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ABSTRACT
The present study was aimed at examining the roles of altitude and temperature on body mass regulation
in Eothenomys miletus from different areas of Hengduan mountain region in different seasons. Body
mass, resting metabolic rate (RMR), nonshivering thermogenesis (NST), food intake, serum leptin levels
and hypothalamic neuropeptide Y (NPY), agouti aelated peptide (AgRP), pro-opiomelanocortin (POMC),
cocaine and amphetamine regulated transcript (CART) expressions were measured. The results showed
that body mass and serum leptin levels were lower significantly in winter than that of in summer in
five areas. But thermogenic characteristics and food intake were higher significantly in winter than that
of in summer in five areas. NPY and AgRP expressions showed significant differences between two
seasons, which were higher in winter and lower in summer, but POMC and CART expressions showed
no significant differences between winter and summer from all areas. In summer, body mass and serum
leptin levels had showed no significant differences among five regions, food intake, RMR, NST and
NPY expressions were higher in higher altitude (Xianggelila, XGLL and Deqin, DQ) than that of lower
altitude (Ailaoshan, ALS, Jianchuan, JC and Lijiang, LJ). In winter, body mass and serum leptin levels
were lower, and food intake, RMR, NST, NPY and AgRP expressions were higher in XGLL and DQ. All
of the results suggested that E. miletus can successfully overcome the physiological challenges of an cold
temperature in winter by increasing thermogenic capacity, food intake and decreasing body mass and
serum leptin levels. Higher altitude can reduce body mass, and increase thermogenic properties and NPY
expressions. Differences changes of physiological regulation from five areas were observed in E. miletus,
indicating that lower temperature and higher altitude may play an regulation on body mass and energy
metabolism in E. miletus.

INTRODUCTION

T

he survival of small animals must acquire and
assimilate energy, and allocate energy assimilation
for use of maintenance, growth and reproduction as
needed (Pablo et al., 2011). The geographical distribution,
richness, fitness, survival, adaptation, reproduction
and diversity of species are closely related to the
characteristics of energy metabolism (Speakman, 2008),
such as Meriones unguiculatus in desert population had
lower resting metabolic rate (RMR) and total evaporative
water loss than mesic population (Shi et al., 2015).
*
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The regulation of energy homeostasis depends on the
balance between food acquisition and consumption (Zhang
et al., 2017). This balance is critical for animal activity,
thermogenesis, energy metabolism, and gastrointestinal
morphology (Zhu et al., 2012). Energy budget of different
regulatory mechanisms may lead to different energy
models and life history in small mammals, RMR has
been shown to be a minimum metabolic rate for each
tissue internal organs to maintain normal metabolism, so
RMR has become an important physiological parameters
affecting animals’ growth and energy consumption
for reproduction (Kristan and Hammond, 2006). The
previously study showed some small mammals enhanced
RMR and nonshivering thermogenesis (NST) to cope with
winter or cold conditions (Zhang and Wang, 2006). During
environmental changes, animals changed phenotypic

