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Wang YW, Zhang JL, Jiao JG, Du XX, Limbu SM, Qiao F,
Zhang ML, Li DL, Du ZY. Physiological and metabolic differences
between visceral and subcutaneous adipose tissues in Nile tilapia
(Oreochromis niloticus). Am J Physiol Regul Integr Comp Physiol
313: R608–R619, 2017. First published August 16, 2017; doi:10.
1152/ajpregu.00071.2017.—Visceral adipose tissue (VAT) and sub-
cutaneous adipose tissue (SCAT) have different structures and meta-
bolic functions and play different roles in the regulation of the
mammal endocrine system. However, little is known about morphol-
ogy and physiological and metabolic functions between VAT and SCAT
in fish. We compared the morphological, physiological, and biochemical
characteristics of VAT and SCAT in Nile tilapia and measured their
functions in energy intake flux, lipolytic ability, and gene expression
patterns. SCAT contained more large adipocytes and nonadipocytes
than VAT in Nile tilapia. VAT had higher lipid content and was the
primary site for lipid deposition. Conversely, SCAT had higher
hormone-induced lipolytic activity. Furthermore, SCAT had a higher
percentage of monounsaturated and lower polyunsaturated fatty acids
than VAT. SCAT had higher mitochondrial DNA, gene expression for
fatty acid �-oxidation, adipogenesis, and brown adipose tissue char-
acteristics, but it also had a lower gene expression for inflammation
and adipocyte differentiation than VAT. SCAT and VAT have dif-
ferent morphological structures, as well as physiological and meta-
bolic functions in fish. VAT is the preferable lipid deposition tissue,
whereas SCAT exhibits higher lipid catabolic activity than VAT. The
physiological functions of SCAT in fish are commonly overlooked.
The present study indicates that SCAT has specific metabolic char-
acteristics that differ from VAT. The differences between VAT and
SCAT should be considered in future metabolism studies using fish as
models, either in biomedical or aquaculture studies.

Nile tilapia; visceral adipose tissue; subcutaneous adipose tissue;
metabolism; gene expression pattern

EXCESS ENERGY is primarily deposited in adipose tissue (AT) in
the majority of vertebrates, including fish and mammals. A
decrease in blood glucose levels during fasting stimulates
lipolysis and release of free fatty acids (FFA) from AT for use
by various tissues. This process is vital for the maintenance
of cellular function (2). In addition to storage and release of
fatty acids, AT also secretes adipokines, such as adiponec-

tin, leptin, and resistin, as part of the classic hormone/
receptor systems controlled by the central nervous system
(12). Thus, AT is not only a passive reservoir for energy
storage, but also a complex and highly active metabolic and
endocrine organ (2, 21, 50).

ATs are commonly classified into intra-abdominal adipose
tissue (visceral adipose tissue, VAT) and subcutaneous adipose
tissue (SCAT) based on their anatomical distribution in hu-
mans and mammals. Although the mechanisms for the indi-
vidual ATs’ contributions to metabolic syndromes are not fully
understood, the different metabolic characteristics of the two
ATs have been the focus for considerable research in mam-
mals. VAT and SCAT have significant variations in anatomi-
cal, cellular, molecular, and physiological characteristics (7,
17, 25, 27). Moreover, VAT and SCAT play different roles in
the development of metabolic syndromes (45). For example,
central obesity caused by an increased amount of VAT is
commonly associated with insulin resistance, a high risk of
Type 2 diabetes, dyslipidemia, and high mortality (16, 17). In
contrast, increased amounts of SCAT, particularly in glu-
teofemoral regions, is associated with improved insulin sensi-
tivity and lower risk of development of Type 2 diabetes relative
to central obesity (12, 27, 45). Ibrahim (27) reviewed the
structural and functional differences between VAT and SCAT
in mammals: VAT is more cellular, vascular, and innervated;
contains a larger number of inflammatory cells; has lower
preadipocyte-differentiating capacity; and contains a higher
percentage of large adipocytes than SCAT. Moreover, VAT
adipocytes are more metabolically active, more sensitive to
lipolysis, and more insulin-resistant than SCAT adipocytes.
Furthermore, VAT generates FFAs, takes up glucose, and is
more sensitive to adrenergic stimulation than SCAT, whereas
SCAT plays a greater role in absorption of circulating free fatty
acids and triglyceride (27). The known differences between
VAT and SCAT from mammals have become an important
base in nutritional and clinical health care (33).

