and the data

were recorded every 5 min for 60 min after the animals were

stabilized. At the end of the experiment, the experimental data

were derived and the two lowest consecutive stable values were

selected to calculate the RMR (Li and Wang, 2005).

After the RMR measurement, the animals were taken out

quickly, and norepinephrine (NE) was injected subcutaneously
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into the interscapular to measure the maximum NST of the

animals at 25°C. The amount of NE injection was 0.8 mg/kg of

body weight (Zhu et al., 2010). NST was measured continuously

for 60 min, data was recorded every 5 min, and two consecutive

and stable highest values were selected to calculate NST (Li and

Wang, 2005). In order to reduce the influence of circadian

rhythm, all measurements were conducted between 9:00 and

16:00.

Thermal conductance in E. miletus was calculated by the

following equation: C = RMR/(Tb-Ta), where C is the thermal

conductance, RMR is the resting metabolic rate (ml O2/h), Tb is

the body temperature (°C), and Ta is the ambient

temperature (°C).

2.4 Determination of serum hormone
content

At the end of the experiment, all animals were euthanized

by intraperitoneal injection of pentobarbital sodium

(50 mg/kg) to avoid or limit pain/distress. The blood was

collected from the abdominal cavity and the collected blood

was rested in a refrigerator at 4°C for 1 h, centrifuged at 4°C

(4,000 rpm, 30 min), and the serum was aspirated in 2 ml

centrifuge tubes, stored in a refrigerator (−80°C) and reserved.

After all samples were collected, the contents of leptin,

triiodothyronine (T3), thyroxine (T4), TRH and

corticotropin-releasing hormone (CRH) in serum are

determined by mouse enzyme linked immunosorbent assay

(ELISA). Leptin assay kit (Product No. YX-E20015M), T3

assay kit (Product No. YX-E20366M), T4 assay kit (Product

No. YX-E20363M), TRH assay kit (Product No. YX-

E20509M) and CRH assay kit (Product No. YX-E22127M)

were purchased from Preferred Biotechnology Co. (Shanghai,

China). The inter- and intra-assay variations were 7.6% and

3.3%, respectively, for leptin; 7.2% and 3.2% for T3; 7.8% and

3.4% for T4; 8.2% and 3.6% for TRH, and 8.7% and 3.2%

for TRH.

2.5 Determination of protein content and
enzyme activity in liver and BAT

Quickly dissect the animals, carefully separate the liver,

interscapular BAT, weigh them (to the nearest 0.001 g), put

them into 5 ml and 2 ml centrifuge tubes respectively, place

them in liquid nitrogen, and then transfer them to a low-

temperature refrigerator (− 80°C) for storage and standby.

After all samples were collected, mitochondria in liver and

BAT was extracted with Tissue Mitochondria Isolation Kit

(Shanghai Biyuntian Biotechnology Co., Ltd., Product No.

C3606). The content of mitochondrial protein (MP) in liver

and BAT was determined with BCA Protein Assay Kit (Product

No. YX-E20015M). UCP1 content, cytochrome C oxidase (COX,

complex IV) activity, T45′-deiodinase (T45′-DII) activity in BAT

and COX activity in liver were determined by mouse ELISA kits.

UCP1 assay kit (Product No. YX-E22121M), COX assay kit

(Product No. YX-E22118M), T45′-DII assay kit (Product No.

YX-E22129M) were purchased from Shanghai Preferred

Biotechnology Co. (Shanghai, China). The experimental

operation was carried out according to the instructions. The

inter- and intra-assay variations were 5.6% and 3.1%,

respectively, for UCP1; 5.0% and 2.6% for COX, and 5.3%

and 3.2% for T45′-DII.

2.6 Measurement of body composition
and digestive organs

Gastrointestinal tract (stomach, small intestine, colon, and

cecum) were extracted firstly, weighed with content (to 1 mg)

and measured with a ruler (to 0.1 cm), respectively. Then, the

contents of the gastrointestinal tract were removed and weighed

to get wet mass (to 1 mg). Finally, heart, liver, lung, gonad, spleen

and kidneys were removed respectively. All tissues and the

remaining carcass were weighed (to 1 mg and 0.01 g,

respectively) to get wet mass, dried in an oven at 60 C for at

least a week and then reweighed to get the dry mass. The carcass

fat and protein were measured after the carcass was dried to

constant weight. See the literature for the detailed determination

method (Ferreira et al., 2007).

2.7 Statistical analysis

Data were analyzed using SPSS 22.0 software (SPSS Inc.,

Chicago, IL, United States). Before all statistical analyses, data

were examined for normality and homogeneity of variance using

Kolmogorov-Smirnov and Levene tests, respectively. Differences

in physiological indicators between the different sexes of E.

miletus were not significant, so all data were combined and

counted. Continuous changes in body mass, body

temperature, food intake, water intake, RMR and NST were

detected by repeated-measures ANOVA. Differences in body

mass between groups were analyzed by independent samples

t-test. One-way ANOVA was used for between-group differences

in body core temperature, interscapular skin temperature, and

thermal conductance. Group differences in food intake, water

intake, RMR, NST, serum hormone content, protein content in

liver and BAT, and enzyme activity were analyzed by a one-way

analysis of covariance (ANCOVA) with body mass as a covariate.

Pearson correlation analysis was performed to determine the

correlations between serum leptin and body core temperature,

body mass loss, food intake, NST, RMR, and UCP1 content,

serum T3 and T45′II activity, and the correlation between serum

T3 and T45′-DII activity and NST, and the correlation between
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NST and interscapular BAT temperature. Data were expressed as

means ± standard error (SE), and p < .05 was considered to be

statistically significant.

3 Results

3.1 Body temperature

Before leptin injection, there was no difference in body core

temperature between the control group and leptin group

(F1,14 = 0.491, p = 0.495). With the increase of

domestication time, there was no significant change in body

core temperature in the control group (F14,98 = 0.077, p =

0.994), but in leptin group it showed significant changes

(F14,98 = 9.181, p = 0.019). From the 14th day to the end of

the experiment, the body core temperature of the animals in the

two groups had significant differences (14 days: F1,14 = 8.446,

p = 0.011, 28 days: F1,14 = 10.975, p = 0.005, Figure 1A). On the

28th day, the body core temperature of the control group and

leptin group was (36.4 ± 0.1)°C and (37.1 ± 0.2)°C, respectively,

and the leptin group was 0.6°C higher than the control

group. Analysis using thermography showed that there was

no difference in interscapular skin temperature between the two

groups before the experiment (F1,14 = 0.175, p = 0.682), and at

28 days the difference in interscapular skin temperature

between the two groups was statistically significant (F1,14 =

39.626, p < 0.001), and the leptin group was 1.1°C higher than

the control group (F2,14 = 43.109, p < 0.001), and there was no

significant difference in interscapular skin temperature during

the experiment in the control group in E. miletus (F2,14 = 4.036,

p = 0.067, Figures 1B,C).

