Comparative Biochemistry and Physiology, Part C 216 (2019) 101–109

Contents lists available at ScienceDirect

Comparative Biochemistry and Physiology, Part C
journal homepage: www.elsevier.com/locate/cbpc

Thyroid hormones mediate metabolic rate and oxidative, anti-oxidative
balance at diﬀerent temperatures in Mongolian gerbils (Meriones
unguiculatus)

T

⁎

Saeid Khakisahneha,b, Xue-Ying Zhanga,b, , Zahra Nouria,b, Shao-Yan Haoa, Qing-Sheng Chia,
⁎
De-Hua Wanga,b,
a
b

State Key Laboratory of Integrated Management of Pest Insects and Rodents, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
University of Chinese Academy of Sciences, Beijing 100049, China

A R T I C LE I N FO

A B S T R A C T

Keywords:
Thyroid hormones
Oxidative damage
Metabolic rate
Uncoupling protein 2 (UCP2)
Mongolian gerbils (Meriones unguiculatus)

Oxidative damage is a potential physiological cost of thermoregulation during seasonal adjustments to air
temperature (Ta) in small mammals. Here, we hypothesized that Ta aﬀects serum thyroid hormone levels and
these hormones can mediate the changes in metabolic rate and oxidative damage. Mongolian gerbils (Meriones
unguiculatus) were acclimated at diﬀerent Tas (5 °C, 23 °C and 37 °C) for 3 weeks. Serum tri-iodothyronine (T3)
levels increased at 5 °C but decreased at 37 °C compared to the control (23 °C). Protein carbonyls increased in
liver at 37 °C compared with control, however, lipid damage (malonaldehyde, MDA) in both serum and liver was
unrelated to Ta. After the eﬀects of diﬀerent Tas on thyroid hormone levels and oxidative damage markers were
determined, we further investigate whether thyroid hormones mediated metabolic rate and oxidative damage.
Another set of gerbils received 0.0036% L-thyroxin (hyperthyroid), 0.04% Methylimazol (hypothyroid) or water
(control). Hypothyroid group showed a 34% reduction in resting metabolic rate (RMR) also 42% and 26%
increases in MDA and liver protein carbonyl respectively, whereas hyperthyroid group had higher RMR, liver
mass and superoxide dismutase (SOD) compared to control. Serum T3 or T3/T4 levels were correlated positively
with RMR, liver mass, and SOD, but negatively with MDA and uncoupling protein 2 (UCP2). We concluded that
high Ta induced hypothyroidism, decreased RMR and increased oxidative damage, whereas low Ta induced
hyperthyroidism, increased RMR and unchanged oxidative damage. These data supported our hypothesis that
thyroid hormones can be a cue to mediate metabolic rate and diﬀerent aspects of oxidative and antioxidant
activities at diﬀerent Tas.

1. Introduction
Physiological adjustments are important to survival in small mammals during seasonal acclimatization in the temperate zone (Merritt and
Zegers, 1991; Jackson et al., 2001; Zhang and Wang, 2007; Zhao and
Wang, 2005). In fact, air temperature (Ta) is one of the most important
factors aﬀecting the energy budget of small mammals (Bustamante
et al., 2002; Zhao et al., 2014). Almost all physiological mechanisms
such as thermoregulation increase reactive oxygen species (ROS) (one
by-product of normal metabolic processes) that has high reactivity
potential, therefore can lead to oxidative damage in cellular macromolecules such as proteins, lipids, and DNA (Selman et al., 2002).
Oxidative damage as a physiological mechanism can play a key role in