Y. Ren et al.

140

characteristics of morphology, behavior and physiology,
including reproduction, thermogenesis, energy intake, and
body mass (Bush et al., 2008). Energy intake is affected
by many factors, such as environmental temperature,
photoperiod, habitat, individual size, classification status
and food habits, etc. (Lovegrove, 2005). Seasonal changes
of body mass, energy intake and thermogenic capacity
in many small mammals are reported (Steinlechner et
al., 1983; Mercer, 1998), such as Phodopus sungorus
(Klingenspor et al., 2000), Ochotona curzoniae (Wang et
al., 1999) and Microtus oeconomus (Wang et al., 1999).
Leptin, one of the most important adipose derived
hormones (Abelenda et al., 2003), plays a key role in
control on food intake and energy expenditure (Friedman
and Halaas, 1998). It had been indicated that leptin is a
potential signal that mediates the seasonal variations of
body mass and energy balance (Brennan and Mantzoros,
2006). The hypothalamic arcuate nucleus (ARC) can
regulate food intake under environmental changing
(Aguilar et al., 2011). Within the ARC, there are two types
of neuropeptides: orexigenic neuropeptides: neuropeptide
Y (NPY) and agouti-related protein (AgRP); and anorectic
neuropeptides: pro-opiomelanocortin (POMC) and
cocaine- and amphetamine-regulated tran-script (CART);
the balance between NPY/AgRP and POMC/CART
expressions can inhibit food intake and stimulate energy
expenditure (Friedman and Halaas, 1998).
Eothenomys miletus is an inherent species in
Hengduan mountain region (Zhu et al., 2010; Ren et al.,
2019). It has been previously reported that body mass and
serum leptin levels were lower in winter compared with that
of in summer in E. miletus in Jianchuang area (Zhu et al.,
2014, 2017). Altitude varies in the Hengduan mountains
region, and its geographical factors restrict water and
temperature distribution. Hence, it has two characteristics:
geographical diversity and climate diversity (Zhu et al.,
2008), all of these may lead to some special physiological
and ecological characteristics to E. miletus. The aims of
this study were to evaluate the body mass regulation in
E. miletus from different areas of Hengduan mountain
region in different seasons. We hypothesized that E.
miletus would respond to different habitat by changing
body mass, serum leptin levels, food intake and adjusting
the hypothalamic neuropeptides genes expressions. We
predicted that E. miletus may change the physiological
responses to regulate body mass, and temperature and
altitude may involve in the regulation of body mass in E.
miletus under different seasons.

MATERIALS AND METHODS
Samples
E. miletus were obtained from farmland in Ailaoshan

(ALS, 24°32´~24°36´N; 101°01´~101°06´E; altitude
2,217m; temperature in summer 27.8oC, temperature
in winter 11.5oC), Jianchuan (JC, 26°15´~26°45´N;
99°40´~99°55´E; altitude 2,590m; temperature in
summer 23.7oC, temperature in winter 8.4oC), Lijiang
(LJ, 26°56´~26°59´N; 100°12´~100°15´E; altitude
2,478m; temperature in summer 21.0oC, temperature in
winter 7.9oC), Xianggelila (XXLG, 99°01´~99°03´E;
101°23´~101°25´E; altitude 3,321m; temperature in
summer 18.7oC, temperature in winter 2.1oC), Deqin
(DQ, 30°33´~30°39´N; 28°13´~28°15´N; altitude 3,459m;
temperature in summer 17.2oC, temperature in winter
-1.6oC) from Hengduan mountain region, 2016 in summer
(June) and winter (December). A total of 96 males included
ALS (n=20, summer 10, winter 10), JC (n=23, summer 12,
winter 11), LJ (n=20, summer 10, winter 10), XGLL (n=19,
summer 10, winter 9) and DQ (n=14, summer 7, winter 7).
Adult E. miletus were maintained at a room temperature
of 25±1°C, under a photoperiod of 12L:12D (with lights
on at 08:00), food (standard mice chow pellets; produced
by Kunming Medical University, Kunming) and water
were provided ad libitum. All animal procedures were
compliance with the Animal Care and Use Committee
of School of Life Science, Yunnan Normal University.
This study was approved by the Committee (13-0901011). After the RMR, NST and food intake measurement,
subjects were sacrificed by puncture of the posterior vena
cava within 4 days after capture for all the two seasons,
and blood and tissue samples were taken for measurement
of physiological parameters (Wang et al., 2006).
Measurement of metabolic rates
Metabolic rates were measured by using an AD
ML870 open respirometer (AD Instruments, Australia)
at 25oC within the TNZ (thermal neutral zone), gas
analysis were performed using a ML206 gas analysis
instrument, the temperature was controlled by SPX-300
artificial climatic engine (±0.5oC), the metabolic chamber
volume was 500ml, flow was 200 ml/min. The voles were
stabilized in the metabolic chamber for at least 60 min
prior to the RMR measurement, oxygen consumption was
recorded for more than 120 min at 1 min intervals. Ten
stable consecutive lowest readings were taken to calculate
RMR (Zhu et al., 2008). Calculate method of metabolic
rate is detailed by Hill (1972) and amelioration:

