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Abstract
This study aimed to gain insight into how adipose tissue of Tibetan sheep regulates energy homoeostasis to cope with low energy intake under
the harsh environment of the Qinghai-Tibetan Plateau (QTP). We compared Tibetan and Small-tailed Han sheep (n 24 of each breed), all
wethers and 1·5 years of age, which were each divided randomly into four groups and offered diets of different digestible energy (DE) densities:
8·21, 9·33, 10·45 and 11·57 MJ DE/kg DM. When the sheep lost body mass and were assumed to be in negative energy balance: (1) adipocyte
diameter in subcutaneous adipose tissue was smaller and decreased to a greater extent in Tibetan than in Small-tailed Han sheep, but the oppo-
site occurred in the visceral adipose tissue; (2) Tibetan sheep showed higher insulin receptor mRNA expression and lower concentrations of
catabolic hormones than Small-tailed Han sheep and (3) Tibetan sheep had lower capacity for glucose and fatty acid uptake than Small-tailed
Han sheep. Moreover, Tibetan sheep had lower AMPKαmRNA expression but higher mammalian target of rapamycin mRNA expression in the
adipocytes than Small-tailed Han sheep. We concluded that Tibetan sheep had lower catabolism but higher anabolism in adipose tissue and
reduced the capacity for glucose and fatty acid uptake to a greater extent than Small-tailed Han sheep to maintain energy homoeostasis when in
negative energy balance. These responses provide Tibetan sheep with a high ability to cope with low energy intake and with the harsh envi-
ronment of the QTP.

Key words: Tibetan sheep: Small-tailed Han sheep: Adipocyte phenotypes: Lipid metabolism and energy homoeostasis
regulation

TheQinghai-Tibetan Plateau (QTP), known as the world’s ‘Third
Pole’, is characterised by an extremely harsh environment and its
sensitivity to global climate change(1,2). The QTP covers
about 2·5 million km2, a quarter of China, of which 64 % is alpine
grassland, and, therefore, makes it pivotal for ecosystem services

and ecological security(2). Tibetan sheep (Ovis aries) with the
largest number of livestock in this area have been raised on
the QTP for thousands of years and even have thrived under
the harsh conditions. These sheep play a vital role in the liveli-
hoods of Tibetan pastoralists and the QTP ecosystem, as well as
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fatty acid binding protein 4; FAS, fatty acid synthase; GPAT, glycerol-3-phosphate acyltransferase; HSL, hormone-sensitive lipase; LPL, lipoprotein lipase;
mTOR, mammalian target of rapamycin; QTP, Qinghai-Tibetan Plateau.
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in the maintenance of Tibetan culture. Furthermore, Tibetan
sheep are important for the development of the economy in
the QTP, especially in the western region of Tibet, where they
comprise up to 96 % of the livestock(3). Under traditional
management, Tibetan sheep graze on rangeland all year round
without receiving supplementary feed. However, the biomass
and nutrients of the forage vary greatly among seasons and
are often well below maintenance requirements for grazing
livestock in the winter(4,5). Consequently, during the long, cold
season, they face enormous challenges of negative energy
balance and can lose 40 % of their body weight (BW)(6).
However, Tibetan sheep have evolved adaptive mechanisms
for the harsh environment of the QTP(7–9).

Adipose tissue is the largest andmost effective energy store in
mammals, and adipocytes are able to change in size substantially
to conform to changes in energy needs of the body(10). This tissue
plays a central role in the regulation of energy metabolism and
maintenance of whole-body energy homoeostasis through
lipolysis or lipogenesis. In addition, adipocytes maintain energy
homoeostasis by secreting adipokines in response to hormonal
signals(10–12). The energy intake of Tibetan sheep varies greatly
with seasonal forage fluctuations and can be extremely low
for extended periods in the cold season. However, limited infor-
mation is available on how adipose tissue in Tibetan sheep
regulates energy homoeostasis when consuming low-energy
diets and, consequently, the aim of this study, at least in part,
was to fill this gap.

For this purpose, we compared Tibetan sheep with Small-
tailed Han sheep, which were introduced to the QTP due to their
high lamb production and are raised in feedlots and graze natural
pasture only in summer when the forage is of good quality(13).
Earlier studies have reported that Tibetan sheep have lower
maintenance energy requirements, higher nutrient digestibility
and greater average daily gain than Small-tailedHan sheepwhen
receiving the same diet(9). Based on their different backgrounds
and energy requirements, we hypothesised that Tibetan and
Small-tailed Han sheep would differ in their lipid metabolism
in adipose tissues to maintain energy homoeostasis and
predicted that the differences would allow Tibetan sheep to
cope better with low energy intake than Small-tailed Han sheep.
The morphology of adipocytes, the pre-prandial serum concen-
trations of hormones and adipokines, the activity of the key
enzymes of lipid metabolism and the mRNA expression of
regulatory genes of energy homoeostasis in adipose tissues
were examined and compared between Tibetan sheep and
Small-tailed Han sheep when offered diets of different energy
levels.

Materials and methods

The protocol in this study was approved by the Institutional
Animal Care and Use Committee of Lanzhou University. The
study was done at the Yak and Tibetan Sheep Research
Station of Lanzhou University, Tianzhu Tibetan Autonomous
County, Gansu Province, north-eastern QTP, China, during
October and December 2016. Average air temperature and rel-
ative humidity during the study were 6°C and 76 %, respectively.