FIGURE 1
Effect of leptin on core body temperature (A) and interscapular skin temperature (B,C) in Eothenomys miletus. Different letters (a–c) indicate
significant differences within the leptin group (p < .05); *:p < .05, **:p < .01 indicates a significant difference between the leptin and control groups.
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3.2 Body mass, food intake and water
intake

Before the experiment, body mass in control group was

43.4 ± 0.7 g, and that of the leptin group was 43.6 ± 0.9 g,

there was no significant difference between the two groups

(t = −1.77, df = 14, p = 0.862). From the 14th day on and

after, there was a significant difference between the body mass of

the control group and that of the leptin group. On day 14, the

body mass of leptin group was significantly lower than that of the

control group (t = 2.866, df = 14, p = 0.012), which was 8.075%

lower than that of the control group. On day 28, the body mass of

the control and leptin groups were 43.6 ± 0.8 g and 38.2 ± 0.8 g

respectively, with a significant difference between the two groups

(t = 4.755, df = 14, p = 0.000), and the leptin group was 12.3%

lower than the control group. There was no significant change in

the body mass of the control group (F4,28 = 0.123, p = 0.877);

while the leptin group showed significant differences, showing a

significant decrease (F4,28 = 43.038, p = 0.000), body mass on the

28th day was significantly lower than that on the 0th day, 12.3%

lower than that on the 0th day (Figure 2A).

There was no significant difference in food intake between

the control group and leptin group before the experiment (F1,13 =

0.292, p = 0.598). On day 14–28, food intake in the leptin group

was significantly lower than that of 27.5%, 24.5%, and 26.3%

compared with the control group (day 14: F1, 13 = 5.571, p =

0.035; day 21: F1, 13 = 5.440, p = 0.036; day 28: F1, 13 = 14.918, p =

0.002), and food intake in the leptin group were significantly

reduced (F4, 28 = 4.130, p = 0.027). Among them, the intake on

the 28th day can be 25% lower than the first day; differences in

food intake was not significant in the control group (F4, 28 =

0.029, p = 0.962, Figure 2B).

Before the experiment, the water intake of the control and

leptin groups of E. miletus was 6.6 ± 0.2 ml and 6.6 ± 0.3 ml,

respectively, which were not significantly different (F1,13 = 0.031,

p = 0.862). After day 14, water intake was significantly lower in

the leptin group than in the control group. On day 14, the water

intake of the leptin group was 15.8% lower than that of the

control group (F1,13 = 6.402, p = 0.025). At the end of the

experiment (day 28), the water intake of the leptin group was

22.1% lower than that of the control group (F1,13 = 6.955, p =

0.021). Water intake in the leptin group was significant and

showed a significant decrease (F4,28 = 5.352, p = 0.017), with

22.2% lower water intake at d 28 compared to d 0, while

variations of water intake in the control group was not

significant (F4,28 = 0.109, p = 0.866, Figure 2C).

FIGURE 2
Effect of leptin on body mass (A), food intake (B), water intake (C), RMR (D), NST (E) and thermal conductance (F) in Eothenomys miletus.
Different letters (a–c) indicate significant differences (p < .05) within the leptin group; *:p < .05, **:p < .01 indicates a significant difference between
the leptin and control groups.
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3.3 Metabolic rate

Before the experiment, there was no difference in RMR and

NST between the control group and leptin group (RMR: F1,13 =

0.123, p = 0.732; NST: F1,13 = 0.256, p = 0.622). At 21 days, RMR

and NST of the two groups were significantly different (RMR:

F1,13 = 10.594, p = 0.006; NST: F1,13 = 5.711, p = 0.033). RMR and

NST of leptin group were 7.2% and 4.2% higher than those of the

control group respectively; At 28 days, there was a significant

difference in RMR (RMR: F1,13 = 7.416, p = 0.017) and NST

(NST: F1,13 = 4.971, p = 0.044) between the two groups. RMR and

NST in leptin group increased by 9.0% and 5.0% respectively

compared with the control group (Figures 2D, E). With the

prolongation of leptin injection time, there was no significant

change in RMR and NST in the control group (RMR: F4,28 =

0.128, p = 0.971; NST: F4,28 = 0.412, p = 0.799); The RMR and

NST of leptin group animals also had no significant change with

the prolongation of leptin injection time (RMR: F4,28 = 1.769, p =

0.163; NST: F4,28 = 0.466, p = 0.617; Figures 2D, E).

Leptin injection had no significant effect on the thermal

conductance of the E. miletus (d 0, F1,14 = 0.314, p = 0.584; d 7,

F1,14 = 0.169, p = 0.687; d 14, F1,14 = 0.490, p = 0.495; d 21, F1,14 =

0.279, p = 0.606; d 28, F1,14 = 0.732, p = 0.407; Figure 2F).

3.4 Protein content and enzyme activity in
liver and BAT

After 28 days of leptin injection, the content of MP in liver

and BAT was significantly higher than that in the control

group (liver: F1,13 = 4.735, p = 0.049; BAT: F1,13 = 18.568, p =

0.001; Figure 3A). COX activity in liver and BAT was

significantly higher than that in control group (liver:

F1,13 = 14.966, p = 0.002; BAT: F1,13 = 12.107, p = 0.004;

Figure 3B). After leptin injection, the content of UCP1 in

leptin group was significantly higher than that in control

group (F1,13 = 25.955, p < 0.001; Figure 3C). Leptin

injection significantly increased T45′-DII activity in BAT

FIGURE 3
Leptin affects mitochondrial protein content (A) and COX activity (B) of Eothenomys miletus in liver and BAT, UCP1 content (C) and T45′-DII
activity (D) in BAT. *:p < .05, **:p < .01 indicates a significant difference between the leptin and control groups.
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(F1,13 = 4.724, p = 0.049; Figure 3D), which was 21.4% higher

than that in control group.

3.5 Serum hormone content

After leptin injection, serum leptin level increased

significantly (F1,13 = 14.831, p = 0.002), T3 increased

significantly (F1,13 = 12.054, p = 0.004), T4 content did not

change significantly (F1,13 = 4.231, p = 0.060), TRH content was

significantly higher than the control group (F1,13 = 23.015, p <
0.001), and CRH content was significantly higher than the

control group (F1,13 = 6.714, p = 0.022; Figure 4).

Correlation analysis showed that serum leptin content was

positively correlated with core body temperature,

interscapular skin temperature, RMR, UCP1, NST, T45′-DII
activity, serum T3 content, body mass loss, and negatively

correlated with food intake (Figures 5, 6); T45′-DII activity

and NST were positively correlated with serumT3 content

(Figure 6); NST was positively correlated with interscapular

skin temperature (Figure 6).

3.6 Body composition and digestive tract
morphology

After 4 weeks of leptin injection, there were significant

differences in several measured parameters between the

control and leptin groups of E. miletus (Table 1). Leptin

injection significantly reduced the carcass fat, carcass wet

mass, subcutaneous WAT, perisexual WAT, and mesenteric

WAT of E. miletus compared with the control group, and the

other body composition was not significantly affected by leptin

(Table 1). After leptin injection, the mass with content of

FIGURE 4
Effect of leptin on serum hormone levels in Eothenomys
miletus. *:p < .05, **:p < .01 indicates a significant difference
between the leptin and control groups.

