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Abstract   

Background: Exploring thermoregulation and metabolic characteristics 

responses to high altitudes is important for understanding ectothermic animal high-

altitude adaptation mechanisms. However, how could these species compensate for 

adverse environmental impacts are controversial and poorly understood. In the present 

study, the selected body temperature, mitochondrial consumption, proton leak and 

enzyme activity of a lizard Phrynocephalus vlangalii from different altitudes (Maduo 

and Golmud, with altitude at 4270 and 2750 m, respectively) were analyzed to 

investigate the thermoregulatory and metabolic regulation strategies of this native 

high-altitude lizard at Qinghai-Tibet Plateau.  

Results :The results indicated that the Maduo population had a faster heating rate 

and selected significantly lower body temperatures than those of the Golmud 

population. The mitochondrial oxygen consumption rates in both the liver and skeletal 

muscle of the Maduo population were significantly lower than those of the Golmud 

population, but the thermal sensitivity of skeletal muscle mitochondrial in Maduo 

population was significantly lower than that in Golmud population. The proton leak of 

liver mitochondria in the Maduo population account for a lower percentage of state III 

than that of the Golmud population (11.4~14.6% VS. 22.5~25.1%), which indicate a 

higher ATP production in liver mitochondria. The results of three enzyme activities 

reflect significant both tissue- and population specificity. Especially, a low ratio of 

LDH/CS and HOAD/CS in the liver of the Maduo population indicating that 

metabolism of the liver mainly depended on aerobic metabolism and especially the use 

of carbohydrate as a metabolic substrate in Maduo population.  

Conclusions: These distinct variable characteristics between two populations of 

P. vlangalii could be considered important strategies in thermoregulation and metabolic 

regulation for living at different altitudes and could be especially necessary for lizards 

to effectively compensate for the negative influence of cold and hypoxia at high 

altitude.  

  

Keywords: Phrynocephalus vlangalii, thermoregulation, mitochondria, proton leak, 
enzyme activity, high altitude. 



Background  

High altitude environments, particularly with cold temperature, hypoxia, and 

strong ultraviolet radiation, impose grand physiological challenges to people and 

animals (Rothschild and Mancinelli 2001), especially for the ectothermic animals. To 

live under these extreme stressors, a variety of physiological regulation may be 

required for the high elevation resident. An effective thermoregulatory and metabolic 

changes could even more important in reptile species, for the functions of these two 

aspects particularly depend on their habitat environment. Thermoregulation ability, 

mitochondrial oxygen consumption, and enzyme activity adjustment are all central and 

crucial for individual high-altitude adaptation because all these phenotypic 

characteristics are prerequisites for reptiles to maintain a stabilized physiological and 

biochemical status (Rogers, Seebacher et al. 2004, Clark, Butler et al. 2006, Seebacher, 

Murray et al. 2009).   

Most mammalian and avifauna species could maintain constant body temperature 

and increase metabolic rate when suffering unfavorable environmental conditions, 

such as cold or hypoxia (Ramirez, Folkow et al. 2007). However, ectothermic animals 

may reduce metabolic rate and body temperature, even by way of hibernation or torpor, 

in response to those detrimental environmental conditions (Huey and Slatkin 1976). 

Studies on some high-altitude living lizards showed that varied habitat temperature and 

hypoxia could significantly influence individuals’ phenotypic plasticity and 

thermoregulation ability (Gutiérrez, Krenz et al. 2010). A study on Zootoca vivipara 

from altitudes varying by 1200m found that there was no significant difference in 

selected body temperatures (Tsel) between the two populations, but population from 

high altitude required to spend 50% more basking time to achieve its optimum 

temperature (Gvoždík 2002). Whereas Damme et.al study on the same species from 

altitudes varying by 2000 m found that optimal temperature of lizards from high 

altitude was 3-5°C lower than those from low altitude, but the locomotor performance 

was not significantly different between the two populations (Van Damme, Bauwens et 

al. 1990). These results suggested not all reptile species can thermoregulate to the same 

extent, even for the same species from different populations. Some species or 

populations, which depend on their microhabitat conditions, were predominantly 



thermoconformers, while others were precise thermoregulators (Blouin-Demers and 

Nadeau 2005). When the thermal environment is unsatisfactory, the thermoregulators 

may use behavioral or physiological thermoregulation to accurately adjust body 

temperature by cost more time and energy, but this also shortens time on hunting, 

mating, and other important activities (Herczeg, Herrero et al. 2008). On the other hand, 

individuals may become thermoconformers when the costs of thermoregulation 

outweigh the potential benefits (Blouin-Demers and Nadeau 2005). In addition to the 

influence of ambient temperature on the thermoregulation of reptiles, the hypoxia at 

high altitude also had a significant effect on the body temperature (Hicks and Wood 

