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			ABSTRACT

		

		
			Plant secondary metabolites affect the survival, reproduction, and distribution of herbivores. In order to test the effects of plant secondary metabolite on energy metabolism and thermogenesis, changes in resting metabolic rate (RMR), nonshivering thermogenesis (NST) and energy intake were measured in Eothenomys miletus fed diets containing 0, 3.3% and 6.6% tannic acid, respectively. The results showed that E. miletus fed the diets with 6.6% tannic acid increased RMR compared with control on day 14, and reduced the gross energy intake (GEI) and digestible energy intake (DEI). On day 28, E. miletus fed diets containing tannic acid showed no significant changes in RMR, GEI and DEI. The apparent digestibility and NST were kept stabled during the experiment. These results indicated that tannic acid can increase RMR and reduce energy intake within a short period and the changed physiological function returned to baseline for a long period. Tannic acid has no effect on body mass and no significant difference was detected in NST between pre- and the end of experiment in E. miletus. All of the results indicated that E. miletus can adjust their physiological functions to match the changes in food conditions.
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			Introduction

			

			Tannins are the most widely distributed of a class of phenols, which varies from 1% to 5% generally in the leaf tissue of the plant (Cork and Foley, 1991). According to their chemical properties, they can be divided into the hydrolysable tannins and condensed tannins, tannic acid (TA) is one of the most common material of hydrolysable tannins (Cork et al., 1993). In the animals’ digestive tract, TA can form complexes with proteins to inhibit microbial fermentation, thereby reducing the availability of food intake (Clausen et al., 1990). When TA is absorbed into the circulatory system, which can use as an uncoupler of oxidation and phosphorylation, resulting in increasing of oxygen consumption (Singleton and Kratzer, 1969). Animals in general through the liver of a variety of enzymes to oxidation and reduction of TA, and then excreted it (Watkins et al., 1987). TA had different concentrations in different plants, therefore, differences in the effects of TA on physiological function of mammals may reflect the differences in feeding habits among species, and also may reflect the ability of animals to adapt to environment (Foley et al., 1999). There are many studies about the effect of TA on energy metabolism in wild small mammals, but the conclusions were not consistent, such as Micortus ochorgaster, M. pennsylvarnicus, M. oeconomus and Sciurus carolinenis (Thomas et al., 1988; Meyer and Richardson, 1993; Chungmaccoubrey et al., 1997; Li et al., 2001). 

			Eothenomys miletus is an inherent species in Hengduan mountain region (Zhu et al., 2011). E. miletus feeding mainly with green plant leaves, buds and seeds, these foods contain tannin and other plant secondary metabolites. There were some studies about the physiological ecology reports in E. miletus (Zhu et al., 2010, 2012, 2014, 2017). But we know nothing about effects of TA on body mass regulation in E. miletus. Resting metabolic rate (RMR), nonshivering thermogenesis (NST) and energy intake were measured in E. miletus fed diets containing 0%, 3.3% and 6.6% tannic acid, respectively. We predicted that E. miletus may change its body mass, thermogenesis and energy intake according to the different concentrations of TA.

			

			Materials and methods

			

			Samples

			E. miletus were obtained from a laboratory colony, which were captured in a farmland (26°15´~26°45´N; 99°40´~99°55´E; altitude 2,590 m) in Jianchuan County, Yunnan province, 2010. E. miletus were maintained at a room temperature of 25±1 °C, under a photoperiod of 12L:12D (with lights on at 08:00), food and water were provided ad libitum. All animal procedures were compliance with the Animal Care and Use Committee of School of Life Science, Yunnan Normal University. This study was approved by the Committee (13-0901-011). Young individuals were excluded in the present study. After 1 month stabilization, 30 male E. miletus were randomly divided into following three experimental regimes: 0%TA group (n=10), 3.3%TA group (n=10) and 6.6%TA group (n=10), which were fed with different concentration of TA food. According to the method of Lindorth and Batzli (1984), the concentrations of TA in food were set to 0%, 3.3% and 6.6% (produced by Kunming Medical University, Kunming). The calorific value of the prepared material block was maintained at a constant value (17.56 kJ/g for the 0%TA group, 17.52 kJ/g for the 3.3%TA group and 17.49 kJ/g for the 6.6%TA group). The experimental period was 28 days. Body mass was measured every week, all animals were sacrificed between 0900 and 1100 hours by decapitation after 28 day, determination of body composition. Before the experiment, body mass showed no significant differences among three groups (P>0.05).