FIGURE 5
Correlation of serum leptin with core body temperature (A), interscapular skin temperature (B), RMR (C), NST (D), food intake (E) and bodymass
loss (F).
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stomach, cecum wet mass, and mass with content of large

intestine of the leptin group were significantly lower than

those of the control group, and the rest of the digestive tract

morphology was not significantly affected by leptin (Table 2).

4 Discussion

Thermoregulation is one of the most important mechanisms in

animal physiology, which is essential not only to prevent cellular

damage from physiological temperature extremes, but also to

optimize biological activity and body function (Rezai-Zadeh and

Münzberg, 2013). Studies showed that leptin plays a key role not

only in energy balance, but also in thermoregulation (Rezai-Zadeh

and Münzberg, 2013), and most studies have shown that higher

leptin levels increased body temperature in animals (Enriori et al.,

2011; Dodd et al., 2014; Rezai- Zadeh et al., 2014). In the present

study, leptin injection for 28 days caused a significant increase in

core body temperature and interscapular skin temperature.

Consistently, leptin injection similarly increased core body

temperature and interscapular skin temperature in rats (de Git

et al., 2019), and obese mice (Enriori et al., 2011). Whereas in

leptin-deficient ob/obmice usually exhibit a subhypothermic profile

at room temperature and they become extremely hypothermic when

directly exposed to cold (Trayhurn et al., 1977), the body

temperature of ob/ob mice increased after long-term leptin

treatment (Pelleymounter et al., 1995; Kaiyala et al., 2016). Lower

body temperature and energy expenditure were also found in

patients with congenital leptin deficiency, whereas the

introduction of exogenous leptin normalized body temperature

and energy expenditure (Farooqi et al., 1999), and these results

suggested that leptin is directly involved in thermoregulation.

Leptin induces thermogenesis and thermoregulation partly

through its effect on thyroid hormone axis (Ukropec et al.,

2006). Thyroid hormone is also an important hormone to

regulate thermogenesis and body temperature. Severe deficiency

of thyroid hormone leads to hypothermia (Silva, 2006). Leptin

deficiency is not only related to hypothermia (Trayhurn et al.,

1977), but also to the reduction of circulating thyroid hormone

levels (Deem et al., 2018), and the above two conditions can be

improved by leptin treatment (Pelleymounter et al., 1995; Kaiyala

et al., 2016; Deem et al., 2018). T45′-DII is expressed in

hypothalamus, WAT, BAT and skeletal muscle (Bianco et al.,

2002), which is necessary for adaptive thermogenesis (Mullur

et al., 2014). T45′-DII can locally activate T4 to become active T3,

which is the key mechanism of thyroid hormone regulating

metabolism (Mullur et al., 2014). Moreover, the study suggests

that the high level of serum T3 may be the reason for the

increase of deiodinase activity in animals taking leptin for a long

time (Cettour-Rose et al., 2002). Leptin can up regulate the activity of

FIGURE 6
Correlation of serum leptin with UCP content (A), T45′-DII activity (B), and T3 content (C); correlation of serum T3 with T45′-DII activity (D) and
NST (E); correlation of NST with interscapular skin temperature (F).
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thyroid deiodinase (Cettour-Rose et al., 2002; Lisboa et al., 2003).

Studies have confirmed that leptin administered to the central

nervous system for 3 days can increase the activity of T45′-DII in
rat BAT (Cettour-Rose et al., 2002). More importantly, the 30-min

thermal response of the interscapular BAT of T45′-DII gene

knockout mice to NE infusion is reduced, which clearly shows

that the ability of T45′-DII gene knockout mice to generate heat

from BAT is reduced (de Jesus et al., 2001), the administration of

T45′-DII inhibitor led to the decrease of UCP-1 expression in BAT

(Branco et al., 1999). These results indicated that T45′-DII is a key
regulator of function and UCP1 induction in BAT, and is necessary

for the normal development of BAT and the differentiation of

BAT cells. In our study, the serum T3 content of leptin group was

significantly higher than that of the control group, leptin injection

also enhanced the activity of T45′-DII in BAT. The correlation

analysis showed that the serum leptin content was positively

correlated with T45′-DII activity and T3 content, T45′-DII
activity was positively correlated with T3 content. Therefore,

leptin may increase the concentration of T3 by increasing T45′-
DII activity in BAT, so as to increase thermogenesis and body

temperature, suggesting that thyroid hormone may be one of the

important mediators of leptin on thermogenesis and

thermoregulation in E. miletus (Deem et al., 2018). Moreover,

TRH and CRH also participate in the regulation of animal

energy balance. Studies showed that intracerebroventricular

injection of CRH increased the interscapular BAT temperature

and rectal temperature of Syrian hamsters (Shintani et al., 2005).

In the present study, the contents of TRH and CRH in the serum

increased significantly, suggesting that leptinmay interact with TRH

and CRH during thermoregulation.

TABLE 1 Effects of leptin on body composition in Eothenomys miletus.

Body compositions Control Leptin F P

Sample size 8 (4\, 4_) 8 (4\, 4_)

Body length (cm) 11.025 ± 0.186 10.850 ± 0.216 0.028 0.870

Tail length (cm) 4.225 ± 0.122 4.137 ± 0.122 0.233 0.638

Liver wet mass (g) 1.642 ± 0.139 1.517 ± 0.082 1.686 0.217

BAT wet mass (g) 0.217 ± 0.016 0.211 ± 0.012 4.066 0.052

Interscapular WAT mass (g) 0.108 ± 0.010 0.104 ± 0.010 0.411 0.533

Subcutaneous WAT mass (g) 2.382 ± 0.106 1.584 ± 0.142 11.002 0.005

Perigonadal WAT mass (g) 0.663 ± 0.031 0.394 ± 0.022 14.878 0.002

Retroperitoneal WAT mass (g) 0.190 ± 0.008 0.143 ± 0.013 1.753 0.208

Mesenteric WAT mass (g) 0.389 ± 0.015 0.273 ± 0.014 5.696 0.033

Carcass wet mass (g) 29.064 ± 0.302 26.318 ± 0.320 6.321 0.026

Carcass dry mass (g) 15.789 ± 0.238 13.118 ± 0.398 5.504 0.035

Carcass fat (g) 7.28 ± 0.106 5.028 ± 0.101 87.840 <0.001

Carcass protein (g) 6.477 ± 0.211 6.281 ± 0.321 0.191 0.669

Heart wet mass (g) 0.2286 ± 0.010 0.214 ± 0.010 0.006 0.941

Heart dry mass (g) 0.060 ± 0.002 0.055 ± 0.003 0.124 0.730

Spleen wet mass (g) 0.077 ± 0.006 0.068 ± 0.005 0.008 0.932

Spleen dry mass (g) 0.022 ± 0.001 0.020 ± 0.001 0.371 0.553

Lung wet mass (g) 0.249 ± 0.014 0.256 ± 0.015 1.508 0.241

Lung dry mass (g) 0.060 ± 0.004 0.065 ± 0.006 2.601 0.131

Kidneys wet mass (g) 0.364 ± 0.026 0.349 ± 0.020 0.125 0.729

Kidneys dry mass (g) 0.113 ± 0.011 0.099 ± 0.005 0.559 0.468

Testis wet mass(g) 0.633 ± 0.056 0.568 ± 0.106 2.192 0.199

Testis dry mass (g) 0.112 ± 0.011 0.110 ± 0.015 1.541 0.270

Data are mean ± SE. Values are significantly different at p < .05, determined by One-Way ANOVA, with body mass as a covariate.
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Leptin may also regulate body temperature by regulating

thermogenesis. Some researchers believe that the hypothermia of

ob/obmice is due to the lack of leptin, which makes them unable to

reduce the thermal conductance (Kaiyala et al., 2016). Previous

research data on ob/ob mice showed that leptin reduced its

thermal conductance at low ambient temperature (14°C) and high

ambient temperature (30°C), but had no effect on the thermal

conductance of ob/ob mice at room temperature (22°C). Similarly,

in the present study, leptin had no significant effect on the thermal

conductance of E. miletus at room temperature. However, in the

current study, the effect of leptin on the thermal conductance of E.