1985). A previous study on Phrynocephalus przewalskii found that the Tsel descended 

when lizards were exposed to acute, severe hypoxia condition (less than 8% O2), but 

Tsel was not significantly changed when the lizards acclimatized at 12% or 8% O2 

environmental conditions (He, Xiu et al. 2013). All these results suggested that despite 

lacking effective constant body temperature maintenance mechanism, after long term 

evolution or acclimation at hypoxia and cold conditions, these reptilian species could 

effectively regulate their body temperature and acquire maximum adaptability to resist 

external environmental temperature fluctuations (Uller, While et al. 2011). The 

hypoxia may also decrease the precise of lizards’ thermoregulation caused by a 

diminished propensity to locomotor (Cadena and Tattersall 2009), which associated 

with the energy utilization and allocation, as well as related to the cost and benefit 

model. However, thermoregulatory ability between different reptile species or 

populations may vary notably in response to different environmental conditions, and 

there were also many disputes about its regulatory mechanism.  

Reptile species could regulate and maintain body temperature at or near-optimal 

temperature ranges. However, such regulation ability is usually limited and cannot 

eliminate the negative influence of changeable environmental temperature on 

individuals. Improved energy utilization and metabolic rate adjustment were 

considered as important strategies against adverse environmental conditions (Chippari-

Gomes, Gomes et al. 2005, Solaini, Baracca et al. 2010). Individual metabolic 

regulation can usually be achieved by adjustment of mitochondrial respiratory rate, 

proton leak, and metabolic enzyme activities (Seebacher and James 2008, Seebacher, 



Brand et al. 2010). Proton leak control could significantly affect the metabolic level of 

mitochondria by changing the consumption rate of oxygen and transmembrane 

potential (Brand, Pakay et al. 2005). Invalid loops of proton leak may cause energy 

loss in the form of heat, but may also help to maintain body temperature and be an 

important component of the basal metabolic rate (Xiaolong Tang, Ying Xin et al. 2013). 

Besides, proton leak may be closely associated with other physical adjustment 

processes, such as inhibiting free radical generation and regulate the carbon cycle 

(Rolfe and Brand 1997). These adjustments could crucial to compensate for the 

negative effect of hypoxia and strong ultraviolet radiation for reptile species living at 

high altitudes. Enzyme activity regulation is considered a rapid regulatory pathway 

response to environmental changes and can significantly affect individual metabolism 

levels. Lactate dehydrogenase (LDH), citrate synthase (CS), and β-hydroxyacyl 

coenzyme A dehydrogenase (HOAD) are important enzymes in anaerobic, aerobic, and 

lipid metabolism, respectively (Voet and Voet 1995). The activities of these enzymes 

are usually changed with seasons or environmental conditions, which is especially 

important to improve energy and oxygen utilization for high altitude living lizards 

(Xiaolong Tang, Ying Xin et al. 2013).  

  

Using comparative physiology, biochemistry, and molecular biology experimental 

protocols, inter- or intra-species comparisons on physiological and biochemical 

characteristics are considered as key methods to study the mechanism of animal 

adaptation to high altitude (Monge and Leon-Velarde 1991). Some lizards in the 

Phrynocephalus genus are well adapted to the hypoxic and low-temperature 

environmental conditions at high altitude on Qinghai-Tibetan plateau, and these species 

are also considered as good models to study ectothermic animal high altitude adaptation. 

Phrynocephalus vlangalii is the most widely distributed lizard on the Qinghai-Tibet 

plateau, with a large span of elevations in its distribution area from 2700 to 4500 meters 

(Er-Mi and Adler 1993). This is an ideal species to study adaptation mechanisms of 

high-altitude living reptiles. In the present study, two populations of P. vlangalii from 

habitat elevation differing by 1500m were chosen as our study species, and we 

investigated body temperature selection, mitochondrial respiratory rate, proton leak, 



and metabolic enzyme activity of these two populations. The primary goal of this study 

was to found out the possible differences on thermoregulation and metabolic traits in 

two populations of P. vlangalii, and the second goal is to provide some experimental 

evidence and detect plateau adaptation mechanisms of ectothermic species.  