Animals and diets

The experimental design was described previously(9). Briefly,
twenty-four Tibetan sheep (BW= 48·5 (SD 1·89) kg) and
twenty-four Small-tailed Han sheep (BW= 49·2 (SD 2·21) kg)
were used, all wethers aged 1·5 years. Sheep of each breed were
divided randomly into one of four groups (six sheep/group per
breed) and received a diet at 4·5 % of BW0·75 per d DM yielding a
digestible energy density of: 8·21, 9·33, 10·45 or 11·57 MJ/kg DM
(online Supplementary Table S1), which were 0·8, 0·9, 1·0 and
1·1 times maintenance digestible energy requirements, respec-
tively, according to the Feeding Standard of Meat-producing
Sheep and Goats of China, NY/T 816-2004(14). The number of
sheep was based on effect size index (d-value) which was
calculated using estimated standard deviations of the means of
measured variables from previous similar studies. A sample
size of six per group per breed resulted in a d-value close to
0·5, which is a medium and acceptable effect size(15). The diets
all contained approximately 70 g/kg crude protein, which was
similar to the average crude protein content in forage of the
QTP during the cold season(16). The sheep were maintained
under a three-sided roofed shelter and penned individually in
a 1·5 × 2·5m pen that had a sand floor and that was equipped
with a water tank and a feed trough. They were allowed 14 d
to adapt to the conditions, which was followed by a 42-d feeding
period in which diets were offered in two equal portions at 08.00
and at 18.00 hours, and feed intake was measured. Sheep were
weighed every 2 weeks before morning feeding, and average
daily gain was calculated. By design, a large range of energy
intakes were offered so that the sheep lost, maintained or gained
body mass (online Supplementary Fig. S1). We assumed that a
change in body mass inferred a change in energy balance in
the same direction. This allowed comparisons between sheep
breeds and also within sheep breeds at different stages of energy
balance, that is, the response of sheep losing energy compared
with sheep in energy balance.

Sampling procedures

Jugular vein blood samples (15 ml) were collected before feed-
ing on the morning of day 42, and serumwas removed after cen-
trifuging at 2000 g for 15 min and stored at –80°C for
determination of concentrations of hormones and adipokines.
After the feeding period, the sheep were slaughtered humanely
2–3 h after morning feeding(17). Subsequently, subcutaneous
(abdomen) and visceral (omentum) adipose tissue samples were
collected within 20 min, cut into small pieces, placed into 1·5 ml
tubes (Eppendorf, GCS), snap-frozen in liquid N2 and stored
at –80°C for determination of enzymes activity and mRNA
expression. Additional three samples from each of the subcuta-
neous and visceral adipose tissues were collected from each
sheep and fixed in 4 % (v/v) paraformaldehyde solution for adi-
pocyte morphology determination.

Serum hormones and adipokines determination

Serum concentrations of insulin, glucocorticoid, adrenaline and
noradrenaline were measured with ELISA kits (Ovis, Shanghai
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Bangyi Bioscience Co. Ltd), as were the serum concentrations
of leptin, IL-6, TNF-α, adiponectin and resistin.

Adipocytes morphology measurements

The fixed subcutaneous and visceral adipose tissue samples
were embedded in paraffin, blocks were cut into 5 μm sections
using a rotary microtome (RM2235, Leica) and the sections (four
slices of each sample) were stained by haematoxylin–eosin.
Slides were viewed using a digital microscope (Olympus DP2-
BSW) with a 20× objective lens. Adipocyte diameter was deter-
mined by Image-Pro Plus 6.0 software (Media Cybernetics Inc.).

Enzyme activity determination

Both subcutaneous and visceral adipose tissues were homoge-
nised with 9ml tissue homogenisation buffer (pH 7·4) per g
tissue, then centrifuged at 1000 g for 10 min at 4°C to remove
debris. The activities of hormone-sensitive lipase (HSL), carni-
tine palmitoyl-transferase-1 (CPT1), acetyl-CoA carboxylase 1
(ACC1), fatty acid synthase (FAS) and glycerol-3-phosphate
acyltransferase (GPAT) were determined in the supernatant
of tissue homogenates using commercial ELISA kits (Ovis,
Shanghai Bangyi Bioscience Co. Ltd).

RNA extraction and mRNA expression determination

Both subcutaneous and visceral adipose tissues were ground
using a sterilised mortar with liquid N2. Total RNA was then
isolated and used to generate complementary DNA (cDNA)
by a Prime Script® RT Reagent Kit (Takara), and the cDNA
was amplified by real-time PCR using an SYBR Green real-time
PCR master mix kit (Takara) with the Agilent StrataGene
Mx3000P (Agilent Technologies Inc.), as previously
described(18). Primers are presented in online Supplementary
Table S2. β-Actin was selected as a housekeeping gene. The
oligonucleotides were synthesised by Takara Biotechnology
Co. Ltd. Relative gene mRNA expression levels are presented
as 2–ΔΔCt(19).

