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ABSTRACT

To understand the circadian rhythms of the glucose metabolism and
related hormones in desert reptiles, we studied the daily changes
in plasma leptin, insulin, and glucose in the toad-headed lizard,
Phrynocephalus versicolor, in the semi-desert of the Alashan Plateau.
Blood samples were obtained from groups of 20 lizards (about equal
sex ratio for each group) at 4-h intervals throughout a 24-h period.
Leptin, insulin, and glucose levels were determined using ELISA, RIA,
and the glucose oxidase method, respectively. Ambient temperature
and humidity were also measured when the blood samples were taken.
We found that: (1) there was a significant difference in plasma leptin
concentrations at different times of day; (2) no significant circadian
rhythm could be measured for plasma insulin and glucose; (3) ambient
temperature, humidity, and body condition had no significant effect
on plasma leptin, insulin, and glucose levels; and (4) there were
significant correlations between plasma glucose concentrations and
leptin concentrations 8 h later, and between insulin concentrations
and leptin concentration 8–12 h later. These results suggested that the
secretions of leptin and insulin played an important role in glucose
metabolism in reptiles in an arid environment.

ARTICLE HISTORY

Received 23 October 2015
Accepted 1 July 2016
KEYWORDS

Circadian rhythm; glucose
metabolism; leptin;
physiological adaptation

1. Introduction
Organisms have evolved adaptive rhythms in behavior and physiology to respond to environmental perturbations (Ben-Shlomo & Kyriacou 2002). A rhythm that persists in constant
conditions with a period close to 24 h is called circadian. The circadian rhythm has been
described from bacteria to humans, together with large amounts of information on the
physiological, cellular, and molecular mechanisms involved (Tosini et al. 2001). Previous
studies have paid much attention to melatonin, which influences the daily rhythm of sleep
and wakefulness and circadian rhythmicty in reptiles (Pianka 1986; Hyde & Underwood 1995,
2000). However, few studies have been done on the circadian rhythms of other hormones
in reptiles.
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In ectothermic vertebrates like reptiles, circadian activity is found to have a close correlation with thermoregulatory rhythms, which are greatly affected by ambient temperature
and humidity (Ellis et al. 2007). Therefore, seasonal acclimatization and daily modification
of thermoregulatory mechanisms are of great importance for the survival of reptiles in
deserts (Schwimmer & Haim 2009). Leptin has been proved to regulate the food intake and
body energy expenditure in most vertebrates, including reptiles (Niewiarowski et al. 2000;
Coccia et al. 2011). Specifically, this hormone is found to modulate glucose metabolism in
both mammals and reptiles (Kamohara et al. 1997; Ceddia et al. 1999; Paolucci et al. 2006).
Moreover, the leptin concentration is found to have a circadian rhythm in mammals, with a
nocturnal increase (Sinha et al. 1996; Frühbeck et al. 1998), and leptin expression is related
to the insulin level in both humans and rodents (Cohen et al. 1996; Segal et al. 1996; Appleton
et al. 2002). Despite large numbers of studies on the role of leptin in mammals (Londraville
et al. 2014), the role of leptin in glucose metabolism in the Reptilia remains to be resolved.
The body condition of a reptile is related to its health, quality, and vigor, where the body
condition index (CI), based on the relationship between body mass and length, can be used
to interpret variation in size of the energy reserve (Peig & Green 2010). Plasma leptin levels
are found to be proportional to body fat mass (Coccia et al. 2011), and could signal nutritional
status during periods of food deprivation and prevent excess weight gain (Friedman & Halaas
1998). Snout–vent length (SVL) is a commonly used measure of body size in a reptile, which
has proved to be a better indicator of body mass than is total length (Feldman & Meiri 2013).
Lizards have been model organisms for ecological and eco-physiological studies in arid
environments due to their abundance and ease of capture (Huey et al. 1983; Vitt & Pianka
2014). Animals living in the desert face the ever-present challenges of water shortage and
extreme differences in ambient temperature (Bradshaw 2003); this makes lizards living in a
desert the perfect subjects for eco-physiological studies in reptiles. The toad-headed lizard,
Phrynocephalus versicolor, is a widely distributed lizard in the Mongolian Gobi Desert.
Previous studies have investigated the phylogeographic structure and population history,
the effect of sand grain size, and morphological traits on running speed and low-temperature
stress on the endocrine system in toad-headed lizards (Li, Gu et al. 2011; Li, Lian et al. 2011;
Zhang et al. 2010). Few studies have investigated circadian rhythms in hormone secretion
in this lizard.
In the present study, we aimed to explore how levels of plasma leptin, insulin, and glucose
in the toad-headed lizard, P. versicolor, changed during the day, and the effect of time, body
condition, ambient temperature, and humidity on these variables. Plasma leptin, insulin,
and glucose levels were measured at 4-h intervals over a 24-h period to test two hypotheses:
(1) the daily changes of leptin and insulin in the lizard might be similar to those in mammals,
but with specific adjustments due to adaptation to the special desert conditions; (2) leptin
levels were related to glucose metabolism and might be affected by ambient temperature,
humidity, and body condition.