determining the outcome between current activities and future survival
(Dowling and Simmons, 2009; Isaksson et al., 2011), and thus is assumed to be a mediator of life-history cost (Monaghan et al., 2009). It
seems that there is a connection between thermogenesis and oxidative
damage with wide consequences on energy investment patterns
(Dowling and Simmons, 2009; Monaghan et al., 2009).
There are two diﬀerent hypotheses about the relationship between
metabolic rate, oxidative damage, and lifespan, both mediated via
diﬀerences in free-radical production. One is the ‘rate of living –freeradical damage’ hypothesis (Harman, 1956; Sohal, 2002) and the other
is ‘uncoupling to survive’ hypothesis (Brand, 2000). The rate of livingfree radical hypothesis proposes that higher metabolic rate would cause
more oxidative damage and result in shorter lifespans (Sohal, 2002;
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Speakman et al., 2004). In contrast ‘uncoupling to survive’ hypothesis
predicts a positive association between rates of energy metabolism and
longevity (Nagy et al., 1999; Speakman et al., 2004). Some other studies did not support either of these two hypotheses, which showed that
basal (or resting) metabolic rate (BMR or RMR) could not be directly
implicated in the mechanism of oxidative stress because of a lack of
relationship between metabolic rate and oxidative damage (Frisard
et al., 2007). Until now, there has been no clear answer about the relation between metabolism, oxidative damage and anti-oxidative protection, and the mediator for this relationship.
Thyroid hormones have long been known to inﬂuence metabolism
and thermogenesis by regulating the rate of cellular oxygen consumption in endothermic animals (Tata et al., 1962; Silvestri et al., 2005;
Kim, 2008). Tri-iodothyronine (T3), recognized as a key metabolic
hormone of the body, is normally derived from thyroxine (T4) and liver
is the main organ for conversion of T4 to T3 (Malik and Hodgson,
2002). Serum T3 or T3/T4 levels increased during low Ta or short-day
acclimation in many mammal species such as tree shrew (Tupaia belangeri), greater vole (Othenomys miletus), Brandt's vole (Lasiopodomys
brandtii), Daurian ground squirrel (Spermophilus dauricus) and plateau
pika (Ochotona curzoniae) (Li et al., 2001). The increase in serum T3
levels led to stimulation of mitochondriogenesis (Weitzel and Iwen,
2011), changes in mitochondrial membrane composition and an increased expression of uncoupling proteins (UCPs) in liver (UCP2),
muscle (UCP2, UCP3) and brown adipose tissue (UCP1, UCP2, UCP3),
and thus increased metabolism and heat production (Lanni et al., 2003;
Silva, 2003; Ricquier and Bouillaud, 2000). It is indicated that 30% of
obligatory thermogenesis depends on thyroid hormone (Silva, 2003).
Variation of thyroid hormone levels can control the intensity of basal
metabolism, and can be one of the main physiological modulators of
oxidative damage due to their eﬀects on mitochondrial respiration activities (Santi et al., 2010; Mancini et al., 2013). In previous studies,
there were conﬂicting results about oxidative stress in hyper and hypothyroid animals (Petrulea et al., 2012). The eﬀects of thyroid hormone on anti-oxidative and oxidative status have been extensively investigated in rat tissues (Venditti and Di Meo, 2006), while a little data
concerning other species are available.
Mongolian gerbils (Meriones unguiculatus Milne-Edwards 1867) are
distributed primarily in the typical steppe, desert steppe and desert in
northern China, Mongolia and the Trans-Baikal area of Russia (Wang
et al., 2003). Climate in this region is warm in summer and cold in
winter, and average annual temperature is 0–4 °C (Wang et al., 2000).
Mongolian gerbils exhibit a wide thermal neutral zone (TNZ)
(26.5–38.9 °C) (Pan et al., 2014). Previous study showed Mongolian
gerbils can keep body mass relatively stable in winter-like conditions by
balancing energy metabolism. Serum leptin level regulated body mass
and thermogenesis by changing seasonally (Li and Wang, 2007; Zhang
and Wang, 2007). Other studies showed that serum T3 or T3/T4 levels
increased in response to low Ta (5 °C) with an increase in BMR, but in
response to short day photoperiod, only T4 level increased with an
increase in BMR in Mongolian gerbils (Zhao and Wang, 2006; Li et al.,
2001; Li et al., 2010). Until now we have no information about how
thyroid hormones and oxidative damage change with Ta in Mongolian
gerbils. Furthermore, the role of thyroid hormones in regulating metabolic rate and oxidative damage in wild small mammals has not been
clear yet. We hypothesized that thyroid hormones as a response to cold
or warm climate adaptation can act as a mediator for changing energy
expenditure also oxidative and anti-oxidative activity. We predicted
that living in cold or hot climates would increase thyroid hormone levels and oxidative damage, and the increase in T3 would result in the
increased metabolic rate and oxidative damage.