Where, FR is flow rate (ml/min), FiO2 is O2 input
fractional concentration (%), FiCO2 is CO2 input fractional
concentration (%), FeO2 is O2 excurrent fractional
concentration (%) and FeCO2 is CO2 excurrent fractional
concentration (%).
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The voles stayed in the chamber for another 1 h for
NST measurement. Nonshivering thermogenesis (NST)
was induced by subcutaneous injection of norepinephrine
(NE) (Shanghai Harvest Pharmaceutical Co., Ltd.) and
measured at 25oC. Oxygen consumption was recorded at
intervals of 10 s. NSTmax was calculated from the stable
highest consecutive rate of oxygen consumption over 5 min
(Zhu et al., 2010). The doses of NE were approximately
0.8-1.0 mg/kg according to dose-dependent response
curves that were carried out before the experiment (Zhu
et al., 2010).
Measurement of food intake
Food intake was measured by food equity (Zhao
and Cao, 2009). Each animal was put in a metabolic cage
(20×15×15cm3) with no nest materials, and fed laboratory
mice chow pellets. Animals were fed a fixed quantity at
a set time (9.5–10.5 g, 11:00 am), and the next day body
mass was assessed, and residual food collected. Residual
food was dried in a vacuum dryer until the mass was
invariable. Food intake was measured for two days.
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system (Applied Biosystems, Carlsbad CA, USA). Realtime qPCR was carried out in 20 μL reaction agent
comprised of 9.5μL RNase-free ddH2O, 9.0 μL Platinum®
Quantitative PCR SuperMix-UDG (including Rox), 0.5
μL cDNA templates, 0.5 μL 10 μmoL/L forward primer,
and 0.5 μL 10 μmoL/L reserse primer. Each sample was
analyzed in triplicate. Thermal cycling conditions were:
50°C for 120 s, 95°C for 120 s, 45 cycles of 95°C for 15 s,
and 60°C for 45 s.
Statistical analysis
Data were analyzed using the software package
SPSS 15.0. Prior to all statistical analyses, data were
examined for assumptions of normality and homogeneity
of variance using Kolmogorov-Smirnov and Levene tests,
respectively. Body mass, RMR and NST, food intake,
serum leptin levels and hypothalamic neuropeptide genes
expressions were analyzed by two-way ANOVA (seasons
and areas). Results are presented as means±SEM and P <
0.05 was considered to be statistically significant.

Measurement of serum leptin levels
Serum leptin levels were determined by
radioimmunoassay (RIA) with the 125I Multi-species Kit
(Cat. No. XL-85K, Linco Research Inc.). The lowest level
of leptin that can be detected by this assay was 1.0 ng/ml
when using a 100 μl sample size. And the inter- and intraassay variability for leptin RIA were <3.6% and 8.7%,
respectively.
Measurements of hypothalamic neuropeptide gene
expression
Total RNA was isolated from the hypothalamus
by using TRIzol Kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. To remove any
contaminating DNA, RNA samples were treated with
DNase I (Promega, USA) at 37°C for 30 min followed by
another cycle of TRIzol extraction to eliminate residual
DNase I. An equal amount (3 μg) of total RNA was
transcribed into first strand cDNA for each sample using
the M-MLV First Strand Kit (Invitrogen) according to the
manufacturer’s instructions.
Primers set for β-actin and four hypothalamic genes
were used for real-time q-PCR (Zhu et al., 2017). Standard
curves were constructed for each gene via serial dilutions
of cDNA (1 to 26-fold dilutions). Analysis of standard
curves between target genes and β-actin showed that they
had similar amplification efficiency, which ensures the
validity of the comparative quantity method. Real-time
q-PCR was completed using the SYBR Green I qPCR kit
(Invitrogen) in the ABI Prism® 7000 Sequence Detection

Fig. 1. Changes of body mass in Eothenomys miletus from
five areas in different seasons. Different superscripts in
each row indicate significant difference (P < 0.05) among
different areas.