Statistical analyses

Data were analysed using the mixed model with Tukey-
adjusted P values of the SAS statistical package (SAS version
9.4, SAS Institute Inc.) as the following model:
Y= μþ Eþ Bþ (E × B)þ e, where Y is the dependent variable,
μ is the overall mean, E is the effect of dietary energy level, B is
the effect of sheep breed, E × B is the interaction between sheep
breed and dietary energy level and e is the residual error. Sheep
breed and dietary energy level were fixed effects, and the
experimental animals were random effects. The effect of dietary
energy level was determined using polynomial contrasts to
determine whether the effect was linear, quadratic or cubic
with an increase in dietary intake. When there was a significant
interaction between dietary energy level and breed, differences
between breeds at the same dietary energy level were separated
using t tests(8). Differences were considered significant
at P< 0·05.

Results

Daily DM intake and body weight change

Daily DM intakes and average daily gain of the sheep were
reported previously(9). The digestible energy intake, by design,
increased linearly (P< 0·001) with an increase in dietary energy
level, but was similar between breeds (online Supplementary
Table S3; P> 0·05). Average daily gain was significantly greater
in Tibetan than Small-tailed Han sheep across treatments (linear
dietary energy level × breed, P= 0·003) and increased linearly
(P< 0·001) in both breeds with an increase in dietary energy
level. Small-tailed Han sheep lost BW at dietary energy intakes
of 8·21 and 9·33 MJ/kg, but Tibetan sheep lost BW only at dietary
energy intake of 8·21 MJ/kg (online Supplementary Fig. S1).

Morphology of adipocytes

In the subcutaneous adipose tissue, the adipocyte diameter
increased linearly with an increase in dietary energy level
(P< 0·001; Fig. 1) and was greater in Small-tailed Han than in
Tibetan sheep (linear dietary energy level × breed, P= 0·002).
In the visceral adipose tissue, the adipocyte diameter also
increased linearly with an increase in dietary energy level
(P< 0·001; Fig. 2), however, was greater in Tibetan than in
Small-tailed Han sheep (P< 0·001).

Activities of key enzymes of lipid metabolism in
adipose tissues

The activities of key enzymes of fatty acid metabolism are pre-
sented in Tables 1 and 2. In comparing the key enzymes of
lipolysis in subcutaneous adipose tissue, HSL activity was higher
in Tibetan than in Small-tailed Han sheep at the three lowest
dietary energy levels (8·21, 9·33 and 10·45 MJ/kg; linear dietary
energy level × breed, P= 0·002; Table 1) and CPT1 activity
decreased linearly with an increase in dietary energy level
(P< 0·001) and was higher in Tibetan than in Small-tailed Han
sheep (P= 0·007). The activities of ACC1 and FAS, the key
enzymes of fatty acid synthesis, decreased quadratically with
an increase in dietary energy level (P< 0·001) and were higher
in Tibetan than in Small-tailed Han sheep (P< 0·001). The
activity of GPAT, the key enzyme of esterification, did not differ
between breeds (P> 0·05).

In the visceral adipose tissue, HSL activity was higher in
Small-tailed Han than in Tibetan sheep (P= 0·002; Table 2),
while the CPT1 activity was also higher in Small-tailed Han than
in Tibetan sheep but only at the three lowest dietary energy
levels (quadratic dietary energy level × breed, P= 0·003). The
activity of ACC1 decreased quadratically with an increase in
dietary energy level (P< 0·001) and was higher in Small-tailed
Han than in Tibetan sheep at the two lowest dietary energy levels
(linear dietary energy level × breed, P= 0·003), while the activity
of FAS also decreased quadratically with an increase in dietary
energy level (P= 0·001) and was higher in Small-tailed Han than
in Tibetan sheep (P< 0·001). The activity of GPAT was higher in
Small-tailed Han than in Tibetan sheep at the two highest dietary
energy levels (linear dietary energy level × breed, P= 0·012).
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Items P
Breed <0∙001

Lin diet E <0∙001

Quad diet E 0∙589

Cubic diet E 0∙151

Lin diet E×breed 0∙002

Quad diet E×breed 0∙010

Cubic diet E×breed 0∙257
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Fig. 1. Morphology of the subcutaneous adipose tissue in Tibetan (T, ) and Small-tailed Han (H, ) sheep offered diets of different energy densities. The dietary energy
levels are digestible energy on a DM basis. Values are means with their standard errors. Magnification 200×. Lin, linear; Quad, quadratic. * P< 0·05; *** P< 0·001.
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Items P
Breed <0∙001

Lin diet E <0∙001

Quad diet E 0∙054
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Fig. 2. Morphology of the visceral adipose tissue in Tibetan (T, ) and Small-tailed Han (H, ) sheep offered diets of different energy densities. The dietary energy levels
are digestible energy on a DM basis. Values are means with their standard errors. Magnification 200×. Lin, linear; Quad, quadratic. *** P< 0·001.
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Serum concentrations of hormones and adipokines

The pre-prandial serum concentration of insulin decreased
quadratically with an increase in dietary energy level
(P= 0·003; Table 3) and was higher in Small-tailed Han than
in Tibetan sheep at the three lowest dietary energy levels
(quadratic dietary energy level × breed, P= 0·015), whereas
the concentrations of adrenaline and noradrenaline increased
linearly with an increase in dietary energy level (P< 0·01) and
was higher in Small-tailed Han than in Tibetan sheep at the
two lowest dietary energy levels (8·21 and 9·33 MJ/kg; linear
dietary energy level × breed, P< 0·01). The glucocorticoid con-
centration was also higher in Small-tailed Han than in Tibetan
sheep (P< 0·001).