miletus at low ambient temperature and high ambient temperature

was not evaluated, which needs further study. Furthermore, some

studies have shown that leptin does not increase thermogenesis, but

increases defensive body temperature by reducing heat loss in the tail

(Fischer et al., 2016). Therefore, whether leptin can regulate the

temperature of rats by tail heat loss is also worthy of attention,

because tail heat loss (controlled by the vasodilation and contraction

of tail blood vessels) plays an important role in the temperature

regulation of rodents, although in this study, leptin can enhance the

thermogenesis capacity of E. miletus, which may be the main reason

for increasing the temperature.

Enhanced thermogenesis in many small mammals has been

found to be associated with increased MP concentrations, COX

activity, UCP1 mRNA levels and protein expression (Wang et al.,

1999; Li andWang, 2005; Wang et al., 2006). Similarly, the results of

the present study showed that MP concentration, and COX activity

increased in the liver and BAT of the leptin group, suggesting that the

total respiratory capacity of the liver and BAT was increased after

leptin injection, which was consistent with the leptin group having

higher RMR and NST. Leptin-regulated changes in energy

expenditure are associated with thermogenic activity in BAT, and

UCP1-mediated NST in BAT plays an important role inmaintaining

constant body temperature in many mammals (Tiraby et al., 2003).

Studies have demonstrated that high leptin concentrations can also

induce adaptive thermogenesis by increasing UCP1 expression in

BAT (Pelleymounter et al., 1995; Levin et al., 1996; Commins et al.,

1999; Scarpace et al., 1997; Johnson et al., 2004), thereby increasing

energy expenditure (Scarpace et al., 1997; Commins et al., 1999).

Leptin deficiency leads to reduced UCP1 expression and reduced

thermogenic capacity in animals, and supplementation with

exogenous leptin can correct this deficiency (Commins et al.,

1999). The results of the present study were consistent with the

conclusion that leptin increases the thermogenic activity of BAT.

Compared with the control group, leptin injection significantly

increased the content of UCP1 in BAT and enhanced the NST

and increased the interscapular skin temperature in the E. miletus.

After correlation analysis, it was shown that interscapular skin

temperature and NST were positively correlated (Figure 6F),

suggesting that the increased interscapular skin temperature may

mainly reflect the increase in thermogenesis. The present study and

most other studies suggest that leptin increases energy expenditure by

TABLE 2 Effects of leptin on the morphology of digestive tract in Eothenomys miletus.

Digestive tract morphology Control Leptin F P

Stomach

Length (cm) 1.725 ± 0.045 1.613 ± 0.064 1.401 0.258

Mass with content (g) 0.983 ± 0.024 0.750 ± 0.055 5.033 0.043

Wet mass (g) 0.287 ± 0.017 0.249 ± 0.026 1.387 0.260

Dry mass (g) 0.078 ± 0.004 0.072 ± 0.003 0.081 0.780

Small intestine

Length (cm) 31.206 ± 1.571 30.488 ± 1.748 0.938 0.351

Mass with content (g) 1.538 ± 0.181 1.598 ± 0.132 0.233 0.637

Wet mass (g) 0.736 ± 0.083 0.524 ± 0.061 0.018 0.897

Dry mass (g) 0.123 ± 0.015 0.087 ± 0.014 0.014 0.908

Caecum

Length (cm) 8.725 ± 0.327 9.088 ± 0.406 2.474 0.140

Mass with content (g) 2.131 ± 0.169 2.409 ± 0.436 0.544 0.474

Wet mass (g) 0.483 ± 0.035 0.323 ± 0.020 5.931 0.030

Dry mass (g) 0.086 ± 0.010 0.072 ± 0.009 0.108 0.747

Large intestine

Length (cm) 17.173 ± 0.986 16.225 ± 0.880 0.012 0.913

Mass with content (g) 1.226 ± 0.109 0.731 ± 0.091 5.642 0.034

Wet mass (g) 0.347 ± 0.040 0 302 ± 0.047 0.001 0.972

Dry mass (g) 0.061 ± 0.006 0.059 ± 0.006 0.017 0.897

Data are mean ± SE. Values are significantly different at p < .05, determined by One-Way ANOVA, with body mass as a covariate.
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increasing thermogenesis in the BAT, including increased expression

of UCP1 or UCP1 mRNA (Scarpace et al., 1997; Commins et al.,

1999). However, contrary experimental results also exist, such as the

administration of leptin to cold-adapted rats decreases food intake

and BAT thermogenesis (Abelenda et al., 2003), and obese F344 ×

BN aged rats show diminished anorexic and febrile responses to both

peripheral and central leptin treatment (Shek and Scarpace, 2000).

Other studies have shown that leptin is not a thermogenic hormone,

and it can increase animal body temperature without changing

thermogenesis. It is possible to increase body temperature without

increasing heat thermogenesis, because mice can reduce heat loss

through tail vasoconstriction (Fischer et al., 2016; Kaiyala et al., 2016).

Nedergaard et al. (2022) reviewed available data and concluded that

most papers implying a thermogenic effect of leptin have based this

on misconstrued division by body mass, and they have collected

evidence that the remaining observations that imply that leptin is a

thermogenic hormone are better understood as implying that leptin

is an anti-torpor hormone. The information on body energy reserves

is normally conveyed by leptin but since the ob/ob mice obviously

lack this information, they react as if they are without energy reserves

and therefore readily enter torpor.

Research showed that serum leptin plays an important role in

controlling body mass and body fat content by reducing food

intake and increasing energy expenditure (Halaas et al., 1995;

Levin et al., 1996; Klingenspor et al., 2000; Johnson et al., 2004).

In the present study, leptin injection resulted in a significant

reduction in body mass and food intake in E. miletus, which is

consistent with results observed in other animals under leptin

injection, including Lasiopodomys brandtii (Tang et al., 2009),

Phodopus sungorus (Klingenspor et al., 2000), ob/ob and wild

type mice (Halaas et al., 1995; Pelleymounter et al., 1995; Levin

et al., 1996), Sprague Dawley rat (Gullicksen et al., 2002)Microtus

agrastis (Król et al., 2006), and Spermophilus dauricus (Xing et al.,

2016). Consistent with the body mass loss, leptin injection also

significantly reduced the body fat content of E. miletus, indicating

that compared with the control group, the energy consumption

and fat carcass reserve consumption of the leptin group E. miletus

increased. At present, there is little information about the effect

of leptin on the synthesis or turnover of muscle protein in vivo,

but some studies have shown that leptin inhibits protein

decomposition in cultured C2C12 myoblasts (Ramsay 2003),

but our research showed that leptin has no significant effect

on carcass protein. The results of this study showed that the

serum leptin concentration was significantly increased in the

leptin group, and the body mass and food intake were reduced in

the leptin group. The correlation analysis showed that the serum

leptin level was positively correlated with body mass loss and

negatively correlated with food intake, indicating that increasing

of the leptin concentration suppressed the food intake of E.

miletus and thus reduced the body mass. Leptin injection also

significantly reduced the stomach and large intestine contents

mass of E. miletus, which may be due to the suppression of

feeding and water intake by leptin.