 

Results 

Comparison of body temperature selection between Golmud and Maduo 
population  

The Tsel of two populations was measured at 0800, 1000, and 1600h, respectively. 

The results indicate that the body temperature of each lizard species increased with 

the duration of incandescent lamp radiation, and reach the highest body temperature 

at 1600h (Fig. 1). The Tsel of the Golmud population ranged from 22.9 to 40.1°C, 

higher than that of the Maduo population (from 22.1 to 38.2°C). Comparison results 

of Tsel at each measured time between two populations indicated that the Tsel of the 

Golmud population was significantly higher than those of the Maduo population at 

0800 (F1, 203=25.283, P<0.001) and 1600h (F1, 195=9.437, P=0.003). However, there 

was no significant difference at 1000h between two populations (F1, 202=2.577, 

P=0.113).   

    

Comparison of mitochondrial respiration rate between Golmud and Maduo 
populations  

The results of mitochondrial oxygen consumption between two populations 

indicate that both state III and state IV of liver mitochondrial oxygen consumption of 

the Golmud population were higher than those of the Maduo population (Fig. 2). The 

state III and state IV of liver mitochondria in Golmud population was about 2 times 

more than those in Maduo population at both 20 (state III: F1, 27=23.894, P<0.001; 

state IV: F1, 27=20.132, P=0.001) and 30°C (state III: F1, 28=16.526, P=0.001; state IV: 

F1, 26=19.758, P=0.001). The results of mitochondrial oxygen consumption in skeletal 

muscle were different from those from liver mitochondria (Fig.2). The mitochondrial 

respiration rate of state III (F1, 26=0.674, P=0.433) and state IV (F1, 26=1.225, 

P=0.297) in skeletal muscle were not significantly different between two populations 



at 20°C. However, the skeletal muscle mitochondrial respiration rate of state III (F1, 

25=9.945, P=0.007) and state IV (F1, 27=15.781, P=0.001) in Golmud population at 

30°C was about 1.4 times more than those in Maduo population.    

  

The thermal sensitivity of mitochondrial oxygen consumption was represented as 

the value of Q10. The results showed that the liver and skeletal muscle mitochondrial 

respiratory rates were increased with experimental temperature. One-way ANOVA 

analysis suggested that Q10 of skeletal muscle mitochondria were significantly 

different between two populations from 20 to 30 °C, but no significant difference in 

liver mitochondria between two populations (Table 2).   

 

Comparison of mitochondrial proton leak between Golmud and Maduo 
populations  

  The results of proton leak in liver mitochondria showed that GDP could 

significantly inhibit the respiration rate of state IV in both Golmud (N=12, paired t-

test, t=7.103, P<0.001) and Maduo (N=14, paired t-test, t=3.829, P=0.005) 

populations. The CAT also had a significant effect on the mitochondrial respiration 

rate of state IV in two populations (Golmud population: N=12, paired t-test, t=7.901, 

P=0.001; Maduo population: N=14, paired t-test, t=4.495, P=0.002) (Fig. 3). 

Similarly, both GDP (Golmud population: N=11, paired t-test, t=7.361, P<0.001; 

Maduo population: N=12, paired t-test, t=4.423, P=0.003) and CAT (Golmud 

population: N=11, paired t-test, t= 3.154, P=0.016; Maduo population: N=12, paired 

t-test, t=3.881, P=0.006) could significantly influence the mitochondrial proton leak 

in skeletal muscle (Fig. 3).   

 

Comparison of enzyme activity between Golmud and Maduo populations  

In the liver, the LDH activity was significantly higher in Golmud population than 

that in the Maduo population at 20°C (F1, 29=7.602, P=0.017) (Fig. 4). However, there 

were no notable differences in CS (F1, 29=0.139, P=0.716) (Fig. 5) and HOAD (F1, 

28=0.438, P=0.523) (Fig. 6) activities at 20°C between two populations of P. 

vlangalii. When the experimental temperature increasing to 30°C, enzyme activities 



of LDH (F1, 29=2.115, P=0.017), CS (F1, 29=15.748, P=0.002) and HOAD (F1, 

28=18.515, P=0.001) were all significantly different between two populations. 