The serum concentration of leptin decreased quadratically
with an increase in dietary energy level (P= 0·002; Table 4)
and was higher in Small-tailed Han than in Tibetan sheep

(P< 0·001). The concentration of IL-6 was also higher in
Small-tailed Han than in Tibetan sheep (breed, P< 0·001),
whereas the TNF-α concentration was higher in Tibetan than
in Small-tailed Han sheep at the lowest dietary energy level
but was lower in Tibetan than in Small-tailed Han sheep at
dietary energy levels of 9·33 and 11·57 MJ/kg (linear dietary
energy level × breed, P= 0·001). Resistin concentration
increased linearly with an increase in dietary energy level
(P< 0·001) and was higher in Tibetan than in Small-tailed
Han sheep at the lowest dietary energy level, but was lower
in Tibetan than in Small-tailed Han sheep at the two highest
energy levels (linear dietary energy level × breed, P< 0·001).
The concentration of adiponectin decreased quadratically
with an increase in dietary energy level (P< 0·001) and
was higher in Tibetan sheep than in Small-tailed Han sheep
(P< 0·001).

Table 1. Key enzyme activities of fatty acid metabolism in the subcutaneous adipose tissue of Tibetan (T) and Small-tailed Han (H) sheep offered diets of
different energy densities
(Mean values with their pooled standard errors)

Items Breed

Dietary energy level (MJ/kg)*

SE

P

8·21 9·33 10·45 11·57 Breed E-L E-Q E-C

HSL (U/l) T 417a 386a 387a 422 10·4 <0·001 <0·001 <0·001 0·239
H 358b 335b 337b 439 0·002† 0·056† 0·253†

CPT1 (U/ml) T 131 127 107 98·3 5·97 0·007 <0·001 0·992 0·314
H 113 107 99·4 98·5 0·062† 0·565† 0·617†

ACC1 (U/ml) T 194a 164 196a 236a 6·9 <0·001 0·018 <0·001 0·526
H 168b 158 146b 156b <0·001† 0·014† 0·076†

FAS (×10 U/ml) T 260a 251 259 295 6·9 <0·001 <0·001 <0·001 0·102
H 225b 238 236 279 0·318† 0·443† 0·290†

GPAT (U/l) T 768 823 732 795 40·2 0·128 0·943 0·317 0·035
H 750 748 667 774 0·990† 0·380† 0·900†

E-L, linear effect of dietary energy level; E-Q, quadratic effect of dietary energy level; E-C, cubic effect of dietary energy level; HSL, hormone-sensitive lipase; CPT1, carnitine pal-
mitoyl-transferase-1; ACC1, acetyl-CoA carboxylase; FAS, fatty acid synthase; GPAT, glycerol-3-phosphate acyltransferase.
a,b Mean values within a column with unlike superscript letters were significantly different (P< 0·05).
* Digestible energy on a DM basis.
† P value for the interaction of dietary energy level effect with breeds.

Table 2. Key enzyme activities of fatty acid metabolism in the visceral adipose tissue of Tibetan (T) and Small-tailed Han (H) sheep offered diets of different
energy densities
(Mean values with their pooled standard errors)

Items Breed

Dietary energy level (MJ/kg)*

SE

P

8·21 9·33 10·45 11·57 Breed E-L E-Q E-C

HSL (U/l) T 357 323 364 417 9·1 0·002 <0·001 <0·001 0·028
H 390 338 378 442 0·691† 0·272† 0·933†

CPT1 (U/ml) T 112b 117b 123b 126 4·2 <0·001 0·046 0·003 0·030
H 123a 133a 150a 121 0·192† 0·003† 0·073†

ACC1 (U/ml) T 155b 137b 170 189 5·3 <0·001 <0·001 <0·001 0·007
H 190a 156a 169 193 0·003† 0·148† 0·430†

FAS (×10 U/ml) T 255 237 248 252 6·1 <0·001 0·064 0·001 0·057
H 289 252 257 262 0·057† 0·270† 0·860†

GPAT (U/l) T 674 800 738b 725b 35·8 <0·001 0·002 0·011 0·508
H 722 845 941a 924a 0·012† 0·986† 0·166†

E-L, linear effect of dietary energy level; E-Q, quadratic effect of dietary energy level; E-C, cubic effect of dietary energy level; HSL, hormone-sensitive lipase; CPT1, carnitine pal-
mitoyl-transferase-1; ACC1, acetyl-CoA carboxylase; FAS, fatty acid synthase; GPAT, glycerol-3-phosphate acyltransferase.
a,b Mean values within a column with unlike superscript letters were significantly different (P< 0·05).
* Digestible energy on a DM basis.
† P value for the interaction of dietary energy level effect with breeds.
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Expression of regulatory genes of lipid metabolism and
energy homoeostasis in adipose tissues

Insulin receptor mRNA expression was higher in Tibetan than
in Small-tailed Han sheep in both subcutaneous and visceral
adipose tissues (P< 0·001; Fig. 3). The GLUT4mRNA expression
was higher in Small-tailedHan than in Tibetan sheep in both sub-
cutaneous and visceral adipose tissues at the lowest dietary
energy level (linear dietary energy level × breed, P< 0·001;
Fig. 4); and fatty acid binding protein 4 (FABP4) mRNA expres-
sionwas higher in Small-tailed Han than in Tibetan sheep in both
subcutaneous and visceral adipose tissues (P< 0·001; Fig. 5(a)
and (c)). However, the lipoprotein lipase (LPL) mRNA expres-
sion in Tibetan sheep was higher than in Small-tailed Han sheep
at the three highest dietary energy levels (9·33, 10·45 and
11·57 MJ/kg) but was lower than in Small-tailed Han sheep at
the lowest dietary energy level (8·21 MJ/kg) in both subcutane-
ous and visceral adipose tissues (linear dietary energy level ×
breed, P< 0·001; Fig. 5(b) and (d)).