2. Materials and methods
2.1. Experimental animals
Mongolian gerbils used in this study were maintained in the laboratory at the Institute of Zoology, the Chinese Academy of Sciences
(CAS), under a light cycle of 16 L: 8D and a temperature of 23 ± 1 °C.
Gerbils were housed individually in plastic cages (30 × 15 × 20 cm)
and fed standard rat pellet chow (Beijing KeAo Bioscience Co) and tap
water. All animal procedures were approved under the Animal Care and
Use Committee of Institute of Zoology, CAS.
2.2. Experiment design
Experiment 1 was designed to examine whether high and low Tas
aﬀect thyroid hormones and oxidative damage. A total of 24 Mongolian
gerbils (between 7 months and one year of age) were divided into 3
groups (n = 8 for each group) and acclimated to cold (5 °C), room
temperature as control (23 °C) and hot (37 °C) conditions for 3 weeks.
At the end of experiment thyroid hormone levels in serum and oxidative
and anti-oxidative markers in serum and liver were measured.
Experiment 2 examined the role of thyroid hormones in mediating
RMR and oxidative and anti-oxidative markers. Another set of 30
Mongolian gerbils were used for three diﬀerent thyroid hormones
treatments (n = 10 for each group) for 4 weeks. In hyperthyroid
(hyper) group the gerbils drank tap water with 0.0036% L-thyroxin (T4,
weight per volume, w/v) and were gavage fed T4 (2 mg/kg body mass)
every morning (Ahmed et al., 2012; Bianco et al., 2014). In hypothyroid
(hypo) group, the gerbils drank tap water with 0.04% Methylimazol
(w/v) and were gavage fed Methylimazol (50 mg/kg body mass) every
morning to block T4 (Bianco et al., 2014). In the control group, the
gerbils drank only tap water and received 200 μL deionized water by
gavage with the same stress situation as other 2 groups. The gerbils
were weighed ( ± 0.1 g) in every 3 days. Food intake was measured
once in every week for 3 consecutive days, and was determined by
subtracting food remaining in the food cage at the end of 3 days from
the total amount of food in the start of these days then divided to 3.
RMR was measured in week 4. Serum thyroid hormones and the oxidative and anti-oxidative markers in serum and liver were measured at
the end.
2.3. RMR measurement
An open-ﬂow respirometry system (TSE LabMaster, Germany) was
used to determinate the metabolic rates. Animals in experiment 2 were
individually placed in the chamber (2.7 L). The chamber temperature
was maintained at 30 ± 0.5 °C by using an incubator (Sanyo Model
MIR-554, Japan) (within TNZ, Wang et al., 2000; Pan et al., 2014).
Fresh air was constantly pumped through the chamber at a ﬂow rate of
0.9 L/min. Air from the chamber was sub-sampled and sent to the O2
and CO2 sensors for analysis at intervals of 5 min. For each individual
the average of 3 consecutive and minimum readings of oxygen consumption was taken as the RMR at least after 1 h acclimation in metabolic chamber (Sukhchuluun et al., 2018; Li et al., 2010). All the
metabolic trials were conducted at daytime from 0700 h–1700 h.
2.4. Body composition
At the end of experiments, all gerbils were euthanized by CO2 asphyxiation between 0900 and 1100 h. Trunk blood was collected for
thyroid hormones measurement. Liver was carefully dissected, weighed
( ± 1 mg), frozen in liquid nitrogen and stored at −80 °C. In experiment 2 after organs were dissected and weighed ( ± 1 mg), the remaining carcass was dried in an oven at 60 °C to constant mass and then
weighed again to obtain the dry mass ( ± 0.1 g). Total body fat was
extracted from the dried carcass by ether extraction using petroleum
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Fig. 1. Eﬀects of air temperature (Ta) on serum thyroxine (T4) and tri-iodothyronine (T3) levels and T3/T4 ratio. Values are means ± SEM. Diﬀerent letters above
columns indicate signiﬁcant diﬀerences among groups (P < 0.05).

ab77363, Abcam, Cambridge, MA, USA) as the primary antibody
overnight at 4 °C after that washed in washing buﬀer for 3 times (every
time 15 min). Peroxidase-conjugated goat anti-rabbit IgG (H + L)
(1:5000; 111-035-003, Jackson ImmunoResearch) was used as the
secondary antibody in room temperature for 1.5 h. UCP2 content was
expressed as relative units (RU) and quantiﬁed with Quantity One
Software (BioRad, USA, Ver.4.4.0).

ether as a solvent in a Soxhlet apparatus (Li and Wang, 2005).
2.5. Serum thyroid hormones assays
Serum total T3 and T4 were quantiﬁed by radioimmunoassay using
RIA kits (China Institute of Atomic Energy, Beijing) according to the
instructions. These kits were validated for Mongolian gerbils (Zhao and
Wang, 2005; Liu et al., 2008). The lower limit of the assay when using a
50 μL sample was 0.25 ng/mL for T3 and 3.96 ng/mL for T4. Intra- and
inter-assay coeﬃcients of variation were 2.4% and 8.8% for T3, and
4.3% and 7.6% for T4, respectively.