Fish that are reared in aquaculture systems commonly have
higher levels of fat deposits than wild ones. As in mammals,
excess fat accumulation in fish represents an abnormal meta-
bolic situation and impairs fish health, decreases stress resis-
tance, and lowers product quality (8, 14). Consequently, the
mechanisms underlying lipid accumulation in fish have at-
tracted significant attention in recent decades (13, 22). Fish
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accumulate fat nonspecifically in organs, such as liver and
muscle, as well as in specifically dedicated adipose tissues. A
few studies have demonstrated the positive correlation between
the masses of both SCAT and VAT and dietary lipid content in
zebrafish (31), and Weil et al. (48) observed the different
expression of hormone receptors between SCAT and VAT in
rainbow trout. In addition, the different AT distribution pat-
terns were found in skeletal muscle among fish species (30).
However, it should be noted that the majority of fish lipid
studies have only sampled and analyzed VAT (49), whereas
other ATs, especially SCAT, have been largely overlooked.
Indeed, SCAT has not been scientifically described and studied
in the majority of farmed fish. Recently, we used an MRI
technique to investigate the distribution of ATs in different fish
species (51). Although SCAT is present in the majority of fish
species, the amount as a proportion of the total AT differs
among species. This suggests that SCAT may be an endocrine
organ like VAT and play roles in metabolism in fish. However,
the morphological, biochemical, and gene transcriptional char-
acteristics of SCAT in fish are poorly understood.

Nile tilapia (Oreochromis niloticus) is an important aqua-
culture species worldwide and a good fish model for metabolic
studies because of its rapid growth, high disease, and stress
resistance coupled with availability of its entire genome (23).
A number of studies have indicated the optimal dietary lipid
level in Nile tilapia is 5% to 7.4% (1, 11, 40, 47, 52). Our
recent study has demonstrated that the VAT mass in Nile
tilapia, but not hepatic lipid deposition, is significantly in-
creased when dietary fat content is increased from 1 to 13%
(26). Moreover, we have recently demonstrated that SCAT
exists below the skin under the back fin in Nile tilapia (51). As
seen in mammals, we hypothesized that SCAT and VAT in fish
would have different functions and that both ATs would
exhibit differences in their morphological and biochemical
characteristics, as well as their gene expression patterns. There-
fore, in the present study, we measured in vivo AT volume,
adipocyte size, cellular lipolytic capability, and mRNA expres-
sion of a number of genes related to lipid metabolism and
inflammation in VAT and SCAT in Nile tilapia, which were
first fed either a low- or a high-fat diet (LF and HF, respec-
tively) and subsequently fasted. To the best of our knowledge,
this is the first study to document differences in the physio-
logical and metabolic characteristics of visceral and subcuta-
neous adipose tissues in fish.

MATERIALS AND METHODS

Ethics statement. Procedures were approved by the East China
Normal University Animal Research Committee and were consistent
with all regulations on fish and animal use for research.

Fish, diets, and sampling. Juvenile all-male Nile tilapia (10–13 g)
were obtained from Shanghai Ocean University (Shanghai, China).
Before the formal feeding trial, all fish were acclimated in 200-liter
tanks and were fed with a commercial diet (protein 48%, lipid 7%)
(Kyorin Industry (Shenzhen), Shenzhen, China) at 3% biomass per
day for 2 wk before the formal experiment.