2. Materials and methods
2.1. Study areas and animals
Our study site is 3 km west of Ejina Banner (39°52′-42°47′N, 97°10′-103°7′E), in the northwest
of Inner Mongolia, China. It is located in the Gobi Desert, and is part of the Alashan Plateau
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semi-desert. The landscape of our study site consists of fine sand and coarse gravel, with
desert plants (mainly saxaul trees, Haloxylon ammodendron) scattered about. Ejina Banner
has an average altitude of around 1000 m. The mean annual temperature is 8.3 °C, with low
temperatures in January (−36.4 °C) and high temperatures in July (42.5 °C). Times of sunrise
(about 05:51 h) and sunset (about 20:51 h) between 4 and 16 July were obtained from the
local weather station.
All animals in this study were collected under animal research protocol IOZ-2006 approved
by The Institute of Zoology Animal Care Committee, and cared for in accordance with the
principles and guidelines of The Ethics Committee of the Institute of Zoology, Chinese
Academy of Sciences and The Chinese Wildlife Management Authority.
All the investigations were conducted from July to August, during the lizards’ post-
reproduction period. The lizards were randomly divided into six groups which were then
studied during the 4-h intervals: 00:00–04:00, 04:00–08:00, 08:00–12:00, 12:00–16:00, 16:00–
20:00, and 20:00–24:00 h. Only adult lizards were used, and each experimental group contained a nearly even sex ratio. Each group comprised 20 individuals for measuring body
indexes and monitoring plasma hormone levels. Body mass was measured to 0.01 g using
Electronic Pocket Scale HF-13 (Henan Wheat Import And Export Co., Ltd., China). SVL was
measured to 0.01 mm using Syntek high-quality digital caliper 1–150 mm (SyntekTM Tools,
Zhejiang Deqing Syntek Electronic Tecnology Co., Ltd., Zhejiang, China). The body CI was
calculated as: CI = W(g)/L(cm), where W is body mass and L is SVL.
For hormone assays during the daytime (08:00–21:00 h), blood was taken from lizards
(see details, below) immediately after their capture. For hormone assays during the night
(21:00–08:00 h), the lizards were captured during the day and transported to the laboratory
in boxes (0.4 m × 0.2 m × 0.2 m). They were then held in transparent plastic boxes
(0.7 m × 0.5 m × 0.5 m) with desert sand and gravel substrate. The number of lizards in each
box was 3–4, and the boxes were placed outdoors. Our laboratory was located on the outskirts of Ejin Banner, so the environment (temperature, humidity, and photoperiod) was
consistent with the lizards’ natural habitat. Fighting behavior and stress response to captivity
were not found. Blood was taken from these animals the night after they were caught.