2.8. Statistical analysis
For statistical analysis, we used the SPSS software package. Data
were expressed as means ± SEM and distributions of all variables were
tested for normality using the Kolmogorov–Smirnov test. Levels of
thyroid hormones, UCP2 content, oxidative and anti-oxidative markers
among groups were examined by one-way analysis of variance
(ANOVA). RMR was analyzed by one-way analysis of covariance
(ANCOVA) with body mass as a covariate. Organ masses and fat mass
were analyzed by multivariate analysis of covariance (MANCOVA) as
well as food intake was analyzed by repeated measure ANCOVA and
body mass was as the covariate. Diﬀerences among groups were detected by least signiﬁcant diﬀerence (LSD) post hoc tests. Pearson's
correlation coeﬃcients were used to compare the correlation between
parameters. P < 0.05 was considered as statistically signiﬁcant.

2.6. Markers of oxidative damage and antioxidant protection
Oxidative damage was estimated as lipid peroxidation and protein
oxidation. Lipid peroxidation was assessed by quantifying malonaldehyde (MDA) (Del Rio et al., 2005; Yang et al., 2013) using a
TBARS assay kit (Nanjing Jiancheng, Nanjing, China) following the
manufacturer's instructions. The absorbance of the eluent was monitored spectrophotometrically at 532 nm (Synergy 4 Hybrid Microplate
Reader, BioTek, Winooski, VT, USA). Both within- and among-sample
variations for this assay were < 1.5%. Lipid peroxidation was expressed
as nmol MDA mg−1 protein or nmol MDA mL−1 serum (Yang et al.,
2013). Protein oxidation was assessed by the determination of levels of
protein carbonyls (Mateos and Bravo, 2007; Yang et al., 2013) using a
kit (Nanjing Jiancheng) according to the manufacturer's instructions.
Brieﬂy, proteins in liver were reacted with 2,4- dinitrophenylhydrazine
(DNPH) in hydrochloric acid for 30 min at 37 °C, precipitated with
trichloroacetic acid and washed 4 times by resuspension in ethanol/
ethyl acetate (1:1 v/v). Proteins were solubilized in guanidine hydrochloride and centrifuged to remove insoluble material. Carbonyl groups
were monitored spectrophotometrically at 370 nm (DU 721 UV/Vis.
spectrophotometer, Jinghua instrument technology, China).
Total antioxidant capacity (T-AOC) and superoxide dismutase
(SOD) activity were measured using kits (Nanjing Jiancheng) according
to the manufacturer's instructions. One unit of SOD was deﬁned as the
amount of enzyme that causes 50% inhibition of superoxide radical
produced by the reaction between xanthine and xanthine oxidase at
37 °C. One unit of T-AOC was deﬁned as the extent to which optical
density is increased by 0.01 per milligram protein or per milliliter
serum per minute (Yang et al., 2013).

3. Result
3.1. Serum thyroid hormones in response to low and high Tas
Serum T4 levels were not aﬀected signiﬁcantly by Tas in the gerbils
(F (2, 23) = 0.175, P = 0.841; Fig. 1A). Both serum T3 levels and T3/T4
ratio decreased at 37 °C but increased at 5 °C compared to the control
(T3, F (2, 23) = 50.844, P < 0.001, Fig. 1B; T3/T4, F (2, 23) = 14.286,
P < 0.001, Fig. 1C).
3.2. Oxidative damage, antioxidant activities, and UCP2 content in
response to low and high Tas
There was no diﬀerence in serum MDA levels (F (2, 17) = 1.427,
P = 0.271; Fig. 2A) and liver MDA (F (2, 23) = 2.487, P = 0.107;
Fig. 2B) in diﬀerent groups. A signiﬁcant increase in liver protein carbonyl was observed in animals acclimated to 37 °C compared to control
(F (2, 23) = 4.286, P = 0.027; Fig. 2C). T-AOC in liver increased signiﬁcantly in gerbils that were acclimated to 5 °C in comparison with
control and 37 °C groups (F (2, 23) = 15.527, P < 0.001; Fig. 2D),
whereas SOD activity in liver didn't show a signiﬁcant diﬀerence among
3 groups (F (2, 23) = 2.478, P = 0.108, Fig. 2E). High Ta had no eﬀect on
UCP2 content in liver, and low Ta induced a 17% decrease in UCP2
content compared to control (F (2, 21) = 1.808, P = 0.191; Fig. 2F).