Besides, the ratio of LDH/CS was used to represent aerobic and anaerobic respiration 

ability and the ratio of HOAD/CS was used to indirectly reflect the level of fatty acid 

oxidation ability. The results suggested that both ratio of LDH/CS and CS/HOAD 

were lower in Maduo population than those in Golmud population (20°C: LDH/CS: 

F1, 29=4.781, P=0.019; HOAD/CS: F1, 28=4.828, P=0.014; 30°C: LDH/CS: F1, 

29=4.798, P=0.038; HOAD/CS: F1, 28=4.952, P=0.043).   

The results of enzyme activities in skeletal muscle were different from those in 

the liver. As the experimental temperature at 20°C, the LDH (F1, 29=8.328, P=0.013), 

CS (F1, 29=8.295, P=0.016), and HOAD (F1, 27=4.851, P=0.046) activities in skeletal 

muscle were all significantly higher in Maduo population than those in Golmud 

population. Similarly, the activity of LDH (F1, 29=5.745, P=0.032) and HOAD (F1, 

27=5.453, P=0.036) at 30°C were higher in Maduo population than those in Golmud 

population. However, there was no significant difference in CS activity between the 

two populations (F1, 29=1.740, P=0.210). Meanwhile, the ratios of LDH/CS and 

HOAD/CS in skeletal muscle were not notably different between two populations (all 

F<2.679, P>0.133).  

The results of thermal sensitivity of enzymes activities in the liver indicate that 

LDH, CS, and HOAD activities at 30°C were all significantly higher than those at 

20°C (all F>5.645, P<0.037) in Golmud population. However, only LDH activity 

significantly increased from 20 to 30°C in Maduo population (F1, 29=14.449, 

P=0.003), the activities of CS (F1, 28=3.840, P=0.074) and HOAD (F1, 28=3.840, 

P=0.074) were not increasing significantly from 20 to 30°C in Maduo population. In 

skeletal muscle, the activities of LDH, CS, and HOAD were all significantly higher 

at 30°C than those at 20°C in two populations (all F>7.279, P<0.018). Result of Q10 

values of these three enzyme activities in the liver indicate that Q10 of LDH in the 

Maduo population was significantly higher than that in the Golmud population, but 

inverse in Q10 of CS and HOAD. Meanwhile, the Q10 value of three enzymes in 

skeletal muscle was all not notable differences between two populations (Table. 3).    

 



Discussion 

The present study is focusing on intraspecific comparison on Tsel, mitochondrial 

oxygen consumption, proton leak, and enzyme activity in a reptile species living at 

high-altitude. Our results indicate that P. vlangalii living at high altitude tends to 

maintain lower body temperature and mitochondrial respiration rate, and the activity 

of three metabolic enzymes is significantly different from that of the low-altitude 

population. The variations of these physiological traits may important to explain why 

P. vlangalii could well adapt to low temperature and hypoxia environment at high 

altitudes.  

In general, the Tsel was considered as a straightforward indicator of individual 

adaptability to its habitat environmental conditions, and reptile species could keep 

suitable body temperature by behavioral thermoregulation (Seebacher 2005, Bicego, 

Barros et al. 2007). In the present study, the Tsel in Maduo population at 0800 and 

1600h were significantly lower than those in Golmud population. Moreover, the 

difference between mean Tsel and habitat mean environment temperature in Maduo 

and Golmud populations was 28.24°C and 18.31°C, respectively. These results, on one 

hand, indicated that P. vlangalii living at high altitude appears to be a thermoregulator, 

as its Tsel were much higher than its habitat environment temperature (Zamora-

Camacho, Reguera et al. 2015, Fierro-Estrada, González et al. 2019); on the other hand, 

suggested the down-regulation of individual’s Tsel could be induced by the combined 

effect of hypoxia and low temperature at high altitude (Díaz de la Vega-Pérez, Barrios-

Montiel et al. 2019). Both cold and hypoxia could arouse a mass of compensatory 

responses, and a decrease of Tsel is an important aspect, which could associate 

metabolic depression and retrench oxygen consumption (Steiner and Branco 2002). 