RESULTS
Body mass and serum leptin levels
Seasons and areas had a significant effects on body
mass in E. miletus among all five regions (seasons:
F1,86=21.56, P<0.01; areas: F4,86=9.43, P<0.01; interaction:
F4,86=3.89, P<0.05; Fig. 1). Serum leptin levels showed
similar trends to body mass (seasons: F1,86=8.63, P<0.01;
areas: F4,86=4.25, P<0.01; interaction: F4,86=2.41, P<0.05;
Fig. 2). Body mass and serum leptin levels were lower in
XXLG and DQ than that of other three regions, and they
were lower significantly in winter among all five regions.
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winter, RMR, NST and food intake were higher in XGLL
and DQ than that of ALS, JC and LJ.

Fig. 2. Changes of serum leptin levels in Eothenomys
miletus from five areas in different seasons. Different
superscripts in each row indicate significant difference (P
< 0.05) among different areas.

Fig. 3. Changes of resting metabolic rate in Eothenomys
miletus from five areas in different seasons. Different
superscripts in each row indicate significant difference (P
< 0.05) among different areas.

Thermogenic characteristics and food intake
Seasons and areas had a significant effects on RMR
in E. miletus among all five regions (seasons: F1,86=15.69,
P<0.01; areas: F4,86=12.78, P<0.01; interaction: F4,86=5.32,
P<0.01; Fig. 3). Similar trends were also found in NST
(seasons: F1,86=22.32, P<0.01; areas: F4,86=25.36, P<0.01;
interaction: F4,86=4.29, P<0.01; Fig. 4) and food intake
(seasons: F1,86=26.69, P<0.01; areas: F4,86=24.32, P<0.01;
interaction: F4,86=7.65, P<0.01; Fig. 5). RMR, NST and
food intake increased significantly from five areas in winter
compared with that of in summer. Whether it’s summer or

Fig. 4. Changes of non-shivering thermogenesis in
Eothenomys miletus from five areas in different seasons.
Different superscripts in each row indicate significant
difference (P < 0.05) among different areas.

Fig. 5. Changes of food intake in Eothenomys miletus from
five areas in different seasons. Different superscripts in
each row indicate significant difference (P < 0.05) among
different areas.

Hypothalamic neuropeptide genes expressions
Seasons and areas had significant effects on NPY
expressions (seasons: F1,86=4.68, P<0.01; areas: F4,86=3.65,
P<0.01; interaction: F4,86=2.12, P<0.05; Fig. 6) and
AgRP expressions (seasons: F1,86=3.32, P<0.01; areas:
F4,86=2.15, P<0.05; interaction: F4,86=1.02, P>0.05; Fig. 6)
in E. miletus among all five regions. But seasons and areas
had no significant effects on POMC (seasons: F1,86=1.03,
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P>0.05; areas: F4,86=0.87, P>0.05; interaction: F4,86=0.32,
P>0.05; Fig. 6) and CART expressions (seasons: F1,86=0.83,
P>0.05; areas: F4,86=0.74, P>0.05; interaction: F4,86=0.25,
P>0.05; Fig. 6).