			

			Measurement of metabolic rates

			Metabolic rates were measured by using an AD ML870 open respirometer (AD Instruments, Australia) at 25oC within the TNZ (thermal neutral zone) on day 0, 14 and 28, gas analysis were using a ML206 gas analysis instrument, the temperature was controlled by SPX-300 artificial climatic engine (±0.5oC), the metabolic chamber volume is 500ml, flow is 200 ml/min. The voles were stabilized in the metabolic chamber for at least 60 min prior to the RMR measurement, oxygen consumption was recorded for more than 120 min at 1 min intervals. Ten stable consecutive lowest readings were taken to calculate RMR (Zhu et al., 2010). The method used for calculating the metabolic rate is detailed in Hill (1972).

			Nonshivering thermogenesis (NST) was induced by subcutaneous injection of norepinephrine (NE) (Shanghai Harvest Pharmaceutical Co., Ltd.) and measured at 25oC. Two consecutive highest recordings of oxygen consumption more than 60 min at each measurement were taken to calculate the NST (Zhu et al., 2011). The doses of NE were approximately 0.8-1.0 mg/kg according to dose-dependent response curves that were carried out before the experiment (Zhu et al., 2010).

			

			Measurement of energy intake

			Food intake was measured following Zhao and Cao (2009) on day 0, 14 and 28. Each animal was put in a metabolic cage (20×15×15cm3), animals were fed a fixed quantity at a set time (9.5–10.5g, 11:00 am), body mass was recorded and residual food collected on next day. Residual food was dried in a vacuum dryer until the mass was invariable. Energy contents of the food and feces were determined by a Parr 1281 oxygen bomb calorimeter (Parr Instrument, USA). Gross energy intake (GEI), digestible energy intake (DEI) and digestibility were calculated according to Zhao et al. (2014) as follows:

			

			GEI (kJ/d) = Dry matter intake (DMI, g/d) × 

			gross energy content of food (kJ/g)

			

			DEI (kJ/d) = GEI - [mass of feces (g/d) × 

			gross energy content of feces (kJ/g)]

			

			Digestibility = DEI /GEI

			

			Morphology

			Immediately after sacrifice on day 28, visceral organs including liver, brown adipose tissue (BAT), heart, lung, kidneys, spleen and gastrointestinal tract (stomach, small intestine, caecum, large intestine) were excised and weighed (±1 mg). The stomach and intestines were rinsed with saline to remove gut contents and then weighed. The remaining carcass and the excised organs were dried to constant mass in an oven at 60 °C (for at least 72 h), and then weighed again to obtain a dry mass.

			

			Statistical analysis

			Data were analyzed using the software package SPSS 15.0. Prior to all statistical analyses, data were examined for assumptions of normality and homogeneity of variance using Kolmogorov-Smirnov and Levene tests, respectively. Body mass, RMR, NST, DMI, GEI, DEI and digestibility among three groups were analyzed using one-way ANOVA analysis. Results are presented as means ± SEM and P < 0.05 was considered to be statistically significant.

			

			Results

			

			RMR and NST

			Before the experiment, RMR among three groups showed no significant differences (F2,27=0.53, P>0.05). On day 14, RMR showed significant difference among three groups (F2,27=3.59, P<0.01, Fig. 1), RMR in 3.3%TA and 6.6TA% group were 19.68% and 20.91% higher than that of 0%TA group. But on day 28, no significant differences were found among three groups (F2,27=0.61, P>0.05, Fig. 1). Before the experiment, NST among three groups showed no significant differences (F2,27=0.47, P>0.05), which also showed no differences significantly on day 14 (F2,27=0.65, P>0.05). Although NST in 3.3%TA and 6.6TA% group were higher than that of 0%TA group on day 28, no significant differences were found among three groups (F2,27=0.98, P>0.05, Fig. 2A).
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			Fig. 1. Effects of tannic acid food on body mass in Eothenomys miletus. Error bars represent SE.