However, such thermoregulation characteristic is not consistent with some extreme 

environments living reptile’s thermoregulation characteristic (Du, Zhao et al. 2010, Wu, 

Dang et al. 2018), but meet proposed hypothesis of the cost-benefit model, which 

means in the process of body temperature regulation, if consumed energy is greater 

than its potential benefits, the body temperature adjustment ability and Tsel may 

decline. As the changeable plateau climate and low environmental temperature all-

year-round, it is difficult for reptile species from different populations to keep similar 



body temperature. Meanwhile, combined with a high food abundance at high altitude 

(Lu, Xu et al. 2018), the P. vlangalii living at Maduo selected a relatively low body 

temperature may be more conducive to improving the efficiency of energy utilization 

and may conduce to allocate more energy on territories occupied, mating, avoiding 

predator and predation (Gvoždík 2002). 

  

Metabolic regulation is another critical and potential physiological adaption to high 

altitude in ectotherms, and it seems that reptiles can reduce mitochondria respiratory 

when suffering moderate cold temperature and severe hypoxia (Hochachka and Lutz 

2001). The results of mitochondrial respiratory in the present study also confirmed this 

conclusion, the mitochondrial respiratory rates of Maduo population were significantly 

lower than that in Golmud population. Similar results were also found in another study 

on the resting metabolic rate of P. vlangalii (Hu, Lu et al. 2019), as well as in our 

previous study on another high-altitude living lizard P. erythrurus (Xiaolong Tang, Ying 

Xin et al. 2013). The depression metabolism of reptile living at high altitudes could be 

achieved mainly through two aspects of regulation. Firstly, cold temperature and 

hypoxia at high altitude could induce preferred body temperature reduction, and 

decrease aerobic metabolism through the Q10 effects (Hochachka and Lutz 2001, Hicks 

and Wang 2004). Also, at any given temperature, exposure to hypoxia can result in a 

down-regulation of aerobic metabolism (Hicks and Wang 1999). Moreover, these 

results suggested that the influence of environmental conditions on lizards’ 

mitochondrial oxygen consumption rate have distinct tissue- or species-specific 

(Solaini, Baracca et al. 2010), and also indicated that the mitochondrial respiratory rate 

should be regulated under the long-term interaction between environmental factors and 

genetic factors. Besides, P. vlangalii from the Maduo population maintained a low state 

of mitochondrial metabolism was consistent with its relatively low Tsel. These 

characteristics illustrated that close relationships between mitochondrial metabolism 

and body temperature selection may also important strategies for high altitude living 

reptile species (Seebacher 2009).  

 



The mitochondrial proton leak was considered to play a major impact on 

mitochondrial coupling efficiency (Rolfe and Brand 1997) and had been examined in 

many endo- and ectothermic species. In general, the proton leak accounts for 15 to 30% 

of the standard metabolic rate (Hulbert, Else et al. 2002). In the present study, both 

GDP and CAT could significantly reduce the mitochondrial oxygen consumption rate 

of P. vlangalii. Meanwhile, the proton leak of liver mitochondria in the Maduo 

population accounts for a lower percentage of state III than that of the Golmud 

population (11.4~14.6% VS. 22.5~25.1%). These results were similar to our previous 

comparison study on P. erythruru and P. przewalskii (Xiaolong Tang, Ying Xin et al. 

2013), and indicate that the function of uncoupling protein and adenine nucleotide 

translocase on mitochondrial proton leak may conservative in lizards. More 

importantly, the relatively low ratio of proton leak/state III may benefit to a high ATP 

productivity and turnover rate, as well as help to improve the efficiency of 

mitochondrial respiration and energy utilization (Rolfe and Brand 1997). This could be 

a crucial strategy for lizards’ adaptation to the high-altitude environment. Besides, 

although a low-level proton leak may increase the production of oxygen radicals, the 

P. vlangalii may have acquired some antioxidant capacity to deal with such oxidative 

stress (Zhang, Liang et al. 2015). Until now, the mechanism of proton leak in 

ectothermic animals is still ambiguous and more research work is needed in the future. 
 

In general, the organism under a hypoxic environment may rely on anaerobic 

metabolism to maintain ATP supplement and cell function, which is known as the 

Pasteur effect, and had been confirmed in many bacteria, yeast, invertebrates animals. 

However, the anaerobic metabolism of some native species living at high altitudes, 

especially mammals, represents a down-regulation of the LDH forward reaction rate, 

which defined as “the lactate paradox” (West 1986, Hochachka 1988). In the present 

study, LDH activity and LDH/CS ratio in the liver of the Maduo population are 

significantly lower than those of the Golmud population. These results were consistent 

with some other native high altitude living animals (Yong 2008, Wang, Tang et al. 