2.7. UCP2 content
Folin phenol method was used to measure total protein concentration of liver. Western blotting method was used to determine UCP2
content (Li and Wang, 2005; Zhang et al., 2011). Total liver protein
(80 μg per lane) was separated in a discontinuous sodium dodecyl sulfate–polyacrylamide gel (10% running gel and 4% stacking gel, 80 V,
2 h) and transferred onto PVDF membrane (Millipore, USA,
IPVH00010) (270 mA, 2 h), and the membrane was blocked in 5%
nonfat dry milk in Tris-buﬀered saline-Tween for 1.5 h at room temperature. The membrane was detected using rabbit anti-UCP2 (1:4000;

3.3. Body mass, food intake, RMR, body composition, and serum thyroid
hormones in response to thyroid hormone treatment
There was no signiﬁcant diﬀerence in body mass among diﬀerent
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Fig. 2. Eﬀects of air temperature (Ta) on oxidative stress and antioxidant activities. Malonaldehyde (MDA) in serum (A) and in liver (B), protein carbonyl (C), total
antioxidant capacity (T-AOC, D), superoxide dismutase (SOD) activity in liver (E) and uncoupling protein 2 (UCP2) content in liver (F). Values are means ± SEM.
Diﬀerent letters above columns indicate signiﬁcant diﬀerences among groups (P < 0.05).

Fig. 3. Metabolic phenotype and thyroid state of hyper, hypo and control gerbils. Body mass (A), food intake (B), resting metabolic rate (RMR, C), serum T4 (D), T3
(E) and T3/T4 ratio (F). Data are presented as mean ± SEM. *P < 0.05 versus control. Diﬀerent letters above columns indicate signiﬁcant diﬀerences among groups
(P < 0.05).

(Table 1). Serum T4 levels increased in hyper group and decreased in
hypo group compared to the control (F (2, 26) = 26.316, P < 0.001;
Fig. 3D). Serum T3 levels (F (2, 26) = 29.395, P < 0.001; Fig. 3E) and
the ratio of T3/T4 (F (2, 26) = 30.98, P < 0.001; Fig. 3F) increased
signiﬁcantly in hyperthyroid compared to hypothyroid and control, and
serum T3 levels in hypothyroid group decreased by 40% relative to
control.

treatments (P > 0.05; Fig. 3A). Food intake after one week in hyper
group increased dramatically compared to other two groups (F (2,
24) = 19.394, P < 0.001; Fig. 3B). RMR increased by 1.8 times in hyperthyroid group but decreased by 34% in hypothyroid group compared to control (F (2, 25) = 27.553, P < 0.001; Fig. 3C). Fresh carcass
mass decreased signiﬁcantly in hyper group compared to control
(Table 1), however, body fat mass didn't show a signiﬁcant diﬀerence
among groups (Table 1). All organ masses increased in hyper group
compared to control group but spleen mass didn't change signiﬁcantly
104
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Table 1
Eﬀects of thyroid hormone treatment on body composition in Mongolians gerbils.
Parameters

Hypothyroid (n = 9)

Control (n = 10)

Hyperthyroid (n = 8)

F

P

Body mass (g)
Carcass mass (g)
Body fat mass (g)
BAT mass (g)
Kidney mass (g)
Lung mass (g)
Heart mass (g)
Liver mass (g)
Spleen mass (g)

63.3 ± 2.51
46.5 ± 2.0ab
4.509 ± 0.706
0.140 ± 0.013a
0.520 ± 0.026a
0.429 ± 0.029ab
0.297 ± 0.028a
2.588 ± 0.134a
0.110 ± 0.063

63.3 ± 2.8
47.9 ± 2.5a
6.619 ± 0.932
0.176 ± 0.014b
0.529 ± 0.026a
0.370 ± 0.027a
0.259 ± 0.028a
2.265 ± 0.068a
0.040 ± 0.006

63.9 ± 1.8
45.4 ± 1.7b
5.183 ± 0.503
0.317 ± 0.032c
0.676 ± 0.037b
0.470 ± 0.019b
0.481 ± 0.031b
3.274 ± 0.193b
0.050 ± 0.004

1.430
3.85
2.429
7.184
8.180
4.054
9.101
14.014
0.563

ns
< 0.05
ns
< 0.001
< 0.05
< 0.05
< 0.05
< 0.001
ns

Diﬀerent superscripted letters indicate statistically signiﬁcant diﬀerences among groups (P < 0.05). Values are means ± SEM.