To study the effects of different energy intakes between VAT and
SCAT in Nile tilapia, two semipurified isonitrogenous experimental
diets containing high (150 g/kg diet) or relatively low (40 g/kg diet)
lipid contents (HF and LF diet) were formulated and fed to the fish.
The LF diet had relatively similar lipid content to the optimal dietary
lipid content (50 to 74 g/kg diet) for Nile tilapia (1, 11, 40, 47, 52) to
avoid the possible severe impairments caused by too low dietary lipid

content. The commercial acclimating diet was not used during the
experimental phase because there were no high-fat commercial diets
for sale in the market. The protein content of both diets was set at 380
g/kg, because our previous studies have indicated that the diets
containing higher than 300 g/kg protein promote normal growth of
Nile tilapia under laboratory conditions (35, 36). With the exception
of casein and gelatin, which were used as the main protein sources,
fish meal (200 g/kg diet) was also supplemented to ensure fast growth
of fish. Fish oil and soybean oil were used as lipid sources. The dietary
composition was formulated to satisfy the nutrition requirements of
Nile tilapia (Table 1). During the diet preparation, all ingredients were
thoroughly mixed with oil mixtures, and water was added to produce
a stiff dough. The dough was then processed into 3-mm diameter
pellets and air-dried at room temperature until the moisture content
was less than 10%. After drying was completed, the diets were broken
up and sieved into proper pellet sizes followed by subsequent storage
at �30°C until required for use.

After the acclimation period, 60 fish with relatively similar masses
(12.5 � 1.1 g) were selected and divided into two groups, each with
duplicates (2 tanks per group, 15 fish/tank) and fed with LF and HF
diets for 6 wk. To precisely track the growth of individual fish, each
fish was embedded with a tracking tag by injecting the chip in the
muscle under the back fin using a special syringe. Each tag has a
unique radio frequency identification (RFID) code, which could be
recognized by a RFID machine (Boise, ID), as described previously
(44). Fish in each tank were fed three times per day at a feeding rate
of 4% body mass (g). The fish were weighed every 2 wk, and the
amount of feed given was adjusted accordingly. After 6 wk, 15 fish in
each group were collected randomly from the two tanks. Among the
15 collected fish, 10 fish were first anesthetized and scanned by MRI
machine, and then all of the 15 fish were sampled. To investigate the
physiological change of both ATs during energy exhaustion, the fish
remaining after removal of the 15 fish were fasted for 1 wk until the
last sampling day. The experimental design is shown in Fig. 1B.
During the trial, fish were cultured in freshwater, and the water
temperature was maintained at 28 � 1°C with a 12:12-h light-dark
cycle. The pH and total ammonia nitrogen ranged from 7.8 to 8.2 and
0.05 to 0.08 mg/l, respectively.

Table 1. Composition of the low-fat and high-fat diets

Ingredients LF Diet, g/kg HF Diet, g/kg

Casein 200 200
Gelatin 50 50
Fishmeal 200 200
Fish oil 10 65
Soybean oil 10 65
Corn starch 300 300
Mixed vitamin 18 18
Mixed minerals 28 28
CMC 50 50
Cellulose 118.75 8.75
Choline chloride 5 5
BHT 0.25 0.25
Squid extract 10 10
Total protein 380 380
Total glycogen 300 300
Total lipid 40 150

Vitamin premix (mg or IU/kg): 500,000 IU (international units) vitamin A,
50,000 IU vitamin D3, 2,500 mg vitamin E, 1,000 mg Vitamin K3, 5,000 mg
Vitamin B1, 5,000 mg vitamin B2, 5,000 mg vitamin B6, 5,000 �g vitamin B12,
25,000 mg inositol, 10,000 mg pantothenic acid, 100,000 mg choline, 25,000
mg niacin, 1,000 mg folic acid, 250 mg biotin, 10,000 mg vitamin C. Mineral
premix (g/kg): 314.0 g CaCO3; 469.3 KH2PO4; 147.4 g MgSO4·7H2O; 49.8 g
NaCl; 10.9 g Fe(II) gluconate; 3.12 g MnSO4·H2O; 4.67 g ZnSO4·7H2O;
0.62 g CuSO4·5H2O; 0.16 g KJ; 0.08 g CoCl·6H2O; 0.06 g NH4 molybdate;
0.02 g NaSeO3. LF, low fat; HF, high fat. BHT, butylated hydroxytoluene;
CMC, carboxymethylcellulose.
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The fish were fasted 24 h before sampling and were anesthetized
using MS-222 (7 g/l). The positions of dissection of VAT and SCAT
are shown in Fig. 1A. Some freshly isolated ATs were collected for
histological study, and some were frozen in liquid nitrogen (N2) and
stored at �80°C until analyzed.