The PPARγ mRNA expression was higher in Tibetan than
in Small-tailed Han sheep in the subcutaneous adipose tissue;
however, it was higher in Small-tailed Han than in Tibetan sheep
in the visceral adipose tissue (P< 0·05; Fig. 6(a) and (b)). The
AMP-activated protein kinase-α (AMPKα) mRNA expression

was higher in Small-tailedHan than in Tibetan sheep in both sub-
cutaneous and visceral adipose tissues (P< 0·001; Fig. 6(c) and
(d)); however, the mammalian target of rapamycin (mTOR)
mRNA expression was higher in Tibetan than in Small-tailed
Han sheep in both subcutaneous and visceral adipose tissues
(P< 0·001; Fig. 6(e) and (f)).

Discussion

Understanding howTibetan sheep thrive under harsh conditions
is important for improvement in production and management
strategy decisions. The energy intake of Tibetan sheep varies
greatly among seasons and is often well below maintenance
requirements in the winter. In the present study, the diets of
different energy densities included below and above energy
requirement levels, as often occurs on the QTP. Soyabean oil
and maize starch were used to increase dietary energy density
by adding them together. Soyabean oil was chosen as a source
of lipids because of its relatively high unsaturated fatty acids, as is
generally the case of the pasture consumed by Tibetan sheep on
the QTP(20). Additionally, the contents of both unsaturated fatty
acids and carbohydrates of the pasture on the QTP increase and
decrease synchronously in the warm and cold seasons,

Table 4. Concentrations of pre-prandial serum adipokines in Tibetan (T) and Small-tailed Han (H) sheep offered diets of different energy densities
(Mean values with their pooled standard errors)

Items Breed

Dietary energy level (MJ/kg DM)*

SE

P

8·21 9·33 10·45 11·57 Breed E-L E-Q E-C

Leptin (ng/ml) T 10·4 9·89 10·4 10·9 0·360 <0·001 0·022 0·002 0·038
H 11·9 10·3 11·8 12·6 0·509† 0·183† 0·220†

IL-6 (pg/ml) T 38·4b 49·8b 59·3 71·2b 3·53 <0·001 <0·001 0·003 0·886
H 74·5a 61·0a 64·5 84·0a 0·002† 0·003† 0·814†

TNF-α (pg/ml) T 351a 296b 324 319b 6·9 0·070 0·566 0·028 0·008
H 316b 327a 339 344a 0·001† 0·008† 0·023†

Resistin (μg/l) T 9·90a 9·43 9·52b 11·1b 0·380 0·010 <0·001 0·215 0·769
H 7·97b 9·76 12·0a 13·2a <0·001† 0·020† 0·304†

Adiponectin (μg/ml) T 4·36 4·34 3·80 4·52 0·131 <0·001 0·400 <0·001 0·009
H 4·18 3·60 3·37 4·04 0·480† 0·178† 0·160†

E-L, linear effect of dietary energy level; E-Q, quadratic effect of dietary energy level; E-C, cubic effect of dietary energy level.
a,b Mean values within a column with unlike superscript letters were significantly different (P< 0·05).
* Digestible energy on a DM basis.
† P value for the interaction of dietary energy level effect with breeds.

Table 3. Concentrations of pre-prandial serum hormone in Tibetan (T) and Small-tailed Han (H) sheep offered diets of different energy densities
(Mean values with their pooled standard errors)

Items Breed

Dietary energy level (MJ/kg DM)*

SE

P

8·21 9·33 10·45 11·57 Breed E-L E-Q E-C

Insulin (μIU/ml) T 23·9b 20·2b 24·2b 27·1 1·09 <0·001 0·218 0·003 0·230
H 30·9a 28·6a 28·1a 29·5 0·015† 0·355† 0·213†

Glucocorticoid (ng/ml) T 8·26 9·86 9·43 6·72b 0·727 <0·001 0·881 0·026 0·946
H 9·51 10·5 10·9 11·3a 0·027† 0·082† 0·859†

Adrenaline (ng/ml) T 2·16b 2·92b 3·90b 6·36 0·454 <0·001 <0·001 0·323 0·985
H 5·98a 6·11a 6·70a 6·42 <0·001† 0·112† 0·371†

Noradrenaline (ng/ml) T 3·33b 3·32b 2·85 3·43 0·198 <0·001 0·003 0·012 0·018
H 4·75a 4·22a 3·30 3·70 0·005† 0·553† 0·861†

E-L, linear effect of dietary energy level; E-Q, quadratic effect of dietary energy level; E-C, cubic effect of dietary energy level.
a,b Mean values within a column with unlike superscript letters were significantly different (P< 0·05).
* Digestible energy on a DM basis.
† P value for the interaction of dietary energy level × breed.
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respectively(20,21). In the present study, lipid metabolism and
energy homoeostasis regulation in adipose tissues were exam-
ined and compared between Tibetan sheep and Small-tailed
Han sheep when offered diets of different energy levels in order
to investigate how the adipose tissue in Tibetan sheep regulates
energy homoeostasis when consuming low-energy diets.