2018), as well as were also been found in our previous study on liver LDH activity 

between P. erythruru and P. przewalskii comparison (Xiaolong Tang, Ying Xin et al. 



2013). All these results suggested that relative low LDH activity in native high altitude 

living animals and the regulation of anaerobic metabolism in these species were 

contrary to the classic Pasteur Effect. The liver as one of the important organs of 

nutrient metabolism and storage, its energy consumption accounts for about 20% of 

the body's basal metabolic rate (Brand, Couture et al. 1991). Rely on anaerobic 

metabolism in the liver cannot get enough ATP over a long period, while lactic acid 

accumulation will significantly change osmotic pressure and ion balance in cell, 

seriously could cause acidosis and dysfunction (Hochachka, Gunga et al. 1998). So it 

is possible that those native high altitude living lizards, including P. erythruru and P. 

vlangalii, may not dependent on anaerobic metabolism but aerobic metabolism in the 

liver. This metabolic regulation strategy could be the result of natural selection under 

the cold and hypoxia stress at high altitude, and may benefit for increasing utilization 

of energy substances and have important biological significance to maintain acid-base 

balance of individuals (Yong 2008). Besides, the enzyme activity of CS was all 

relatively low and had no significant difference between the two populations of P. 

vlangalii, as well as between P. erythruru and P. przewalskii in our previous study. 

Such low metabolism levels for these small ectothermic species living in high altitude 

hypoxia conditions indicate that the individual could obtain enough oxygen and energy 

to meet the requirements of aerobic respiration, and hypoxia per se is not the crucial 

limiting factor for these lizards at high altitude (Jackson 2007).  

The LDH activity in the skeletal muscle of the Maduo population was significantly 

higher than that in the Golmud population. This result was consistent with some studies 

on high altitude living animals (Hicks and Wood 1985, Sheafor 2003), but contrary to 

our previous study on P. erythruru and P. przewalskii. We speculate that such variations 

were induced by different locomotor activities, for many small animals (including both 

endotherm and ectotherm species) living at high altitude were good at burst and short-

distance movement rather than long-distance movement (Sheafor 2003). Our previous 

study on locomotor performance of P. erythruru and P. vlangalii showed that the burst 

speed and maximal distance of P. erythruru were smaller than those of P. vlangalii 

(unpublished data). Therefore, high LDH activity in P. vlangalii skeletal muscle could 

benefit for rapid ATP release and meet energy demand in the process of locomotion.   



  

The CS and HOAD enzyme activity in the liver of Maduo population were 

significantly lower only at 30°C but reversed the situation in skeletal muscle; the 

activity of CS and HOAD in skeletal muscle were notable higher in Maduo population 

than those in Golmud population except for CS activity at 20°C. These variations 

between two populations of P. vlangalii may reflect the different responses of enzyme 

activities to the low-temperature environment and different preferences of nutrient 

utilization. On the other hand, the ratio of LDH/CS and HOAD/CS in the liver of 

Maduo population were significantly smaller than those of Golmud population, thus 

we speculate that metabolism of the liver in Maduo population may mainly depend on 

aerobic metabolism, especially use carbohydrate as metabolic substrate as an energy 

source. A recent study on transcriptomics of P. vlangalii also provides indirect evidence 

to our hypothesis (Yang, Qi et al. 2014). It is commonly known that the lipid 

metabolism process needs more oxygen than that of carbohydrate metabolism. The 

liver is a vital organ of the body energy metabolism and storage, choose carbohydrate 

metabolism and consume less oxygen for Maduo population living at high altitude 

could improve the utilization rate of oxygen and energy production efficiency. Such 

variation of metabolism could be a compensatory adaptation mechanism for P. 

vlangalii to better adapt low temperature and hypoxia environment on the Qinghai-

Tibetan plateau.   

  

Conclusions 

In the present study, we found P. vlangalii living at different altitudes presented a 

significant difference in Tsel, mitochondrial oxygen consumption, proton leak, and 

enzyme activities. These intraspecific variations were partly consistent with our 

previous study on P. erythruru and P. przewalskii, and we still have some questions 

that cannot explain properly. We plan to analyze transcriptome data in Phrynocephalus 

lizards between different species or populations in the future, and these data may afford 

some evidence at the genetic level, and provide further understanding on the 

mechanism of lizards adapt to the extreme environment at high altitude.  