In vivo measurement of ATs by MRI. An MRI technique was used
to measure the distribution of VAT and SCAT in fish and their
response to energy intake flux, using a Siemens 3.0 T Trio Tim MRI
System with a 12-channel head coil located at the Shanghai Key
Laboratory of Magnetic Resonance, East China Normal University,
Shanghai, China. The protocol and scanning parameters for Nile
tilapia AT measurement have been reported in our recent publication
(51). Briefly, 10 fish per group (5 fish per tank) were anesthetized with
MS-222, and the body surface was dried before MR scanning. The
parameters used were field of view (FOV) � 140 � 40 mm2, ma-
trix � 320 �320, averages � 1, echo time (TE) � 9.8 ms, and repe-
tition time (TR) � 350 ms. Using the above optimized MRI condi-
tions, we scanned sagittal and coronal slices of 10 fish. The thickness
of each scanning slice was 0.2 mm. All images were obtained using
T1-weighted SE imaging. During the assay, the minimum TE value
was used in each protocol, and the duration of each scan was less than
10 min. The volume of ATs in each slice with 0.2-mm thickness was
calculated according to the method described previously (42), and the
total volume of VAT and SCAT in the whole body was calculated by
summing the individual AT volumes of the slices.

Histological study and cellular size measurement. At the end of the
trial, the freshly isolated ATs were immediately placed in freshly

made ice-cold 4% paraformaldehyde for 24 h. The samples were
dehydrated in graded series of ethanol, followed by xylene (two
times), and embedded in paraffin. Serial section (7 �m in thickness)
were prepared, deparaffinized, dehydrated, and stained with hematox-
ylin and eosin (H&E) by following the standard procedure (12). To
compare the sizes of adipocytes between the two ATs, we measured
long-axis diameters of at least 200 adipocytes for VAT and SCAT in
the H&E slices using the Image-Pro Plus 6.0. The histogram of
adipocyte long-axis diameter was made by the Origin 9.0.

Lipid extraction and fatty acid composition analysis. The lipid
content and fatty acid composition in tissues could reflect metabolic
capability; in particular, the latter is used to indicate fatty acid
catabolic preference. Thus, we extracted the total lipid and measured
the fatty acid composition of both ATs. The lipid extraction and fatty
acid analysis of ATs and isolated adipocytes (APCs) were performed
as described previously (18, 19). Briefly, the total lipid of ATs and
APCs was extracted using chloroform-methanol 2:1 (vol/vol), and 100
mg/l butylated hydroxytoluene was added as an antioxidant. Each
sample was flushed with oxygen-free nitrogen for ~1 min and stored
at 4°C for 24-h extraction. Fatty acid methyl esters (FAMEs) were
prepared from the lipid fraction mixed with 4 ml containing 15%
acetyl chloride–methanol solution in a sealed vial at 70°C for 3 h.
After extraction in hexane, 30 �l (50 g/l) C19:0 as a surrogate
standard was added. FAMEs were separated by GC using Agilent
7890A GC and 5975C GC/MS, equipped with a fused silica capillary
column (Agilent CP-Sil 52 CB). The temperature-time programming
was 170°C for 5 min; 240°C for 20 min with all intervening temper-

Fig. 1. Position of visceral and subcutaneous
adipose tissues, the schedule of the feeding
experiment and the growth performance after
a 6-wk feeding trial. A: position of VAT and
SCAT. B: schedule of the feeding and fasting
experiment. C: body length of the fish after a
6-wk feeding trial. D: growth curve of the
fish fed with high-fat (HF) or low-fat (LF)
diet plotting with the average body mass
(g/fish) at 0, 2, 4, and 6 wk during the feeding
trial All data are presented as means � SE
(n � 15). The significant differences between
groups were detected using the independent
t-test. *Statistical significance at P � 0.05.