			

			Body mass

			Before the experiment, body mass among three groups showed no significant differences (F2,27=0.12, P>0.05). During the acclimation, body mass among three groups also had no significant changes (0%TA group: F2,27=0.34, P>0.05; 3.3%TA group: F2,27=0.26, P>0.05; 6.6TA% group: F2,27=0.15, P>0.05, Fig. 2B).

			

			Energy intake

			Before the experiment, DMI, GEI and DEI among three groups showed no significant differences (DMI : F2,27=0.14, P>0.05; GEI: F2,27=0.53, P>0.05; DEI: F2,27=1.35, P>0.05, Table I). On day 14, DMI and GEI in 6.6%TA group were significant lower than that of 0%TA group (F2,27=4.85, P<0.01), DEI in 3.3%TA and 6.6TA% group were lower than that of 0%TA group (F2,27=9.24, P<0.01). But on day 28, DMI, GEI and DEI among three groups showed no significant differences (DMI: F2,27=0.98, P>0.05; GEI: F2,27=1.03, P>0.05; DEI: F2,27=1.23, P>0.05, Table I). Digestibility among three groups showed no significant differences (Day 0: F2,27=0.56, P>0.05; Day 14: F2,27=0.48, P>0.05; Day 28: F2,27=0.45, P>0.05, Table I).

			

			Body composition

			On day 28, wet mass of small intestine and caecum among three groups showed significant differences (small intestine: F2,27=3.25, P<0.05; caecum: F2,27=2.98, P<0.05, Table II), other masses showed no significant differences (P>0.05).
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			Fig. 2. Effects of tannic acid food on resting metabolic rate (A) and nonshivering thermogenesis (B) in Eothenomys miletus. Error bars represent SE.

			

			

			Discussion

			

			RMR and NST

			In the present study, it showed that TA diet can lead to increase in metabolic rate of E. miletus. Microtus pennsylvarnicus fed with 6% gallic acid diet, RMR were 13.6% and 22.6% higher than that of the controls on day 10 and 21 (Thomas et al., 1988). Under 10% or 20% protein food conditions, Microtus oeconomus fed with 3% or 6% TA diet on day 5, 10 and 20, its BMR increased significantly (Li et al., 2001). But for Phyllotis darwini and Octodon degus, when they fed with 4% TA diet, their RMR showed no significant differences during the acclimation (Bozinovic et al., 1997), similar results was found in Micortus ochorgaster (Meyer and Richardson, 1993). The inconsistency caused by the above results may be closely related with the concentration of TA and their mechanism. Thomas et al. (1988) pointed out that there were mainly two possible reasons about the increase of energy expenditure caused by plant secondary metabolism: first reason is the process of the detoxification of secondary metabolites in mammals; second reason is the process of repairing the damage caused by secondary metabolites. Because most plant secondary metabolites are complex, which were difficult to determine the number of absorption, excretion rate and pathways of the mammals. Iason and Palo (1991) studied the effect of phenolic compounds on energy budget in sheep, the results showed that the intake of phenolic compounds in free feeding does not cause the energy expenditure increased, but when the dose exceeded the free feeding range, energy expenditure increased significantly. Therefore, they pointed out that the increase in energy expenditure is not caused by the detoxification process, which may be due to the uncoupling of oxidative phosphorylation. In the present study, RMR in 6.6%TA group was significant higher than that of the 0%TA group on day 14, which suggested that within the concentration range of free feeding, the energy expended in the detoxification of plant secondary metabolites may be smaller in E. miletus. On day 28, there was no significant difference in RMR among three groups, suggesting that E. miletus can change its physiological function to adapt to the external environment of food change in a short period of time, at the same time, this result also showed

			

			Table I.- Effects of tannic acid on the DMI, GEI, DEI and digestibility in Eothenomys miletus.