Body weight and adipocyte phenotype of Tibetan and
Small-tailed Han sheep

BW change is a strong indicator of body energy balance in
animals. In the present study, at the two highest dietary energy
levels, both Tibetan and Small-tailed Han sheep gained BW
which inferred that they were in positive energy balance, but
both lost BW at the lowest dietary energy level which inferred
that they were in negative energy balance. Adipocytes store
excess energy in the form of TAG, which can hydrolyse into
NEFA and glycerol to supply energy when needed, and in this
way maintain energy homoeostasis(12). Thus, adipocytes change
in size according to energy status of the animal(10,12). In the
present study, the size of the adipocytes increased linearly
with an increase in dietary energy level in both subcutaneous
and visceral adipose tissues in both Tibetan and Small-tailed

Han sheep, which was consistent with their BW changes. The
adipocyte diameter in the subcutaneous adipose tissue was
larger in Small-tailed Han than in Tibetan sheep, but the visceral
adipose tissue was smaller in Small-tailed Han than in Tibetan
sheep. When in negative energy balance, the diameter of adipo-
cytes in subcutaneous adipose tissue decreased to a greater
extent in Tibetan than in Small-tailed Han sheep but the reverse
response occurred in the visceral adipose tissue. This suggested
that during negative energy balance, Tibetan sheep mobilised
subcutaneous adipose tissue preferentially, but Small-tailed
Han sheep mobilised visceral adipose tissue preferentially.
This premise was supported by the greater activity of the key
enzymes of lipolysis (HSL and CPT1) in Tibetan than in
Small-tailed Han sheep in subcutaneous adipose tissue and by
the greater activity of these enzymes in Small-tailed Han
than in Tibetan sheep in visceral adipose tissue. Moreover,
greater activities of key enzymes of fatty acid synthesis,
ACC1 and FAS, occurred in the subcutaneous adipose
tissue in Tibetan sheep, but, in the visceral adipose tissue in
Small-tailed Han sheep. This suggested a higher metabolic
activity of fatty acid synthesis in subcutaneous adipose tissue
in Tibetan sheep, but in visceral adipose tissue in Small-tailed
Han sheep.
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Fig. 3. Expression of insulin receptor mRNA in the subcutaneous and visceral adipose tissues of Tibetan (T, ) and Small-tailed Han (H, ) sheep offered diets of
different energy densities. The dietary energy levels are digestible energy on a DM basis. Values are means with their standard errors. Lin, linear; Quad, quadratic.
** P< 0·01; *** P< 0·001.
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Fig. 4. Expression of GLUT4 mRNA in the subcutaneous and visceral adipose tissues of Tibetan (T, ) and Small-tailed Han (H, ) sheep offered diets of different
energy densities. The dietary energy levels are digestible energy on a DM basis. Values are means with their standard errors. Lin, linear; Quad, quadratic. * P< 0·05.
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Fig. 5. Expression of fatty acid binding protein 4 (FABP4) and lipoprotein lipase (LPL) mRNA in the subcutaneous and visceral adipose tissues of Tibetan (T, ) and
Small-tailed Han (H, ) sheep offered diets of different energy densities. The dietary energy levels are digestible energy on a DM basis. Values are means with their
standard errors. Lin, linear; Quad, quadratic. * P< 0·05; ** P< 0·01; *** P< 0·001.
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Regulation of hormones and adipokines on lipid
metabolism and energy homoeostasis of Tibetan and
Small-tailed Han sheep

Adipose tissue plays a central role in the regulation of energy
metabolism and maintenance of whole-body energy homoeo-
stasis through lipolysis or lipogenesis. During the process,
adipocytes are responsive to multiple signals from peripheral
hormones and release adipokines, which influence each other
and form a metabolic regulatory network(10). Among them, insu-
lin plays a central role in themetabolic regulatory network, as it is
the key anabolic hormone of adipose tissues by increasing
lipogenesis and LPL activity and depressing lipolysis; in contrast,
catecholamines inhibit lipogenesis and stimulate lipolysis, as a
potent regulator of lipolysis(22). In the present study, the higher
pre-prandial serum concentration of insulin and lower insulin
receptor mRNA expression in both subcutaneous and visceral
adipose tissues of Small-tailed Han sheep suggested lower insu-
lin action and higher catabolism in Small-tailed Han than in
Tibetan sheep, and higher catabolism in Small-tailed Han
sheep was consistent with higher BW loss than Tibetan