5 Conclusion

In conclusion, the results of the present study suggested that

exogenous leptin reduces food intake, carcass fat and body mass,

enhanced thermogenesis and increased body temperature, and

that leptin was involved in energy balance and thermoregulation

in E. miletus. Moreover, thyroid hormone may be an important

mediator of leptin regulation of energy balance and

thermoregulation in E. miletus.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by All animal

operation procedures comply with the regulations of Animal Care and

UseCommittee of School of Life Sciences, YunnanNormalUniversity.

This study was approved by the Committee (13-0901-011).

Author contributions

HC, HZ, and WZ conceived and designed the experiments,

performed the experiments, analyzed the data, prepared figures and/

or tables, authored or reviewed drafts of the paper, and approved the

final draft. TJ performed the experiments, prepared figures and/or

tables, and approved the final draft. ZW analyzed the data, prepared

figures and/or tables, and approved the final draft.

Funding

This work was supported by the National Natural Science

Foundation of China (No. 32160254); Reserve Talent Project for

Young andMiddle-agedAcademic and Technical Leaders in Yunnan

Province (2019HB013); Project for Young Top Talent in Yunnan

Province Ten Thousand People Plan (YNWR-QNRC-2019-047).

Acknowledgments

We are grateful to all the members of Physiological Ecology

Group in Yunnan Normal University for their help with

conducting the experiments and discussing the results. We

wish to thank Pro. Burkart Engesser at Historisches Museum

Basel, Switzerland for correcting the English usage in the draft.

Thank you for the reviewers and the editor of the journal for their

valuable comments.

Frontiers in Physiology frontiersin.org12

Chen et al. 10.3389/fphys.2022.1054107

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1054107


Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.1054107/full#supplementary-material

References

Abelenda, M., Ledesma, A., Rial, E., and Puerta, M. (2003). Leptin administration
to cold-acclimated rats reduces both food intake and Brown adipose tissue
thermogenesis. J. Therm. Biol. 28 (6-7), 525–530. doi:10.1016/S0306-4565(03)
00053-6

Argyropoulos, G., and Harper, M. E. (2002). Uncoupling proteins and
thermoregulation. J. Appl. Physiol. 92 (5), 2187–2198. doi:10.1152/japplphysiol.
00994.2001

Bado, A., Levasseur, S., Attoub, S., Kermorgant, S., Laigneau, J. P., Bortoluzzi, M.
N., et al. (1998). The stomach is a source of leptin. Nature 394 (6695), 790–793.
doi:10.1038/29547

Baicy, K., London, E. D., Monterosso, J., Wong, M. L., Delibasi, T., Sharma, A.,
et al. (2007). Leptin replacement alters brain response to food cues in genetically
leptin-deficient adults. Proc. Natl. Acad. Sci. U. S. A. 104 (46), 18276–18279. doi:10.
1073/pnas.0706481104

Bartness, T. J., Demas, G. E., and Song, C. K. (2002). Seasonal changes in
adiposity: the roles of the photoperiod, melatonin and other hormones, and
sympathetic nervous system. Exp. Biol. Med. (Maywood). 227 (6), 363–376.
doi:10.1177/153537020222700601

Bianco, A. C., Salvatore, D., Gereben, B., Berry, M. J., and Larsen, P. R. (2002).
Biochemistry, cellular and molecular biology, and physiological roles of the
iodothyronine selenodeiodinases. Endocr. Rev. 23 (1), 38–89. doi:10.1210/edrv.
23.1.0455

Branco, M., Ribeiro, M., Negrão, N., and Bianco, A. C. (1999). 3, 5, 3’-
Triiodothyronine actively stimulates UCP in Brown fat under minimal
sympathetic activity. Am. J. Physiol. 276 (1), E179–E187. doi:10.1152/ajpendo.
1999.276.1.E179

Buonfiglio, D., Parthimos, R., Dantas, R., Cerqueira Silva, R., Gomes, G.,
Andrade-Silva, J., et al. (2018). Melatonin absence leads to long-term leptin
resistance and overweight in rats. Front. Endocrinol. (Lausanne). 9, 122. doi:10.
3389/fendo.2018.00122

Campfield, L. A., Smith, F. J., Guisez, Y., Devos, R., and Burn, P. (1995).
Recombinant mouse OB protein: evidence for a peripheral signal linking
adiposity and central neural networks. Sci. (New York, N.Y.). 269 (5223),
546–549. doi:10.1126/science.7624778

Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function and
physiological significance. Physiol. Rev. 84 (1), 277–359. doi:10.1152/physrev.00015.
2003

Cettour-Rose, P., Burger, A. G., Meier, C. A., Visser, T. J., and Rohner-
Jeanrenaud, F. (2002). Central stimulatory effect of leptin on T3 production is
mediated by Brown adipose tissue type II deiodinase. Am. J. Physiol. Endocrinol.
Metab. 283 (5), E980–E987. doi:10.1152/ajpendo.00196.2002

Commins, S. P., Watson, P. M., Padgett, M. A., Dudley, A., Argyropoulos, G., and
Gettys, T. W. (1999). Induction of uncoupling protein expression in Brown and
white adipose tissue by leptin. Endocrinology 140 (1), 292–300. doi:10.1210/endo.
140.1.6399

Considine, R. V., Sinha, M. K., Heiman, M. L., Kriauciunas, A., Stephens, T. W., Nyce,
M. R., et al. (1996). Serum immunoreactive-leptin concentrations in normal-weight and
obese humans. N. Engl. J. Med. 334 (5), 292–295. doi:10.1056/NEJM199602013340503

de Git, K., den Outer, J. A., Wolterink-Donselaar, I. G., Luijendijk, M., Schéle, E.,
Dickson, S. L., et al. (2019). Rats that are predisposed to excessive obesity show
reduced (leptin-induced) thermoregulation even in the preobese state. Physiol. Rep.
7 (14), e14102. doi:10.14814/phy2.14102

de Jesus, L. A., Carvalho, S. D., Ribeiro, M. O., Schneider, M., Kim, S. W., Harney,
J. W., et al. (2001). The type 2 iodothyronine deiodinase is essential for adaptive
thermogenesis in Brown adipose tissue. J. Clin. Invest. 108 (9), 1379–1385. doi:10.
1172/JCI13803

Deem, J. D., Muta, K., Ogimoto, K., Nelson, J. T., Velasco, K. R., Kaiyala, K. J.,
et al. (2018). Leptin regulation of core body temperature involves mechanisms
independent of the thyroid axis. Am. J. Physiol. Endocrinol. Metab. 315 (4),
E552–E564. doi:10.1152/ajpendo.00462.2017