			
				
					
					
					
					
				
				
					
							
							

						
							
							Day 0

						
							
							Day 14

						
							
							Day 28

						
					

					
							
							0%TA group

						
							
							

						
							
							

						
							
							

						
					

					
							
							DMI (g/d)

						
							
							5.45±0.45

						
							
							5.94±0.39

						
							
							5.31±0.32

						
					

					
							
							GEI (kJ/d)

						
							
							95.71±6.65

						
							
							104.31±7.36

						
							
							93.24±5.32

						
					

					
							
							DEI (kJ/d)

						
							
							67.51±4.35

						
							
							73.25±3.21

						
							
							64.35±3.16

						
					

					
							
							Digestibility (%)

						
							
							70.54±4.36

						
							
							70.23±3.21

						
							
							69.02±3.32

						
					

					
							
							3.3%TA group

						
							
							

						
							
							

						
							
							

						
					

					
							
							DMI (g/d)

						
							
							5.24±0.41

						
							
							5.01±0.33

						
							
							5.12±0.29

						
					

					
							
							GEI (kJ/d)

						
							
							91.81±6.58

						
							
							87.78±5.52

						
							
							89.70±5.13

						
					

					
							
							DEI (kJ/d)

						
							
							63.23±3.87

						
							
							60.15±3.32

						
							
							61.59±2.89

						
					

					
							
							Digestibility (%)

						
							
							68.87±3.12

						
							
							68.52±2.69

						
							
							68.66±2.13

						
					

					
							
							6.6%TA group

						
							
							

						
							
							

						
							
							

						
					

					
							
							DMI (g/d)

						
							
							4.98±0.26

						
							
							4.88±0.25

						
							
							4.91±0.22

						
					

					
							
							GEI (kJ/d)

						
							
							87.11±6.32

						
							
							85.35±6.89

						
							
							85.88±6.59

						
					

					
							
							DEI (kJ/d)

						
							
							59.32±2.32

						
							
							57.21±2.11

						
							
							58.39±2.03

						
					

					
							
							Digestibility (%)

						
							
							68.09±2.21

						
							
							67.02±1.26

						
							
							67.99±1.69

						
					

				
			

			

			

			Table II.- Effects of tannic acid on body composition in Eothenomys miletus.

			
				
					
					
					
					
				
				
					
							
							Parameters

						
							
							0%TA group

						
							
							3.3%TA group

						
							
							6.6%TA group

						
					

					
							
							Heart wet mass (g)

						
							
							0.232±0.014

						
							
							0.229±0.008

						
							
							0.225±0.007

						
					

					
							
							Heart dry mass (g)

						
							
							0.065±0.003

						
							
							0.064±0.002

						
							
							0.063±0.002

						
					

					
							
							Lungs wet mass (g)

						
							
							0.302±0.021

						
							
							0.306±0.019

						
							
							0.298±0.012

						
					

					
							
							Lungs dry mass (g)

						
							
							0.068±0.005

						
							
							0.065±0.004

						
							
							0.062±0.004

						
					

					
							
							Liver wet mass (g)

						
							
							1.624±0.125

						
							
							1.615±0.142

						
							
							1.602±0.129

						
					

					
							
							Liver dry mass (g)

						
							
							0.395±0.012

						
							
							0.394±0.013

						
							
							0.389±0.009

						
					

					
							
							BAT wet mass (g)

						
							
							0.201±0.005

						
							
							0.198±0.004

						
							
							0.202±0.003

						
					

					
							
							BAT dry mass (g)

						
							
							0.053±0.002

						
							
							0.051±0.001

						
							
							0.049±0.002

						
					

					
							
							Kidney wet mass (g)

						
							
							0.187±0.006

						
							