Fig. 4. Eﬀects of thyroid hormone treatment on oxidative stress and antioxidant activities. Malonaldehyde (MDA) levels in serum (A), MDA in liver tissue (B), protein
carbonyl (C), total antioxidant capacity (T-AOC, D) and superoxide dismutase (SOD) activity (E) and uncoupling protein 2 (UCP2, F) in liver. Values are
means ± SEM. Diﬀerent letters above columns indicate signiﬁcant diﬀerences among groups (P < 0.05).

4. Discussion

3.4. Oxidative damage, antioxidant activities, and UCP2 in liver in response
to thyroid hormone treatment

Characteristics of thermal biology for Mongolian gerbils resemble
both desert and arctic species (Wang et al., 2000). We evaluated oxidative damage parameters as one physiological cost of temperature
adjustments to show which Ta condition caused more oxidative damage
in Mongolian gerbils and which factor regulated it. In the present study
serum T3 levels increased during 5 °C acclimation and decreased during
37 °C acclimation and mediated oxidative damage and anti-oxidative
protection in liver. This study provides evidence of increased MDA and
protein carbonyl in hypothyroid, but at 5 °C and in hyperthyroid oxidative damage didn't show any changes. Also, serum SOD activity increased and T-AOC and UCP2 decreased in hyperthyroid condition.
These data together indicated that high Ta and hypothyroid induced
oxidative damage to some tissue of the body, whereas hyperthyroid
may mediate the balance between oxidative damage and anti-oxidative
protection to maintain normal oxidant state for survival at low Ta.

Serum MDA levels increased signiﬁcantly in hypo group compared
to control and hyper groups (F (2, 22) = 4.581, P = 0.023; Fig. 4A).
Hypo gerbils also had 42% higher liver MDA (F (2, 20) = 4.935,
P = 0.02; Fig. 4B) and 26% higher protein carbonyl (F (2, 20) = 3.758,
P = 0.043; 4C) than other two groups. Hyper gerbils had lower T-AOC
(F (2, 20) = 9.522, P = 0.002; Fig. 4D), but higher SOD in liver (F (2,
20) = 3.605, P = 0.048; Fig. 4E) than the control. UCP2 content in liver
tended to increase in hypo group, but decreased dramatically in hyper
group compared to the control (F (2, 20) = 14.727, P < 0.001; Fig. 4F).
3.5. Correlations between diﬀerent markers
Thyroid hormones were correlated positively with RMR, SOD level,
and liver mass, but negatively with MDA and UCP2 content in liver
(Table 2, Fig. 5). RMR was correlated negatively with UCP2 content,
but positively with SOD level. Besides, a negative correlation between
SOD and T-AOC was observed.
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Table 2
Pearson's correlation coeﬃcients between thyroid hormones, resting metabolic rate (RMR), oxidative and anti-oxidative markers, uncoupling protein 2 (UCP2) and
liver mass.