2.2. Blood sampling and hormone assay
Before taking blood samples, the ambient temperature and humidity of the lizard’s surroundings were measured by placing a thermo-hygrometer on the ground of the test site.
In this way, the air temperature and humidity above the surface of the earth, which is approximately that of the lizard’s natural habitat, could be recorded.
To collect blood, the lizards were decapitated and blood was collected from the carotid
artery. All blood samples were collected within two minutes of first picking up the lizard,
and were put into heparinized tubes. All samples were centrifuged at 3000 g for 15 min at
room temperature, before transferred to a tube and kept at −20 °C until assay. The amount
of plasma collected ranged from 30 to 120 μl.
The glucose oxidase method was used to determine plasma glucose concentrations: GLU
kits (CapitalBio Co., Ltd., Beijing, China) and the Olympus AU400 Automated Chemistry
Analyzer (Olympus Analyzers, Tokyo, Japan) were used.
Enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay (RIA) were used to
assay plasma concentrations of leptin and insulin, respectively. Samples containing less than
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50 μl of plasma were not used to prevent inaccuracy during hormone measurement. To
determine if components in the plasma interfered with binding of the hormone to the
antibody, serial dilutions of plasma were performed to test the validity of ELISA in determining leptin and of RIA in determining insulin. The results showed that the correlations between
measured and theoretical values for each hormone were highly significant (for ELISA and
leptin, p < 0.01; for RIA and insulin, p < 0.05).
Commercially available ELISA kits (CapitalBio Co., Ltd., Beijing, China) were used to quantify plasma leptin concentration. Instructions in the manufacturer’s guidebook were followed,
and duplicate samples were run. Mean intra- and inter-assay coefficients of variation were
both less than 10.0% (n = 12). Assay sensitivity was 1 ng/ml.
125
I insulin RIA kits (Beijing North Institute of Biological Technology, Beijing, China) were used
to quantify insulin concentration. Again, the instructions in the manufacturer’s guidebook were
followed. A Wizard 1470 automatic γ counter (Wallac, PerkinElmer Inc., Turku, Finland) was used
to count radioactivity. Mean intra- and inter-assay coefficients of variation were less than 10.0%
(n = 10) and 15.0% (n = 10), respectively. Assay sensitivity was 2 μIU/ml.

2.3. Data analysis
Statistical analyses were conducted using SPSS v22 (SPSS Inc., Chicago, USA). The distribution of data was tested using one sample Kolmogorov–Smirnov test. When data were
not normally distributed, they were log transformed to stabilize the variance and meet
the normality. Univariate tests of general linear model (GLM) were used to test the differences in plasma leptin, insulin, and glucose among six time intervals. Sex and body CI
rank were treated as fixed and covariate factors accordingly in GLM test. Fisher’s least
significant difference pairwise comparison was used to compare the differences in
hormones and glucose concentrations among different time intervals. Pearson correlation
was used to determine the relationships among plasma leptin, insulin, glucose concentrations, temperature, and humidity, and also leptin, insulin, and glucose concentrations
at different time intervals. The values of these variables were calculated and displayed as
the mean values plus and minus standard errors. All tests were two-tailed, and p < 0.05
was considered significantly different.

3. Results
3.1. Daily changes in plasma leptin, insulin, glucose concentrations, ambient
temperature, and humidity
Plasma leptin concentrations differed significantly among the six time intervals (Univariate
test of GLM, F5, 45 = 2.587, p = 0.039, Figure 1), but there were no significant effects of time on
plasma insulin (Univariate test of GLM, F5, 46 = 0.321, p = 0.898, Figure 1) or glucose concentration (Univariate test of GLM, F5, 40 = 0.567, p = 0.725, Figure 1). The effects of sex and CI were
not significant, and there was no significant interaction between these two factors. Multiple
comparisons showed that leptin concentrations at 16:00–20:00 h were significantly higher
than concentrations at 00:00–04:00 h (p = 0.016), 08:00–12:00 h (p = 0.021), 12:00–16:00 h
(p = 0.002), and 20:00–24:00 h (p = 0.004). However, there were no significant differences in
leptin concentrations between other time intervals (Figure 1).
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Figure 1. Circadian changes in plasma leptin (a), insulin, (b) and glucose (c) concentration of the toadheaded lizard, P. versicolor. The solid bold horizontal line represents the median, edges of the box are
25–75th percentiles, and the tails indicate the maximum and minimum values. Different letters at the
top of the display indicate significant differences in plasma leptin concentrations.