R610 PHYSIOLOGICAL DIFFERENCES BETWEEN ADIPOSE TISSUES IN NILE TILAPIA

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00071.2017 • www.ajpregu.org

 by 10.220.33.1 on D
ecem

ber 5, 2017
http://ajpregu.physiology.org/

D
ow

nloaded from
 

http://ajpregu.physiology.org/


ature ramps being at 10°C/min. The FAME levels were quantified by
internal standard calibration. The triglyceride content in the extracted
lipid from APCs was measured by using thin-layer chromatography,
as described previously (15).

Primary adipocyte culture and the measurement of thyroid hor-
mone-induced lipolysis. Lipolysis is one of the basic physiological
functions of APCs; therefore, we isolated primary APCs from both
ATs and measured the glycerol release from APCs stimulated by
thyroid. Both ATs were separated from the fish fed with the commer-
cial diets, which could be regarded as under normal state, because it
was difficult to obtain enough APCs from the small mass of SCAT
from the LF diet-fed fish and also to avoid potential disturbance of
long-term intake of HF diet on normal functions of APCs. Four Nile
tilapia were anesthetized with MS-222, and the mature VAT and
SCAT APCs were isolated, as described previously (39, 53). Briefly,
the AT was cut into 1-mm3 pieces and incubated for 60 min (28°C) in
polypropylene tubes with DMEM-F12 containing collagenase type II
(130 U/ml) and 1% BSA. The resulting cell suspension (105 cell/ml)
was incubated for 1 h (28°C, 5% CO2) in the absence or presence of
thyroid hormone (T3, 3,5,3=-triiodothyronine) (41). At the end of the
incubation period, cell-free aliquots of the media were collected for
measurement of glycerol release by using the glycerol kit (Jiancheng,
Nanjing, China). Considering that the cellular content of triglycerides
(TG), which is the source of lipolysis, might be different between two
types of APCs, we also measured the TG contents in the isolated
mature APCs from VAT and SCAT. This value was used to standard-
ize the APC glycerol release using the formula: (glycerol release/
million APC)/(TG content/million APC). For each sample, at least
four replicates were analyzed. This experiment was repeated three
times. At each time before experimental culture, the cellular viability
of APCs was tested by measuring the lactate dehydrogenase leakage,
as described previously (12). High cellular viability was obtained by
using the mature APC isolation protocol, as described above.

RNA extraction and gene expression. We measured the mRNA
expressions of the genes related to fatty acid �-oxidation, lipolysis,
adipogenesis, APC differentiation, inflammation, and brown adi-
pocyte markers to compare the molecular characteristics between the
two AT forms. Total RNA was extracted from the frozen ATs
(50–100 mg) by TRIzol reagent, according to the manufacturer’s
protocol. The quality of the isolated RNA was assessed by the
260/280 nm absorbance ratio by using NanoDrop 2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA). The cDNAs of the
total RNA were synthesized using a PrimeScript RT reagent kit with
gDNA Eraser (Perfect Real-Time) (TaKaRa, Dalian, China). �-Actin
was used as the reference gene. All of the primers used for quantita-
tive RT-PCR (qPCR) were designed to overlap an intron (Table 2).
qRT-PCR was conducted by using SYBR Green Premix Ex Taq
(TaKaRa) in a CFX96 real-time PCR system (Bio-Rad, Hercules,
CA). Quantitative RT-PCR efficiency was between 98% and 102%,
and the correlation coefficient was more than 0.97 for each gene. Each
PCR was performed in triplicate, and negative controls (no cDNA)
were included. The relative cDNA abundance was estimated using the
2�		Ct method: 		Ct � (Cttarget � Ct�-actin) � (Ctcontrol � Ct�-actin).