T3
T4
T3/T4
RMR
MDA
Carbonyl
T-AOC
SOD
UCP2
Liver mass

T3

T4

T3/T4

RMR

MDA

Carbonyl

T-AOC

SOD

UCP2

Liver mass

1
0.997⁎⁎
0.880⁎⁎
0.949⁎⁎
−0.412
−0.239
0.207
0.531⁎
−0.637⁎⁎
0.748⁎⁎

0.997⁎⁎
1
0.861⁎⁎
0.949⁎⁎
−0.418
−0.247
0.217
0.547⁎
−0.639⁎⁎
0.725⁎⁎

0.880⁎⁎
0.861⁎⁎
1
0.831⁎⁎
−0.466⁎
−0.331
0.171
0.429
−0.501⁎
0.705⁎⁎

0.949⁎⁎
0.949⁎⁎
0.831⁎⁎
1
−0.442
−0.328
0.144
0.636⁎⁎
−0.545⁎
0.666⁎⁎

−0.412
−0.418
−0.466⁎
−0.442
1
0.513⁎
−0.357
0.078
0.225
−0.171

−0.239
−0.247
−0.331
−0.328
0.513⁎
1
−0.017
0.159
0
−0.233

0.207
0.217
0.171
0.144
−0.357
−0.017
1
−0.664⁎⁎
−0.304
0.317

0.531⁎
0.547⁎
0.429
0.636⁎⁎
0.078
0.159
−0.664⁎⁎
1
−0.164
0.471

−0.637⁎⁎
−0.639⁎⁎
−0.501⁎
−0.545⁎
0.225
0
−0.304
−0.164
1
−0.369

0.748⁎⁎
0.725⁎⁎
0.705⁎⁎
0.666⁎⁎
−0.171
−0.233
0.317
0.471
−0.369
1

T3, tri-iodothyronine; T4, thyroxine; MDA, malonaldehyde; T-AOC; total antioxidant capacity; SOD, superoxide dismutase.
⁎
P < 0.05.
⁎⁎
P < 0.01.

in comparison with the control. Some other studies in striped hamsters
(Cricetulus barabensis) and short-tailed voles (Microtus agrestis) showed
that the levels of oxidative stress and anti-oxidant activities did not
change with Ta and metabolic rate (Chen et al., 2014; Selman et al.,
2008). The possible reasons behind these inconsistent results may be
related to diﬀerent species and diﬀerent amount of Ta. Small rodent
species distributing in diverse habitats may have diﬀerent sensitivity or
tolerance to changes in Ta. It also indicated that Ta may regulate the
relation between oxidative and anti-oxidative activities with energy
metabolism (Speakman and Garratt, 2014). Small mammals possess a
variety of mechanisms to protect against oxidative stress at moderate
environments (Brzęk et al., 2014), but at extreme high Ta, they could
not regulate such antioxidant defense systems to maintain the correct
oxidant-antioxidant balance. One of the reasons for disability in this
balance can be caused by decreased thyroid hormones, which was
veriﬁed by thyroid hormone manipulation.

4.1. The eﬀects of high and low Tas on RMR and oxidative stress
RMR is a fundamental measurement of energy metabolism that can
give an indication of the costs of somatic maintenance. RMR is in
minimum at Ta within TNZ, but increases with decreased Ta under TNZ,
because rate of heat loss to the environment increases and endothermic
organisms require more heat production and metabolic rate to maintain
relatively constant body temperature (Wang et al., 2000; Zhao et al.,
2014). According to the rate of living-free radical hypothesis, higher
metabolic rate causes greater rates of mitochondrial oxidative damage.
But in contrast with this hypothesis, our data indicate that the oxidative
damage markers including MDA and protein carbonyl were unchanged
at low Ta and the increase in RMR in hyperthyroid gerbils was also not
accompanied by increased levels of oxidative markers. Similarly, Yang
et al. (2013) showed that MDA and protein carbonyl were unchanged at
low (10 °C) and high (30 °C) Tas in Mongolian gerbils. On the contrary,
in our study protein carbonyl increased signiﬁcantly at 37 °C. The level
of anti-oxidative protection such as T-AOC increased signiﬁcantly in
5 °C-acclimated gerbils, but was unchanged in 37 °C-acclimated gerbils

Fig. 5. Correlations between T3/T4 ratio and RMR (A), malonaldehyde (MDA, B), uncoupling protein 2 (UCP2, C), and between resting metabolic rate (RMR) and
superoxide dismutase (SOD) activity (D) in Mongolian gerbils. P < 0.05 was considered to be signiﬁcantly correlated.
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UCP2 can decrease intracellular ATP synthesis (Lou et al., 2014). Another notable point of present data was the negative correlation between SOD and UCP2 which was supported by former study by Ge et al.
(2015) that demonstrated SOD activity has an increasing tendency after
UCP2 was inhibited. Further study suggested an interaction of superoxide with UCPs could be a mechanism for decreasing the concentration of ROS inside mitochondria (Echtay et al., 2002). We can declare
that UCP2 suppression increases ROS generation leading to increased
SOD activity feedback. Moreover, UCP2 reduction may be one mechanism for greater resistance to parasitic infection (Arsenijevic et al.,
2000; Schrauwen and Hesselink, 2002). Other study showed that UCP2
over-expression was known as a general phenomenon linked to the
progression of cancer cells in liver and protected it from ROS (Donadelli
et al., 2015). Along with this evidence, inducing hyperthyroid can be
one mechanism that inhibited UCP2, and may make the cells sensitive
to free radicals. In a word, hyperthyroid with inducing an increase in
SOD and decreases in T-AOC and UCP2 in liver exerts a key role in the
modulation of high energy eﬃciency and antioxidant systems for survival at low Ta.