Both ambient temperature and humidity (Figure 2) showed significant differences among
different time intervals (Univariate test of GLM, for temperature: F 5, 176 = 55.95, p < 0.001; for
humidity: F 5, 176 = 39.97, p < 0.001). Multiple comparisons showed that, except for temperatures between 00:00–04:00 and 04:00–08:00 h, and between 12:00–16:00 and 16:00–20:00 h,
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temperatures at all other time intervals differed significantly from each other (Figure 2).
Multiple comparisons of humidity showed that, except for humidity between 00:00–04:00
and 08:00–12:00 h, between 00:00–04:00 and 20:00–24:00 h, between 12:00–16:00 and
16:00–20:00 h, and between 12:00–16:00 and 20:00–24:00 h, humidity at other time intervals
differed significantly from each other (Figure 2).

3.2. Correlations among plasma leptin, insulin, glucose, ambient temperature,
and humidity
There were no significant correlations between plasma leptin, insulin, and glucose concentrations and ambient temperature and humidity (Pearson correlation test, df = 5, p > 0.05,
Table 1). However, there was a significant negative correlation between temperature and
humidity (Pearson correlation test, df = 5, p < 0.001, Table 1).

3.3. Correlations among leptin, insulin, and glucose concentrations at different
time intervals
There were significant correlations between plasma leptin concentrations at 08:00–12:00 h
and insulin concentration at 16:00–20:00 h (Pearson correlation test, r = −0.710, p = 0.049,
Table 2) and insulin concentrations at 20:00–24:00 h (Pearson correlation test, r = 0.720,

Figure 2. Circadian changes in temperature (a) and humidity (b) of the ambient environment where
toad-headed lizards, P. versicolor, live. The solid bold horizontal line represents the median, edges of box
are 25–75th percentiles, and the tails indicate the maximum and minimum values. Different letters at the
top of the display indicate significant differences in ambient temperature and humidity.
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Table 1. Pearson correlation coefficients between leptin, insulin, glucose, temperature, and humidity in
the toad-headed lizard, P. versicolor.
Leptin
1

Leptin
Insulin
Glucose
Temperature
Humidity

Insulin
−.180
1

Glucose
−.026
.202
1

Temperature
.158
.152
.188
1

Humidity
−.117
−.176
−.091
−.833**
1

Notes: **p < 0.001. Correlation is significant at the 0.01 level (two-tailed).

Table 2. Pearson correlation coefficients between leptin, insulin, and glucose levels at different time
intervals. Leptin1, Leptin 2, … Leptin 6 mean leptin concentration at 00:00–04:00, 04:00–08:00, … and
20:00–24:00 h. The same applies to Insulin1–Insulin6 and Glucose1–Glucose6.

Leptin1
Leptin2
Leptin3
Leptin4
Leptin5
Leptin6

Insulin1

Insulin2

Insulin3

Insulin4

Insulin5

Insulin6

Glucose1

Glucose2

Glu
cose3

Glucose4

Glucose5

Glucose6

.003
.270
.360
−.263
.699
−.141

−.253
−.428
−.512
.597
−.293
.452

.556
.573
−.504
−.047
.368
−.629

−.019
−.387
.129
.177
.024
−.552

.488
−.215
−.710*
.484
−.637
.038

−.363
−.472
.720**
.128
−.023
−.114

.111
−.435
.370
.199
.372
−.466

−.033
−.348
.052
.418
.009
.613

−.094
−.391
.280
−.021
−.750***
.313

−.481
−.394
.584
.166
−.085
−.290

.801****
.144
−.160
.081
.261
−.374

−.326
.507
−.108
−.142
−.130
−.229

Notes: *p = 0.049; **p = 0.044; ***p = 0.032; ****p = 0.017. Correlation is significant at the 0.05 level (two-tailed).

p = 0.044, Table 2). There were also significant correlations between plasma leptin concentrations at 00:00–04:00 h and glucose concentrations at 16:00–20:00 h (Pearson correlation test,
r = 0.801, p = 0.017, Table 2), and between leptin concentrations at 16:00–20:00 h and glucose
concentrations at 08:00–12:00 h (Pearson correlation test, r = −0.750, p = 0.032, Table 2).