 



Material and methods  

Study species  

Two populations of P. vlangalii from different altitudes were chosen as our study 

species. The high-altitude population (Body mass: 5.59±0.24g, snout-vent length: 

5.63±0.06cm) inhabits Maduo, Golog Tibetan Autonomous Prefecture, Qinghai 

province, China (34°44'N, 98°07'E, altitude: 4270m). The mean annual air temperature 

is -3.65°C, and the mean atmospheric pressure is 605.01 hPa (PO2 ≈ 95mmHg) (Table. 

1). The low altitude population (Body mass: 5.30±0.28g, snout-vent length: 

5.51±0.07cm) inhabits Golmud, Qinghai province, China (36°43'N, 94°83'E, altitude: 

2750m). The mean annual air temperature and atmospheric pressure in Golmud are 

5.12°C and 724.63 hPa (PO2 ≈ 113mmHg), respectively (Table. 1). To exclude the 

possible impact of female gravidity, only adult male lizards were used in the present 

study.  

  

Animal maintenance   

20 lizards of each population were captured in the wild and brought to the laboratory 

at Lanzhou University (36°05'N, 103°86'E, altitude=1500m) within 24 hours. The 

morphological characteristics of each lizard were measured, and individual animals 

were numbered. The mean body mass of the Maduo and Golmud population was 

5.59±0.24 and 5.30±0.28g, respectively. All lizards were housed in a constant 

temperature room with an air-conditioning system controlled at 16±0.5°C. As the 

atmospheric pressure of two populations were quite different with our laboratory, each 

population of P. vlangalii was maintained in a non-pressurized hypoxic chamber (100 

cm length × 45 cm width × 45 cm height) to simulate a low oxygen pressure (PO2) 

(PO2 ≈ 95 or 113mmHg), which equal to the PO2 of their habitats. The oxygen 

concentration control system was similar to Tang et al. and He et al., with some 

modification. In brief, nitrogen gas was used to dilute the oxygen concentration and its 

flow was controlled by an electromagnetic valve. An oxygen controller (HCD-2B, Mei 

Cheng Oxygen Analysis Instruments Plant) was used to monitor and maintain the PO2 

of the chamber. A 100w incandescent lamp was suspended above one side of the 

chamber to provide heat and operated for 10 h each day (0830h to 1830h) to provide a 



thermal gradient from 38 to 16°C. A fluorescent tube was used for simulating the 

natural light and powered 12 hours a day (0800h to 2000h). All lizards were fed 

mealworms daily, as well as water ad libitum. All experiments were finished within 10 

days after lizards were captured from wild, reducing the possible influence of altered 

environmental conditions on lizards’ physiological and biochemical characteristics.   

 

Body temperature selection   

After exposure to the chamber for 48 hours, the Tsel of each population was 

measured for one week at 0800h, 1000h, and 1600h, respectively. 15 lizards were 

selected randomly in each population, and body temperature was measured via cloaca 

by a probe connected to an electronic thermometer (Testo 925, Testo, Lenzkirch, 

Germany). The whole measuring process was not more than 15 seconds, to avoid heat 

exchange between the researcher’s hand and lizards and to ensure the accuracy of body 

temperature measurement.  

 

Tissue sampling   

After anesthesia with ether, the liver and skeletal muscle of each lizard were 

blotted with absorbent paper to remove excess liquid and weighed (accuracy: 0.01g; 

Sartorius, Germany). Part of fresh tissues was used in mitochondrial oxygen 

consumption and uncoupling analysis. The remaining part was frozen in liquid 

nitrogen immediately and then transferred into a cryogenic freezer (Thermo Fisher 

Scientific, USA) and stored at −80°C before enzyme activity assay.   

 

Mitochondrial oxygen consumption and proton leak measurement  

10 lizards were used in mitochondrial oxygen consumption analysis. The protocol 

of mitochondrial isolation was conducted according to published protocols. 

Mitochondrial oxygen consumption was measured by a Chlorolab 2 system 

(Hansatech Instruments, Norfolk, England), and thermostatically controlled by a 

circulator water bath at constant temperatures (20 and 30°C). 140 µl resulting 

mitochondrial solution was saturated by room air with steadfast stirring at 50 rpm. 

The mitochondrial respiratory rate of state III was determined in the presence of 5 



mmol l -1 succinate and 5 µmol l -1 of rotenone (inhibitor of complex I of the 

respiratory chain) after addition of 1 mmol l -1 adenosine diphosphate (ADP), and the 

mitochondrial respiratory rate of state IV was measured after all the ADP was 

consumed.  