Dodd, G. T., Worth, A. A., Nunn, N., Korpal, A. K., Bechtold, D. A., Allison,
M. B., et al. (2014). The thermogenic effect of leptin is dependent on a
distinct population of prolactin-releasing peptide neurons in the
dorsomedial hypothalamus. Cell Metab. 20 (4), 639–649. doi:10.1016/j.cmet.
2014.07.022

Enriori, P. J., Sinnayah, P., Simonds, S. E., Garcia Rudaz, C., and Cowley, M.
A. (2011). Leptin action in the dorsomedial hypothalamus increases
sympathetic tone to Brown adipose tissue in spite of systemic leptin
resistance. J. Neurosci. 31 (34), 12189–12197. doi:10.1523/JNEUROSCI.
2336-11.2011

Farooqi, I. S., Jebb, S. A., Langmack, G., Lawrence, E., Cheetham, C. H., Prentice,
A. M., et al. (1999). Effects of recombinant leptin therapy in a child with congenital
leptin deficiency. N. Engl. J. Med. 341 (12), 879–884. doi:10.1056/
NEJM199909163411204

Ferreira, C. L., Macêdo, G. M., Latorraca, M. Q., Arantes, V. C., Veloso, R. V.,
Carneiro, E. M., et al. (2007). Serum leptin and insulin levels in lactating protein-
restricted rats: implications for energy balance. Br. J. Nutr. 97 (1), 27–34. doi:10.
1017/S0007114507106863

Fischer, A. W., Hoefig, C. S., Abreu-Vieira, G., de Jong, J., Petrovic, N.,
Mittag, J., et al. (2016). Leptin raises defended body temperature without
activating thermogenesis. Cell Rep. 14 (7), 1621–1631. doi:10.1016/j.celrep.
2016.01.041

Fischer, A. W., Cannon, B., and Nedergaard, J. (2020). Leptin: Is it thermogenic?
Endocr. Rev. 41 (2), 232–260. doi:10.1210/endrev/bnz016

Friedman, J. M. (2019). Leptin and the endocrine control of energy balance. Nat.
Metab. 1 (8), 754–764. doi:10.1038/s42255-019-0095-y

Gullicksen, P. S., Flatt, W. P., Dean, R. G., Hartzell, D. L., and Baile, C. A. (2002).
Energy metabolism and expression of uncoupling proteins 1, 2, and 3 after 21 days
of recovery from intracerebroventricular mouse leptin in rats. Physiol. Behav. 75 (4),
473–482. doi:10.1016/s0031-9384(02)00652-2

Halaas, J. L., Gajiwala, K. S., Maffei, M., Cohen, S. L., Chait, B. T., Rabinowitz,
D., et al. (1995). Weight-reducing effects of the plasma protein encoded by the
obese gene. Sci. (New York, N.Y.). 269 (5223), 543–546. doi:10.1126/science.
7624777

Halaas, J. L., Boozer, C., Blair-West, J., Fidahusein, N., Denton, D. A., and
Friedman, J. M. (1997). Physiological response to long-term peripheral and central
leptin infusion in lean and obese mice. Proc. Natl. Acad. Sci. U. S. A. 94 (16),
8878–8883. doi:10.1073/pnas.94.16.8878

Hermann, G. E., Barnes, M. J., and Rogers, R. C. (2006). Leptin and
thyrotropin-releasing hormone: Cooperative action in the hindbrain to
activate Brown adipose thermogenesis. Brain Res. 1117 (1), 118–124. doi:10.
1016/j.brainres.2006.08.018

Hoggard, N., Hunter, L., Duncan, J. S., Williams, L. M., Trayhurn, P., and Mercer,
J. G. (1997). Leptin and leptin receptor mRNA and protein expression in the murine

Frontiers in Physiology frontiersin.org13

Chen et al. 10.3389/fphys.2022.1054107

https://www.frontiersin.org/articles/10.3389/fphys.2022.1054107/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.1054107/full#supplementary-material
https://doi.org/10.1016/S0306-4565(03)00053-6
https://doi.org/10.1016/S0306-4565(03)00053-6
https://doi.org/10.1152/japplphysiol.00994.2001
https://doi.org/10.1152/japplphysiol.00994.2001
https://doi.org/10.1038/29547
https://doi.org/10.1073/pnas.0706481104
https://doi.org/10.1073/pnas.0706481104
https://doi.org/10.1177/153537020222700601
https://doi.org/10.1210/edrv.23.1.0455
https://doi.org/10.1210/edrv.23.1.0455
https://doi.org/10.1152/ajpendo.1999.276.1.E179
https://doi.org/10.1152/ajpendo.1999.276.1.E179
https://doi.org/10.3389/fendo.2018.00122
https://doi.org/10.3389/fendo.2018.00122
https://doi.org/10.1126/science.7624778
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1152/ajpendo.00196.2002
https://doi.org/10.1210/endo.140.1.6399
https://doi.org/10.1210/endo.140.1.6399
https://doi.org/10.1056/NEJM199602013340503
https://doi.org/10.14814/phy2.14102
https://doi.org/10.1172/JCI13803
https://doi.org/10.1172/JCI13803
https://doi.org/10.1152/ajpendo.00462.2017
https://doi.org/10.1016/j.cmet.2014.07.022
https://doi.org/10.1016/j.cmet.2014.07.022
https://doi.org/10.1523/JNEUROSCI.2336-11.2011
https://doi.org/10.1523/JNEUROSCI.2336-11.2011
https://doi.org/10.1056/NEJM199909163411204
https://doi.org/10.1056/NEJM199909163411204
https://doi.org/10.1017/S0007114507106863
https://doi.org/10.1017/S0007114507106863
https://doi.org/10.1016/j.celrep.2016.01.041
https://doi.org/10.1016/j.celrep.2016.01.041
https://doi.org/10.1210/endrev/bnz016
https://doi.org/10.1038/s42255-019-0095-y
https://doi.org/10.1016/s0031-9384(02)00652-2
https://doi.org/10.1126/science.7624777
https://doi.org/10.1126/science.7624777
https://doi.org/10.1073/pnas.94.16.8878
https://doi.org/10.1016/j.brainres.2006.08.018
https://doi.org/10.1016/j.brainres.2006.08.018
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1054107


fetus and placenta. Proc. Natl. Acad. Sci. U. S. A. 94 (20), 11073–11078. doi:10.1073/
pnas.94.20.11073

Johnson, M. S., Onorato, D. P., Gower, B. A., and Nagy, T. R. (2004). Weight
change affects serum leptin and corticosterone in the collared lemming. Gen.
Comp. Endocrinol. 136 (1), 30–36. doi:10.1016/j.ygcen.2003.11.011

Joosten, H. F., and van der Kroon, P. H. (1974). Role of the thyroid in the
development of the obese-hyperglycemic syndrome in mice (ob ob).Metabolism 23
(5), 425–436. doi:10.1016/0026-0495(74)90090-0