DISCUSSION
Seasonal variations of body mass were considered
to be an adaptive strategy for survival and reproductive
success in small mammals (Concannon et al., 2001). Many
small mammals reduced body mass to cope with cold-stress
or in winter (Merritt et al., 2001). In the present study,
body mass was lower significantly among five region in
E. miletus in winter, reducing body mass was benefit to
reduce the total energy consumption in winter (Bozinovic
et al., 2004). Body mass in summer had no significant
differences among five areas, which may be related to the
higher abundance of food resources and environmental
temperature in summer. But in winter, body mass in XGLL
and DQ were lower than that of ALS, JC and LJ, which
may be related to the altitude difference, altitude in XGLL
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and DQ were higher than 3000m, but other regions were
below 2600m, as the altitude increases, the environmental
temperature drops, E. miletus need more energy intake
to survival. Body mass declined in XGLL and DQ in E.
miletus is considered to be an adaptive mechanism for the
reduction of energy requirements when stress occurs (Li
and Wang, 2007).
It has been reported that the BMR varies with the
seasons changing (Rene et al., 2014). The current study
showed that E. miletus increased RMR in winter than that
of summer, which may be related to lower temperature
in winter, higher metabolic rate was required to maintain
survival in order to adapt to cold conditions. NST is an
effective and economical mode of thermogenesis for small
mammals under cold exposure (Zhang and Wang, 2007).
Previously studies have shown that NST had seasonal
changes (Wang et al., 2006). In the present study, NST of
E. miletus showed seasonal variations, which was related
to the lower temperature in winter, so E. miletus requires
higher thermogenesis to maintain life activities. Whether
it’s summer or winter, RMR and NST were higher in

Fig. 6. Changes of NPY (A), AgRP (B), POMC (C) and CART (D) in Eothenomys miletus from five areas in different seasons.
Different superscripts in each row indicate significant difference (P < 0.05) among different areas.
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XGLL and DQ than that of ALS, JC and LJ, suggesting that
higher altitude environments lead to lower temperature, E.
miletus in XGLL and DQ increased thermogenic capacity
to maintain the survival and stability of body temperature.
Small mammals also showed seasonal variations of energy
intake (Heldmaier et al., 1982). In seasonal acclimatized
animals, animals increased food intake in winter as
compared to that in summer (Zhang and Wang, 2006). In
our study, food intake increased significantly from five
areas in winter compared with that of in summer, which
may be related to an increase of energy consumption in
winter. RMR and NST increased significantly in winter,
E. miletus need to increase food intake for the energy
consumption. Food intake were higher in XGLL and DQ
than that of ALS, JC and LJ, which was also related to the
higher altitude decreased the environmental temperature,
E. miletus need to increase food intake under lower
temperature to compensate for the increase of energy
consumption.
Leptin plays an important role in the regulation of body
mass in small mammals (Abelenda et al., 2003). Leptin
can regulate body mass mainly through the regulation of
energy intake and energy consumption (Concannon et al.,
2001). Current researches showed that serum leptin levels
decreased significantly in winter among five regions,
suggesting that lower levels of leptin can promote food
intake, suggesting that leptin may involve in the regulation
of body mass under different seasons. Serum leptin levels
had no significant differences in summer among five
regions, indicating that food resources were abundant in
summer, E. miletus can get enough food, and the body
mass increased, so no significant differences were found
in serum leptin levels. Hypothalamic neuropeptide genes
were essential for the maintenance of body mass and
energy metabolism (Tang et al., 2009). Our results showed
that NPY and AgRP expressions in winter were higher
than that of in summer, POMC and CART expressions had
no significant differences among five regions. Increasing
NPY and AgRP expressions can increase food intake for
E. miletus in winter. POMC and CART expressions did
not decrease in winter, because higher POMC and CART
expression levels could increase thermogenesis in winter
(Zhu et al., 2017).

CONCLUSION
In conclusion, E. miletus can successfully overcome
the physiological challenges of an cold environment in
winter by increasing thermogenic capacity, food intake and
decreasing body mass and serum leptin levels. Differences
changes of physiological regulation from five areas were
observed in E. miletus, indicating that cold temperature

and higher altitude may play an regulation on body mass
and energy metabolism in E. miletus.
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