							0.182±0.003

						
							
							0.178±0.006

						
					

					
							
							Kidney dry mass (g)

						
							
							0.038±0.003

						
							
							0.039±0.004

						
							
							0.036±0.002

						
					

					
							
							Spleen wet mass (g)

						
							
							0.019±0.002

						
							
							0.018±0.002

						
							
							0.018±0.001

						
					

					
							
							Spleen dry mass (g)

						
							
							0.004±0.001

						
							
							0.004±0.001

						
							
							0.003±0.001

						
					

					
							
							Stomach wet mass (g)

						
							
							0.412±0.021

						
							
							0.406±0.019

						
							
							0.402±0.017

						
					

					
							
							Stomach dry mass (g)

						
							
							0.095±0.006

						
							
							0.096±0.005

						
							
							0.097±0.003

						
					

					
							
							Small intestine wet mass (g)

						
							
							0.665±0.054

						
							
							0.756±0.049

						
							
							0.769±0.052

						
					

					
							
							Small intestine dry mass (g)

						
							
							0.031±0.003

						
							
							0.029±0.002

						
							
							0.031±0.004

						
					

					
							
							Caecum wet mass (g)

						
							
							0.426±0.021

						
							
							0.458±0.023

						
							
							0.489±0.028

						
					

					
							
							Caecum dry mass (g)

						
							
							0.043±0.003

						
							
							0.041±0.002

						
							
							0.044±0.003

						
					

					
							
							Large intestine wet mass (g)

						
							
							0.328±0.012

						
							
							0.325±0.009

						
							
							0.321±0.006

						
					

					
							
							Large intestine dry mass (g)

						
							
							0.045±0.003

						
							
							0.042±0.002

						
							
							0.44±0.003

						
					

				
			

			

			that lower energy cost in the process of detoxification in E. miletus. NST is an important way to maintain the body temperature of small mammals, which is mainly produced in brown adipose tissue (BAT) (Zhu et al., 2010). TA as an uncoupler of oxidation and phosphorylation may increase the levels of NST (Chen et al., 2005), but in our results, TA had no significant effect on NST and BAT mass, which need further study.

			

			Energy intake

			On day 14, DMI, GEI and DEI in TA groups were significantly lower than that of the 0%TA group, and on day 28, all of the above indexes showed no significant differences compared with the 0%TA group. Besides, digestibility showed no changes throughout the experimental period. There are some studies about the inhibitory effect of TA in the feeding habits of mammals, for example, in Lepus timidus and L. europaeus fed with TA diet, food intake and protein digestibility decreased significantly, but the digestibility was not affected by TA (Iason and Palo, 1991), similar results were found in Micortus ochorgaster (Meyer and Richardson, 1993) and Sciurus carolinenis (Chungmaccoubrey et al., 1997). At the same time, TA can also interact with the protein and fiber in food, thus affecting food intake and digestibility (Li et al., 2001). TA may affect the animal’s digestive function through a variety of ways: 1) combined with protein, fiber and starch in food closely; 2) combined with beneficial bacteria in the appendix, inhibiting the growth of other bacteria; 3) combined with a variety of enzymes in the stomach, inhibiting the decomposition of food ingredients, digestion, etc. (Foley et al., 1999). In the present study, TA did not decrease the digestibility in E. miletus, but decreased food intake, suggesting that tannic acid mainly affects the foraging behavior in E. miletus.

			

			Body mass and body composition

			Change of body mass is closely related to its energy metabolism. The maintenance of body mass depends on the balance of energy intake and energy consumption, mammals that reduce food intake and digestibility, whereas increase energy consumption can lead to decline of body mass (Boon et al., 1997). When E. miletus fed with TA diet, it decreased food intake and increased RMR, although body mass in 6.6%TA group reduced, but the difference in body mass among three groups was not obvious, suggesting that E. miletus may maintain energy balance by reducing other energy expenditure, such as reducing foraging activities. The morphology and structure of animals’ digestive tract can directly influence its energy efficiency (Derting and Begue, 1993). In the present study, wet mass of small intestine and caecum among three groups showed significant differences, which were heavier in 6.6%TA group, which may be a compensatory digestive strategies under lower food quality. Bozinovic and Novoa (1997) also found that tannic acid can increase the masses of digestive tract in Octodon degus.