Kaiyala, K. J., Ogimoto, K., Nelson, J. T., Muta, K., and Morton, G. J. (2016).
Physiological role for leptin in the control of thermal conductance. Mol. Metab. 5
(10), 892–902. doi:10.1016/j.molmet.2016.07.005

Klingenspor, M., Dickopp, A., Heldmaier, G., and Klaus, S. (1996). Short
photoperiod reduces leptin gene expression in white and Brown adipose tissue
of Djungarian hamsters. FEBS Lett. 399 (3), 290–294. doi:10.1016/s0014-5793(96)
01343-9

Klingenspor, M., Niggemann, H., and Heldmaier, G. (2000). Modulation of leptin
sensitivity by short photoperiod acclimation in the Djungarian hamster, Phodopus
sungorus. J. Comp. Physiol. B 170 (1), 37–43. doi:10.1007/s003600050005

Król, E., Duncan, J. S., Redman, P., Morgan, P. J., Mercer, J. G., and Speakman,
J. R. (2006). Photoperiod regulates leptin sensitivity in field voles,Microtus agrestis.
J. Comp. Physiol. B 176 (2), 153–163. doi:10.1007/s00360-005-0037-8

Levin, N., Nelson, C., Gurney, A., Vandlen, R., and de Sauvage, F. (1996).
Decreased food intake does not completely account for adiposity reduction after
ob protein infusion. Proc. Natl. Acad. Sci. U. S. A. 93 (4), 1726–1730. doi:10.1073/
pnas.93.4.1726

Li, X. S., andWang, D. H. (2005). Regulation of body weight and thermogenesis in
seasonally acclimatized Brandt’s voles (Microtus brandti). Horm. Behav. 48 (3),
321–328. doi:10.1016/j.yhbeh.2005.04.004

Lisboa, P. C., Oliveira, K. J., Cabanelas, A., Ortiga-Carvalho, T. M., and Pazos-
Moura, C. C. (2003). Acute cold exposure, leptin, and somatostatin analog
(octreotide) modulate thyroid 5’-deiodinase activity. Am. J. Physiol. Endocrinol.
Metab. 284 (6), E1172–E1176. doi:10.1152/ajpendo.00513.2002

Luheshi, G. N., Gardner, J. D., Rushforth, D. A., Loudon, A. S., and Rothwell,
N. J. (1999). Leptin actions on food intake and body temperature are mediated
by IL-1. Proc. Natl. Acad. Sci. U. S. A. 96 (12), 7047–7052. doi:10.1073/pnas.96.
12.7047

Mullur, R., Liu, Y. Y., and Brent, G. A. (2014). Thyroid hormone regulation of
metabolism. Physiol. Rev. 94 (2), 355–382. doi:10.1152/physrev.00030.2013

Nedergaard, J., Fischer, A. W., and Cannon, B. (2022). Perspective: Leptin as
an anti-torpor hormone. An explanation for the increased metabolic efficiency
and the cold sensitivity of ob/ob mice? Physiol. Biochem. Zool. [Epub ahead of
print]. doi:10.1086/722135

Pelleymounter, M. A., Cullen, M. J., Baker, M. B., Hecht, R., Winters, D., Boone,
T., et al. (1995). Effects of the obese gene product on body weight regulation in
ob/ob mice. Sci. (New York, N.Y.). 269 (5223), 540–543. doi:10.1126/science.
7624776

Picó, C., Palou, M., Pomar, C. A., Rodríguez, A. M., and Palou, A. (2022). Leptin
as a key regulator of the adipose organ. Rev. Endocr. Metab. Disord. 23 (1), 13–30.
doi:10.1007/s11154-021-09687-5

Ramsay, T. G. (2003). Porcine leptin inhibits protein breakdown and stimulates
fatty acid oxidation in C2C12 myotubes. J. Anim. Sci. 81 (12), 3046–3051. doi:10.
2527/2003.81123046x

Rezai-Zadeh, K., andMünzberg, H. (2013). Integration of sensory information via
central thermoregulatory leptin targets. Physiol. Behav. 121, 49–55. doi:10.1016/j.
physbeh.2013.02.014

Rezai-Zadeh, K., Yu, S., Jiang, Y., Laque, A., Schwartzenburg, C., Morrison, C. D.,
et al. (2014). Leptin receptor neurons in the dorsomedial hypothalamus are key
regulators of energy expenditure and body weight, but not food intake.Mol. Metab.
3 (7), 681–693. doi:10.1016/j.molmet.2014.07.008

Rousseau, K., Atcha, Z., Cagampang, F. R., Le Rouzic, P., Stirland, J. A., Ivanov, T.
R., et al. (2002). Photoperiodic regulation of leptin resistance in the seasonally
breeding Siberian hamster (Phodopus sungorus). Endocrinology 143 (8), 3083–3095.
doi:10.1210/endo.143.8.8967

Rousseau, K., Atcha, Z., and Loudon, A. S. (2003). Leptin and seasonal mammals.
J. Neuroendocrinol. 15 (4), 409–414. doi:10.1046/j.1365-2826.2003.01007.x

Scarpace, P. J., Matheny, M., Pollock, B. H., and Tümer, N. (1997). Leptin
increases uncoupling protein expression and energy expenditure. Am. J. Physiol.
273, E226–E230. doi:10.1152/ajpendo.1997.273.1.E226

Shek, E. W., and Scarpace, P. J. (2000). Resistance to the anorexic and
thermogenic effects of centrally administrated leptin in obese aged rats. Regul.
Pept. 92 (1-3), 65–71. doi:10.1016/s0167-0115(00)00151-8

Shintani, M., Tamura, Y., Monden, M., and Shiomi, H. (2005). Thyrotropin-
releasing hormone induced thermogenesis in Syrian hamsters: Site of action and
receptor subtype. Brain Res. 1039 (1-2), 22–29. doi:10.1016/j.brainres.2005.01.040

Silva, J. E. (2006). Thermogenic mechanisms and their hormonal regulation.
Physiol. Rev. 86 (2), 435–464. doi:10.1152/physrev.00009.2005

Tang, G. B., Cui, J. G., and Wang, D. H. (2009). Role of hypoleptinemia during
cold adaptation in Brandt’s voles (Lasiopodomys brandtii). Am. J. Physiol. Regul.
Integr. Comp. Physiol. 297 (5), R1293–R1301. doi:10.1152/ajpregu.00185.2009

Teixeira, P., Ramos-Lobo, A. M., Rosolen Tavares, M., Wasinski, F., Frazao, R.,
and Donato, J., Jr (2021). Characterization of the onset of leptin effects on the
regulation of energy balance. J. Endocrinol. 249 (3), 239–251. doi:10.1530/JOE-20-
0076

Tiraby, C., Tavernier, G., Lefort, C., Larrouy, D., Bouillaud, F., Ricquier, D., et al.
(2003). Acquirement of Brown fat cell features by human white adipocytes. J. Biol.
Chem. 278 (35), 33370–33376. doi:10.1074/jbc.M305235200

Trayhurn, P., Thurlby, P. L., and James, W. P. (1977). Thermogenic defect in pre-
obese ob/ob mice. Nature 266 (5597), 60–62. doi:10.1038/266060a0