4. Discussion
Our study showed that there was a circadian rhythm in plasma leptin concentration in the
toad-headed lizard. However, no significant circadian rhythm could be found for plasma
insulin and glucose levels. Further analyses indicated that there were significant correlations between plasma leptin, insulin, and glucose concentrations. Body condition, ambient
temperature, and humidity had no significant effect on plasma hormones and glucose
levels.
A circadian rhythm of leptin concentration has been found in many mammalian and
non-mammalian species (Londraville et al. 2014). As with many hormones, plasma leptin
concentration shows a circadian rhythm in humans peaking around midnight and dropping
during the morning to reach its lowest concentration around midday (Sinha et al. 1996;
Herpertz et al. 2000). The same circadian rhythm of plasma leptin could also be seen in
rats with a trough at 16:00 h and peak between midnight and early morning (Nishiyama
et al. 2000). In the present study, leptin levels peaked during 16:00–20:00 h in the toadheaded lizard. This time period coincides with the main foraging time in the desert for this
lizard. The increase in leptin at this time might be caused by food intake; this has been
found in many studies, indicating that leptin is an important controlling factor in energy
metabolism (Niewiarowski et al. 2000; Marie et al. 2001; Appleton et al. 2002; Elimam &
Marcus 2002).
The expression of leptin is found to be related to many factors, like body weight, sex,
feeding, and other hormones like insulin, thyroid, and glucocorticoids (Ahima & Flier 2000).
Some studies suggest that the circadian rhythm of leptin might be related to appetite
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suppression while sleeping (Sinha et al. 1996; Simon et al. 1998). However, other studies
have shown that the nocturnal increase in leptin secretion in humans might be related to
the cumulative hyperinsulinaemia due to food ingestion during the waking period (Frühbeck
et al. 1998), and that the leptin concentrations are related mainly to the timing and rate of
food intake (Luheshi et al. 1999; Marie et al. 2001).
Leptin is involved in glucose metabolism in both mammals and reptiles (Kamohara et al.
1997; Coccia et al. 2011). Many studies have found a relationship between leptin and insulin
concentrations, there being a time lag of 6–9 h between the maxima of leptin and insulin
secretion in mammals (Cohen et al. 1996; Segal et al. 1996; Herpertz et al. 1998; Wagner
et al. 2001; Appleton et al. 2002; Block et al. 2003). Leptin is found to exert an insulin-like
effect upon skeletal muscles in lean rats and to raise glucose uptake and stimulate glucose
metabolism in the soleus muscle of rats (Ceddia et al. 1999). In the present study, glucose
and insulin levels were correlated with leptin level with the time lags of 8 h and 8–12 h. These
results implied that leptin is involved in glucose metabolism in the toad-headed lizard, and
is consistent with results from the lizard Podarcis sicula (Paolucci et al. 2006).
It has been proved that plasma leptin level decreases after acute exposure to low ambient
temperatures in both humans and chickens (Ricci et al. 2000; Dridi et al. 2008; Pizon et al.
2009), the effect being considered to explain how exposure to low temperatures increases
appetite. However, no significant correlations between ambient temperature, humidity, and
hormone levels were found in the present study. One possible explanation is that the
decreases in temperature were gradual, and this might not induce changed hormone secretion. Another explanation is that the present study was conducted in summer, when there
is only a small daily temperature variation that would be unlikely to cause serious disturbances in hormones and glucose metabolism.
There has been some research on the effect of leptin injections on the phenotypic effect
upon the fence lizard, Sceloporus ondulatus (Niewiarowski et al. 2000), the seasonal leptin
titer in the lizard, Sceloporus undulatus (Spanovich et al. 2006) and the hawksbill turtle,
Eretmochelys imbricata, during nesting season (Goldberg et al. 2013). However, limited physiological and ecological data from reptiles are currently insufficient to evaluate the underlying role played by leptin in glucose metabolism in reptiles. Moreover, leptin is found to be
related to cortisol levels and the reproduction process (Bornstein et al. 1998; Frühbeck et al.
1998; Ahima & Flier 2000; Londraville et al. 2014). Further studies should focus on these issues
in other reptile species.
In summary, consistent with findings in mammals, leptin levels in the toad-headed lizard
showed a circadian rhythm, and it can be concluded that secretions of leptin and insulin
play an important role in glucose metabolism in an arid environment.
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