sheep. Furthermore, the lower serum concentrations of cate-
cholamines (adrenaline and noradrenaline) in Tibetan than in
Small-tailed Han sheep were also consistent with the lower
BW lost in Tibetan sheep. High insulin action stimulates glucose
uptake and results in increased mRNA expression of GLUT4,
which is required for insulin-stimulated glucose uptake and
oxidation(23–26). However, in the present study, the GLUT4
mRNA expression did not increase with the higher insulin recep-
tormRNA expression in Tibetan sheep at the lowest energy level,
which suggested that when Tibetan sheep were in negative
energy balance, the adipocytes reduced glucose uptake and oxi-
dation to preserve glucose for regulating and maintaining glu-
cose homoeostasis. We reasoned that this was due to the
higher concentrations of resistin and TNF-α in Tibetan than in
Small-tailed Han sheep at the lowest energy level, as resistin
and TNF-αwere reported to decrease insulin-stimulated glucose
uptake by reducing the expression of GLUT4(27–30). Adipose
tissue is also a major site for metabolism of glucocorticoids
and, in contrast to insulin, functions as a catabolic hormone
by increasing lipolysis in adipocytes to supply the increased
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metabolic demand of an animal(31–33). In the present study,
the lower concentration of glucocorticoid in Tibetan than in
Small-tailed Han sheep was also consistent with the lower BW
lost by Tibetan sheep. It was reported that visceral adipocytes
were more responsive than subcutaneous adipocytes to cat-
echolamine-induced lipolysis and less responsive to insulin’s
antilipolytic effects(11,34). Consequently, the greater change in
the size of adipocytes in visceral than in subcutaneous tissue
in Small-tailed Han sheep was consistent with the higher serum
concentration of catecholamine and lower insulin receptor
mRNA expression in visceral adipose tissue. In the present study,
insulin receptor mRNA expression was higher and the concen-
trations of catabolic hormones (adrenaline, noradrenaline and
glucocorticoids) were lower in the Tibetan than in the Small-
tailed Han sheep, which would mean a lower energetic demand
in Tibetan sheep and could be explained by the lower mainte-
nance energy requirement in Tibetan than in Small-tailed Han
sheep(9).

In addition to glucose, adipocytes also uptake fatty acids.
During this process, FABP4 plays a key role, as it activates
HSL in adipocytes to regulate lipolysis(35–37) and transports fatty
acids to the endoplasmic reticulum and cell nucleus to regulate
transcription(38,39). In the present study, the higher mRNA
expression of FABP4 in Small-tailed Han than in Tibetan sheep
was consistent with its higher HSL activity in visceral adipose tis-
sue and greater body reserve mobilisation, which resulted in
Small-tailed Han sheep losing more BW than Tibetan sheep.
Adipose tissue secretes LPL to obtain fatty acids from VLDL,
which is a key regulator of fat accumulation in adipose
tissues(11). In the present study, the higher mRNA expression
of LPL in Tibetan than in Small-tailed Han sheep in both subcuta-
neous and visceral adipose tissues at the three highest dietary
energy levels was consistent with its higher insulin receptor
mRNA expression than in Small-tailed-Han sheep. However,
the mRNA expression of LPL was lower in Tibetan than in
Small-tailed Han sheep at the lowest dietary energy level, which
suggested that Tibetan sheep had a lower capability for the
uptake of fatty acids than Small-tailed Han sheep when they
were in negative energy balance to maintain energy homoeosta-
sis. This was consistent with the lower VLDL concentration in
Tibetan than in Small-tailed Han sheep at the lowest dietary
energy level(9). In addition, an inverse relationship was found
between TNF-α and LPL expression in the present study, which
was supported by previous research(40).

Leptin, IL-6 and adiponectin are peptide hormones secreted
by adipose tissue, which have an important role in regulating
energy metabolism. It was reported that the secretion of leptin
was regulated by peripheral hormones and other adipokines
and that its serum concentration was increased by insulin, gluco-
corticoids and TNF-α(41). These relationships also occurred in the
present study, as the Small-tailed Han sheep had higher leptin,
insulin, glucocorticoids and TNF-α concentrations than Tibetan
sheep. A higher leptin level indicated higher energy expendi-
ture(42,43) in Small-tailed Han than in Tibetan sheep, which fit
in well with the higher energy requirements of the Small-tailed
Han sheep(9). It was reported that IL-6 decreased insulin action
by reducing insulin receptor expression and also inhibited adi-
pogenesis and decreased adiponectin secretion(44) and that there

was a positive association between adiponectin and insulin
action(45,46). These findings supported results in the present
study, where Small-tailed Han sheep had higher IL-6 concentra-
tion and lower adiponectin concentration and insulin receptor
expression than Tibetan sheep. These results also explained
the lower loss in BW in Tibetan than in Small-tailed Han sheep.

In the regulation of energy homoeostasis, adipocytes of
Tibetan sheep demonstrated higher insulin receptor mRNA
expression and fatty acid uptake capacity when they were in
positive energy balance, but lower glucose and fatty acid uptake
capacity when they were in negative energy balance to maintain
energy homoeostasis and cope with the lower energy intake.
The Small-tailed Han sheep had higher concentrations of catab-
olic hormones and higher concentrations of adipokines, which
inhibited insulin action and adipogenesis, and also higher fatty
acid transportation and oxidation capacity to cope with the
higher maintenance energy requirement.