Mitochondrial uncoupling mechanisms analysis was performed at 30°C as 

conducted by Guderley et al. methods (Guderley, Turner et al. 2005), with some 

modifications. 2 mmol l -1 guanosine diphosphate (GDP) (inhibitor of state IV) was 

used to evaluate the possible contribution of uncoupling protein (UCP) to 

mitochondrial respiration; a non-competitive inhibitor carboxyatractyloside (CAT) 

was added to analyze the possible impact of adenine nucleotide translocase (ANT) on 

mitochondrial oxygen consumption in an independent set of experiments.   

  

Enzyme activity measurement  

Tissues (liver and skeletal muscle) of 10 lizards from each population were used for 

the analyses of enzyme activity, including lactate dehydrogenase (LDH, EC  

1.1.1.27), citrate synthase (CS, E.C. 2.3.3.1) and β-hydroxyacyl coenzyme A 

dehydrogenase (HOAD, EC 1.1.1.35). Briefly, the methods for LDH and CS 

measurements followed those of Seebacher et al., and the HOAD assay was 

conducted according to the published protocols of John-Alder and Joos, with some 

modifications. Tissue samples (50-150 mg) were homogenized in nine volumes of 

ice-cold extraction medium (100 mmol l–1 potassium phosphate (KH2PO4/K2PO4), 2 

mmol l–1 MgCl2, 5 mmol l–1 EDTA, 1 mmol l–1 reduced glutathione and 1% Triton X-

100), and enzyme activities were determined in a temperature-controlled 

spectrophotometer (TU-1901, Beijing Puxi Instrument co., Ltd, China). All assays 

were performed in duplicate at 20 and 30°C and enzyme activity was expressed in 

units of g-1 wet tissue.  

  

Statistical analyses  

All data were tested for normality and homogeneity of variances to meet the 

assumptions of parametric testing before analysis, and no significant deviations from 

these assumptions were evident in the data. Thermal sensitivities of enzyme 



activities, mitochondrial oxygen consumption, and proton leak were expressed as Q10 

values, which were calculated as Q10 = (k 2 /k 1)10/ (T2-T1), where k i = reaction rate 

at temperature Ti. Data on body temperature and Q10 values analysis were performed 

using a one-way ANOVA followed by a posthoc Tukey’s test and means values of 

mitochondrial uncoupling were compared using a paired t-test. Potential interactions 

between activity states (mitochondria and enzymes) and assay temperature were 

analyzed by two-way ANOVA. The values were reported as Means ± Standard error 

(s.e.m.) and were performed using SPSS release 16.0.0 (SPSS, Inc., Chicago, Illinois,  

The USA).  
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Figure legend  

Fig. 1 Comparison of selected body temperature between Golmud (GM) and Maduo (MD) 

populations.   



Fig. 2 Comparison of the liver and skeletal muscle mitochondrial oxygen consumption between 

Golmud (GM) and Maduo (MD) populations at 20 and 30°C.   

Fig. 3 Comparison of mitochondrial proton leak in the liver and skeletal muscle between Golmud 

(GM) and Maduo (MD) population  

Fig. 4 Comparison of LDH activity in the liver and skeletal muscle between Golmud (GM) and  

Maduo (MD) population  

Fig. 5 Comparison of CS activity in the liver and skeletal muscle between Golmud (GM) and 
Maduo  

(MD) population  

Fig. 6 Comparison of HOAD activity in the liver and skeletal muscle between Golmud (GM) and  

Maduo (MD) population  

 



Figures

Figure 1

Comparison of selected body temperature between Golmud (GM) and Maduo (MD) populations.



Figure 2

Comparison of the liver and skeletal muscle mitochondrial oxygen consumption between Golmud (GM)
and Maduo (MD) populations at 20 and 30°C.



Figure 3

Comparison of mitochondrial proton leak in the liver and skeletal muscle between Golmud (GM) and
Maduo (MD) population



Figure 4

Comparison of LDH activity in the liver and skeletal muscle between Golmud (GM) and Maduo (MD)
population



Figure 5

Comparison of CS activity in the liver and skeletal muscle between Golmud (GM) and Maduo (MD)
population



Figure 6

Comparison of HOAD activity in the liver and skeletal muscle between Golmud (GM) and Maduo (MD)
population