Ukropec, J., Anunciado, R. V., Ravussin, Y., and Kozak, L. P. (2006). Leptin is
required for uncoupling protein-1-independent thermogenesis during cold stress.
Endocrinology 147 (5), 2468–2480. doi:10.1210/en.2005-1216

Wang, D., Sun, R., Wang, Z., and Liu, J. (1999). Effects of temperature and
photoperiod on thermogenesis in plateau pikas (Ochotona curzoniae) and root voles
(Microtus oeconomus). J. Comp. Physiol. B 169 (1), 77–83. doi:10.1007/
s003600050196

Wang, J. M., Zhang, Y. M., and Wang, D. H. (2006). Seasonal thermogenesis and
body mass regulation in plateau pikas (Ochotona curzoniae). Oecologia 149 (3),
373–382. doi:10.1007/s00442-006-0469-1

Weiner, J., Roth, L., Kranz, M., Brust, P., Boelen, A., Klöting, N., et al. (2021).
Leptin counteracts hypothermia in hypothyroidism through its pyrexic effects and
by stabilizing serum thyroid hormone levels.Mol. Metab. 54, 101348. doi:10.1016/j.
molmet.2021.101348

Xing, X., Tang, G. B., Sun, M. Y., Yu, C., Song, S. Y., Liu, X. Y., et al. (2016). Leptin
regulates energy intake but fails to facilitate hibernation in fattening Daurian
ground squirrels (Spermophilus dauricus). J. Therm. Biol. 57, 35–43. doi:10.1016/
j.jtherbio.2016.01.013

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and Friedman, J. M.
(1994). Positional cloning of the mouse obese gene and its human homologue.
Nature 372 (6505), 425–432. doi:10.1038/372425a0

Zhao, Z. J., Chi, Q. S., Cao, J., and Wang, D. H. (2014). Seasonal changes of body
mass and energy budget in striped hamsters: the role of leptin. Physiol. Biochem.
Zool. 87 (2), 245–256. doi:10.1086/674974

Zhu, W. L., Jia, T., Xiao, L., and Wang, Z. K. (2008). Evaporative water loss and
energy metabolic in two small mammals, voles (Eothenomys miletus) and mice
(Apodemus chevrieri), in hengduan mountains region. J. Therm. Biol. 33 (6),
324–331. doi:10.1016/j.jtherbio.2008.04.002

Zhu, W. L., Jia, T., Xiao, L., andWang, Z. K. (2010). Effects of cold acclimation on
body mass, serum leptin level, energy metabolism and thermogenesis in
Eothenomys miletus in Hengduan Mountains region. J. Therm. Biol. 35, 41–46.
doi:10.1016/j.jtherbio.2009.10.006

Zhu, W. L., Cai, J. H., Xiao, L., and Wang, Z. K. (2011). Effects of photoperiod
on energy intake, thermogenesis and body mass in Eothenomys miletus in
hengduan mountain region. J. Therm. Biol. 36 (7), 380–385. doi:10.1016/j.
jtherbio.2011.06.014

Zhu, W. L., Zhang, H., Zhang, L., Yu, T. T., andWang, Z. K. (2014). Thermogenic
properties of Yunnan red-backed voles (Eothenomys miletus) from the hengduan
mountain region. Anim. Biol. 64 (1), 59–73. doi:10.1163/15707563-00002430

Zimmermann-Belsing, T., Brabant, G., Holst, J. J., and Feldt-Rasmussen, U.
(2003). Circulating leptin and thyroid dysfunction. Eur. J. Endocrinol. 149 (4),
257–271. doi:10.1530/eje.0.1490257

Frontiers in Physiology frontiersin.org14

Chen et al. 10.3389/fphys.2022.1054107

https://doi.org/10.1073/pnas.94.20.11073
https://doi.org/10.1073/pnas.94.20.11073
https://doi.org/10.1016/j.ygcen.2003.11.011
https://doi.org/10.1016/0026-0495(74)90090-0
https://doi.org/10.1016/j.molmet.2016.07.005
https://doi.org/10.1016/s0014-5793(96)01343-9
https://doi.org/10.1016/s0014-5793(96)01343-9
https://doi.org/10.1007/s003600050005
https://doi.org/10.1007/s00360-005-0037-8
https://doi.org/10.1073/pnas.93.4.1726
https://doi.org/10.1073/pnas.93.4.1726
https://doi.org/10.1016/j.yhbeh.2005.04.004
https://doi.org/10.1152/ajpendo.00513.2002
https://doi.org/10.1073/pnas.96.12.7047
https://doi.org/10.1073/pnas.96.12.7047
https://doi.org/10.1152/physrev.00030.2013
https://doi.org/10.1086/722135
https://doi.org/10.1126/science.7624776
https://doi.org/10.1126/science.7624776
https://doi.org/10.1007/s11154-021-09687-5
https://doi.org/10.2527/2003.81123046x
https://doi.org/10.2527/2003.81123046x
https://doi.org/10.1016/j.physbeh.2013.02.014
https://doi.org/10.1016/j.physbeh.2013.02.014
https://doi.org/10.1016/j.molmet.2014.07.008
https://doi.org/10.1210/endo.143.8.8967
https://doi.org/10.1046/j.1365-2826.2003.01007.x
https://doi.org/10.1152/ajpendo.1997.273.1.E226
https://doi.org/10.1016/s0167-0115(00)00151-8
https://doi.org/10.1016/j.brainres.2005.01.040
https://doi.org/10.1152/physrev.00009.2005
https://doi.org/10.1152/ajpregu.00185.2009
https://doi.org/10.1530/JOE-20-0076
https://doi.org/10.1530/JOE-20-0076
https://doi.org/10.1074/jbc.M305235200
https://doi.org/10.1038/266060a0
https://doi.org/10.1210/en.2005-1216
https://doi.org/10.1007/s003600050196
https://doi.org/10.1007/s003600050196
https://doi.org/10.1007/s00442-006-0469-1
https://doi.org/10.1016/j.molmet.2021.101348
https://doi.org/10.1016/j.molmet.2021.101348
https://doi.org/10.1016/j.jtherbio.2016.01.013
https://doi.org/10.1016/j.jtherbio.2016.01.013
https://doi.org/10.1038/372425a0
https://doi.org/10.1086/674974
https://doi.org/10.1016/j.jtherbio.2008.04.002
https://doi.org/10.1016/j.jtherbio.2009.10.006
https://doi.org/10.1016/j.jtherbio.2011.06.014
https://doi.org/10.1016/j.jtherbio.2011.06.014
https://doi.org/10.1163/15707563-00002430
https://doi.org/10.1530/eje.0.1490257
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1054107

	Roles of leptin on energy balance and thermoregulation in Eothenomys miletus
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Determination of body temperature, body mass, food intake and water intake
	2.3 Metabolic rate measurement
	2.4 Determination of serum hormone content
	2.5 Determination of protein content and enzyme activity in liver and BAT
	2.6 Measurement of body composition and digestive organs
	2.7 Statistical analysis

	3 Results
	3.1 Body temperature
	3.2 Body mass, food intake and water intake
	3.3 Metabolic rate
	3.4 Protein content and enzyme activity in liver and BAT
	3.5 Serum hormone content
	3.6 Body composition and digestive tract morphology

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