4.2. Low thyroid hormone levels decreased RMR and increased oxidative
damage
Thyroid hormones are essential for thermal adaptation in mammals
because of its capacity to increase the metabolic rate (Decuypere et al.,
2005; Collin et al., 2003). We found that serum T3 levels or T3/T4 ratio
increased at low Ta, but decreased at high Ta in Mongolian gerbils. This
result was supported by the previous study in Mongolian gerbils and
some other sympatric species (Li et al., 2001). Moreover, serum T3 or
T3/T4 levels were correlated positively with liver mass and RMR but
negatively with MDA and UCP2 content in liver. These results were
supported by the studies showing increased protein carbonyls in hypothyroid patients (Brand, 2000) and decreased MDA level in hyperthyroid condition (Bozhko et al., 1990). In contrary with our study,
damaging eﬀect of lipid peroxidation was increased in liver, heart and
some skeletal muscles in hyperthyroid rats (Asayama and Kato, 1990)
or in hyperthyroid patients (Fernandez et al., 1988), while a deﬁciency
of thyroid hormones may decrease metabolic rate and attenuate oxidative stress (Tenorio-Velásquez et al., 2005). Another study showed
that oxidative stress increased both in hyper and hypothyroid (Mancini
et al., 2013). All these suggested that living in high Ta condition associated with hypothyroid would cause more oxidative damage to lipid
and protein.

4.5. Conclusion
Our results showed that high Ta induced hypothyroid status, metabolic depression and increased oxidative damage in Mongolian gerbils. But hyperthyroid in low Ta induced an increase in RMR but no
change in oxidative damage. T3 and T4 regulated intracellular SOD to
combat the attack of ROS and decreased UCP2 to reduce uncoupling of
ATP to synthesize more energy in liver cells. The absence of signiﬁcant
increases in oxidative damage levels by high levels of T3 and metabolic
rate in some cold-exposed mammal species including Mongolian gerbils
is consistent with this idea that thyroid hormones can selectively activate diﬀerent aspects of free-radical generation and antioxidant defense
systems at diﬀerent Tas. This physiological strategy of thyroid hormones can play a vital role for the small mammals in adaptation to low
Ta in winter, but the inﬂuence of other factors associated with thyroid
hormones on oxidative stress can't be excluded and further experiments
are required to clarify the pathway by which thyroid hormones regulate
UCP2 and anti-oxidative protection.

4.3. Higher thyroid hormone levels increased anti-oxidative activity
To neutralize the potential ill eﬀects of free radicals, organisms
scavenge or detoxify ROS by enhancing intracellular scavenging enzyme like SOD (Petrulea et al., 2012; Seven et al., 1996). The result of
present study showed that T-AOC in hyperthyroid gerbils was lower
than control while in hypothyroid there was no signiﬁcant diﬀerence
with control. The obtained results of present study were supported by
previous studies, which showed that T-AOC reduced in hyperthyroid
but remained unchanged in hypothyroid in comparison with controls
(Messarah et al., 2010; Santi et al., 2010). We also found that SOD
activity increased in hyperthyroid status in Mongolian gerbils. A similar
result was also found in the rat liver with hyperthyroid induced by T3
(Seven et al., 1996; Seymen et al., 1999), and hypothyroid was associated with reduced SOD activity (Pasupathi and Latha, 2008; Sahoo
et al., 2008). Some other studies reported diﬀerent results that SOD
activity reduced in hyperthyroid status in human (Fernandez et al.,
1988; Wilson et al., 1989) or increased SOD activity was observed both
in hypo and hyperthyroid patients (Carmeli et al., 2008; Dave and
Paradkar, 2009). The diﬀerence between these results may be due to
diﬀerent experimental conditions and diﬀerent methods used to assay
SOD activities. It may also due to the diﬀerent tissues that were measured since the anti-oxidative responses are tissue-dependent (Xu et al.,
2014). These divergent data at least suggest that thyroid hormones can
aﬀect the anti-oxidative system, and less T3 may impair anti-oxidative
regulation.
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