Lipid metabolism and energy homoeostasis of Tibetan
and Small-tailed Han sheep

To coordinate and regulate energy metabolism and to maintain
energy homoeostasis at the cellular and whole-body levels,
adipocytes respond to signals not only from peripheral
hormones and adipokines but also to various regulators and
sensors which detect changes of energy levels in the intra-
and extra-cellular environment, for example, PPARγ, mTOR
and AMPKα(47). It was reported that in mice lacking leptin,
PPARγ activitywas increased by the overexpression of adiponec-
tin, which led to a massive expansion of the subcutaneous adi-
pose tissue and to an increase in insulin action(48). In the present
study, the higher PPARγ mRNA expression in subcutaneous
adipose tissue of Tibetan than in Small-tailed Han sheep was
consistent with its higher adiponectin but lower leptin levels
and also with the higher insulin receptor mRNA expression
and higher lipid metabolic activity in the subcutaneous adipose
tissue. The higher PPARγ mRNA expression in visceral adipose
tissue in Small-tailed Han than in Tibetan sheep was consistent
with the higher lipid metabolic activity in the visceral adipose tis-
sue of Small-tailed Han sheep. Moreover, the products of partial
hydrogenation of unsaturated fatty acids in ruminants, conju-
gated linoleic acids, for instance trans10, cis12-conjugated
linoleic acid, have potent physiological effects in reducing lipid
synthesis in mammary gland and adipose tissues(49,50). In the
present study, the unsaturated fatty acid content increased with
an increase in dietary energy level due to the increased soyabean
oil contents in the diets and, consequently, the yield of conju-
gated linoleic acid also increased. This led to an increase in
oxidation of fatty acids and reduction in lipid synthesis, which
was consistent with the increased PPARγ mRNA expression in
both subcutaneous and visceral adipose tissues in both sheep
breeds. The adipocyte diameter in the subcutaneous adipose tis-
sue being smaller in Tibetan than in Small-tailed Han sheep, and
the reverse in the visceral adipose tissue was due to the higher
PPARγ mRNA expression.

AMPK acts as an energy monitor by sensing the depletion of
intracellular energy and promotes fatty acid oxidation and also
increases energy expenditure(47,51–54). It is regulated by the
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intracellular AMP:ATP ratio and responds by stimulating catabo-
lic pathways that generate ATP. The higher AMPKα mRNA
expression in both subcutaneous and visceral adipose tissues
in Small-tailed Han sheep than in Tibetan sheep in the present
study suggested a higher fatty acid oxidation activity and energy
expenditure in the Small-tailedHan sheep, whichwas supported
by the greater BW lost when in negative energy balance and
higher maintenance energy requirement by Small-tailed Han
than Tibetan sheep(9). Another important pathway in maintain-
ing energy homoeostasis is the mTOR signalling pathway, which
regulates cellular energy metabolism in response to nutrient
availability and energy status, and affects the rate of cell growth
and proliferation; however, unlike AMPK, mTOR is activated
during favourable energy conditions(55,56). In the mTOR signal-
ling pathway, mTOR itself is the central component. In the
present study, Tibetan sheep had higher mRNA expression of
mTOR in both subcutaneous and visceral adipose tissues than
Small-tailed Han sheep, which suggested a higher rate of cell
growth and proliferation of adipose tissue in Tibetan than in
Small-tailed Han sheep, and supported the higher anabolism
in Tibetan than in Small-tailed Han sheep.

The interplay of mTOR and AMPK signalling pathways pro-
vides amore precisemechanism formammals to coordinatewith
environmental conditions(56). In the present study, the Tibetan
sheep had a lower AMPKα expression but higher mTOR expres-
sion in the adipocytes than the Small-tailed Han sheep, which
suggested a higher anabolic rate but lower catabolic rate to con-
form with the lower energy requirements of the Tibetan sheep
when compared with the Small-tailed Han sheep.

Conclusion

Tibetan sheep demonstrated higher metabolic activity of both
lipolysis and lipogenesis in subcutaneous adipose tissue than
Small-tailed Han sheep, but this was reversed between breeds
in the visceral adipose tissue. Tibetan sheep had higher insulin
receptor mRNA expression and lower concentration of catabolic
hormones; however, Small-tailed Han sheep had higher concen-
trations of catabolic hormones and higher concentrations of
adipokines which inhibited insulin action and adipogenesis. In
addition, the adipocytes of Tibetan sheep had a higher capacity
for fatty acid uptake when they were in positive energy balance,
but a lower capacity for glucose and fatty acid uptake when in
negative energy balance. Moreover, Tibetan sheep had lower
AMPKα expression but higher mTOR expression in the adipo-
cytes than Small-tailed Han sheep. These findings suggested that
Tibetan sheep had lower tissue catabolism and energy expendi-
ture but higher anabolism in adipose tissue and reduced capabil-
ity for uptake of glucose and fatty acids when in negative energy
balance. These responses provided the Tibetan sheep an
advantage over Small-tailed Han sheep to cope with low energy
intake and the harsh environment of the QTP. The present study
examined the responses of sheep to low energy intake under
laboratory conditions, and based on the results, predictions were
thenmade on their abilities to copewith low energy intake under
harsh field conditions. Future research should be done under
natural grazing conditions where the sheep may experience a
number of limiting nutrients, not only energy, and may be

exposed to harsh environmental conditions. The penned condi-
tions inhibited behavioural responses, and these responses may
be as important as physiological responses to the grazing sheep
in coping with the harsh conditions.
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