			

			Conclusion 

			

			TA diet can increase RMR of E. miletus in a short period of time, and reduced energy intake and digestible energy intake. With the extension of time, the physiological function can return to the control level in E. miletus.
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Plant secondary metabolites affect the survival, reproduction, and distribution of
herbivores. In order to test the effects of plant secondary metabolite on energy
metabolism and thermogenesis, changes in resting metabolic rate (RMR),
nonshivering thermogenesis (NST) and energy intake were measured in Eothenomys
miletus fed diets containing 0, 3.3% and 6.6% tannic acid, respectively. The results
showed that E. miletus fed the diets with 6.6% tannic acid increased RMR compared
with control on day 14, and reduced the gross energy intake (GEI) and digestible
energy intake (DEI). On day 28, E. miletus fed diets containing tannic acid showed
no significant changes in RMR, GEI and DEI. The apparent digestibility and NST
were kept stabled during the experiment. These results indicated that tannic acid
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can increase RMR and reduce energy intake within a short period and the changed

physiological function returned to baseline for a long period. Tannic acid has no

effect on body makNAER @DBIZOITEONIifference was detected anN SEibetw eemqiteenis (Thomas et al., 1988; Meyer and
and the end of experiment in E. miletus. All of the results indicutdthtiaok. koS hungmaccoubrey ef al., 1997; Li et
E[rl ankjuss this rthhysiobogidaefundisembutethattla thiashanfges inofoctDédnditions.

phenols, which varies from 1% to 5% generally in the
leaf tissue of the plant (Cork and Foley, 1991). According
to their chemical properties, they can be divided into the
hydrolysable tannins and condensed tannins, tannic acid
(TA) is one of the most common material of hydrolysable
tannins (Cork ef al/., 1993). In the animals’ digestive
tract, TA can form complexes with proteins to inhibit
microbial fermentation, thereby reducing the availability
of food intake (Clausen ef al., 1990). When TA is
absorbed into the circulatory system, which can use as
an uncoupler of oxidation and phosphorylation, resulting
in increasing of oxygen consumption (Singleton and
Kratzer, 1969). Animals in general through the liver of a
variety of enzymes to oxidation and reduction of TA, and
then excreted it (Watkins ef al., 1987). TA had different
concentrations in different plants, therefore, differences in
the effects of TA on physiological function of mammals
may reflect the differences in feeding habits among
species, and also may reflect the ability of animals to adapt
to environment (Foley ef al., 1999). There are many studies
about the effect of TA on energy metabolism in wild small
mammals, but the conclusions were not consistent, such as
Micortus ochorgaster, M. pennsylvarnicus, M. oeconomus

Eothenomys miletus is aninherent species inHengduan
mountain region (Zhu et al., 2011). E. miletus feeding
mainly with green plant leaves, buds and seeds, these foods
contain tannin and other plant secondary metabolites.
There were some studies about the physiological ecology
reports in E. miletus (Zhu et al., 2010, 2012, 2014, 2017).
But we know nothing about effects of TA on body mass
regulation in E. milefus. Resting metabolic rate (RMR),
nonshivering thermogenesis (NST) and energy intake
were measured in E. miletus fed diets containing 0%,
3.3% and 6.6% tannic acid, respectively. We predicted that
E. miletus may change its body mass, thermogenesis and
energy intake according to the different concentrations of
TA.

MATERIALS AND METHODS

Samples

E. miletus were obtained from a laboratory colony,
which were captured in a farmland (26°15°~26°45'N;
99°40°'~99°55E; altitude 2,590 m) in Jianchuan County,
Yunnan province, 2010. E. miletus were maintained at
a room temperature of 251 °C, under a photoperiod
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