Statistical analysis. Results are expressed as means � SE. All data
first passed the Gaussian distribution test, and then the significant
differences (P � 0.05) of each variable were measured between VAT
and SCAT, and between HF and LF, treatments were detected using
the independent t-test. To explore the potentially existing interactions
among different treatments and tissues, two-way or three-way
ANOVA analyses were performed in some indexes. All analyses were
conducted using the IBM SPSS Statistics 21 (IBM, New York, NY).

RESULTS

Effect of dietary lipid content and fasting on body growth
and AT mass. After 6 wk, the mean feed intake (g/fish, 48.3 vs.
46.7, HF vs. LF) and fish body length (24.7 cm vs. 23.9 cm, HF

vs. LF; Fig. 1C) between HF and LF groups was comparable,
but the HF group had a higher final body mass than the LF
group (average fish mass, 54.8 g vs. 46.9 g, HF vs. LF; Fig.
1D). The MRI measurement indicated that the VAT was
significantly larger than the SCAT in all treatment groups (Fig.
2, A–D). Additionally, the volume of VAT and SCAT was

Table 2. Primers used for analysis of gene expression

Genes
5=-Sense Primer-3=

5=-Antisense Primer-3=

Fatty acid �-oxidation
CPT-1b AAGGGACGTTACTTCAAGGTG

TCCGACTTGTCTGCCAAGAT
CPT-1a TTTCCAGGCCTCCTTACCCA

TTGTACTGCTCATTGTCCAGCAGA
PPAR
 CTGATAAAGCTTCGGGCTTCCA

CGCTCACACTTATCATACTCCAGCT
ACO AGTCCCACTGTGAGCTCCATCAA

CAGACCATGGCAGTTTCCAAGA
Mitochondrial gene

CYB ACATCGGACGAGGCTTATATTAC
TAGTTAGGAGGAGGAGAATG

Lipolysis
ATGL AAAACGTCCTGGTGACCCAGT

TAGGAGGAATGATGCCACAGTACA
HSL AACCTGGATGTCCATTTCTGGAAG

TCGGTTTACCTTGACTTGAGTGGA
MGL ACATCGTCAACGCAGACGGATT

CACAATGTTCCCCAGCTCCAT
Adipogenesis

FAS TCATCCAGCAGTTCACTGGCATT
TGATTAGGTCCACGGCCACA

SREBP1c TGCAGCAGAGAGACTGTATCCGA
ACTGCCCTGAATGTGTTCAGACA

APC differentiation
PPAR� TGGACTACACAAACATGCACAGC

CACGGGACTATCTGAGTACTGTGGA
C/EBP
 CTTGGCGGTGAGATCGGAGACA

GGTGGAACAGGTCAGCCAGGAA
Inflammatory factor related

TGF-�1 AAGAGGAGGAGGAATACTTTGCCA
GAAGCTCATTGAGATGACTTTGGG

IL-10 CAGCAGCAGGAGCATCAGCATT
CACAGGAGGACGGTCTGAGAAGT

TNF
 CAGAAGCACTAAAGGCGAAGAACA
TTCTAGATGGATGGCTGCCTTG

IL-1� GAGCACAGAATTCCAGGATGAAAG
TGAACTGAGGTGGTCCAGCTGT

MIF AGCAGAAGCAGGAAGGCGAAGA
CGGTACATCACCTCTGGCAACATT

Brown adipose tissue marker
Tbx15 CAAAGCGGGCAGGAGGATGTTT

GTTGTCCACAGGCACTATGTCCAT
Mylpf ACGGTCAGAGGATGGCAATAGGAG

GTGGCGATCTGGATGATTGGATAGC
Hoxc8 CACTGGAGCCAACTTACTACGACTG

ACATGATGGGATGGGTGCTGAAAG
Reference genes

�-Actin CAGGATGCAGAAGGAGATCACA
CGATCCAGACGGAGTATTTACG

CPT-1b, carnitine palmitoyltransferase 1b; CPT-1a, carnitine palmitoyl-
transferase 1a; PPAR
, peroxisome proliferator-activated receptor 
; ACO,
acyl-CoA oxidase; CYB, cytochrome b; ATGL, adipose triglyceride lipase;
HSL, hormone-sensitive lipase; MGL, monoacylglycerol lipase; FAS, fatty
acid synthase; SREBP1c, sterol regulatory element binding protein-1c;
PPAR�, peroxisome proliferator-activated receptor �; C/EBP
, CCAAT en-
hancer-binding proteins; TGF-�1, transforming growth factor-�1; IL-10, inter-
leukin-10; TNF
, tumor necrosis factor 
; IL-1�, interleukin-1�; MIF, mac-
rophage migration inhibitory factor; Tbx15, T-box 15; Mylpf, myosin regula-
tory light chain; Hoxc8, Homeobox C8.
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significantly higher in fish that were fed than those that were
fasted and also higher in fish fed with HF diet than those fed
with LF diet.

Morphological characteristics of VAT and SCAT. Visually,
the abundance of adipocytes in HF-fed fish was higher than in
LF-fed fish or fasted fish for both VAT and SCAT. SCAT
tended to contain more microvessels and collagen fibers than
VAT (Fig. 3A). The sizes of VAT adipocytes (APCs) were
generally more consistent and more circinal than SCAT APCs;
however, SCAT APCs were longer than VAT APCs. The
long-axis diameter of VAT APCs in the LF-fed, HF-fed,
LF-fasted, and HF-fasted groups was 20–100 �m, 40–120
�m, 20–100 �m, and 40–160 �m, respectively (Fig. 3B). The
long-axis diameter of SCAT APCs in the LF-fed, HF-fed,
LF-fasted, and HF-fasted groups was 20–160 �m, 40–220
�m, 40–160 �m, and 40–220 �m, respectively. The average
values of the long-axis diameters of APCs in each group are
indicated in Fig. 3B. Although no significant differences
were found among groups, a trend of long-axis diameters of
the SCAT APCs in fed or fasted state being longer than the
VAT APCs was observed. This was primarily caused by the
presence of a greater number of large APCs in SCAT than
in VAT.

Lipid content and hormone-stimulated lipolysis in VAT and
SCAT. The lipid content in both ATs and the TG content in
VAT increased significantly with increasing dietary lipid con-
tent, but the TG contents in SCAT were comparable among
groups (Fig. 4, A and B). The lipid and TG content in VAT
were significantly higher than in SCAT. Three-way ANOVA
analyses (statistical data not shown) indicated that the total
lipid content was significantly affected by diet and AT loca-
tion, respectively. TG content was significantly affected by
nutritional state, diet, and AT location, respectively. However,

no interaction was found in total lipid and TG between all of
these factors. We further evaluated the lipolytic capability
of the APCs from the two ATs in response to thyroxine (T3)
stimulation. Two-way ANOVA test indicated that T3 and
AT location had significant effects on the results, respec-
tively (statistical data not shown). In fact, T3 stimulation
had no effect on glycerol release in the VAT APCs, but
stimulated lipolysis in a dose-dependent manner in SCAT
APCs (Fig. 4C). The glycerol release (per 105 cells) from
the SCAT APCs was significantly lower than those from the
VAT APCs in the control or T3 groups. However, because
the TG content in VAT APCs was significantly higher than
in SCAT APCs (Fig. 4D), after standardization, APC glyc-
erol release from the two types of ATs was comparable in
the absence of T3 in the culture medium (Fig. 4E). In
contrast, in the presence of T3, the SCAT APCs had signif-
icantly higher glycerol release than VAT APCs (Fig. 4E).
Two-way ANOVA test indicated that in Fig. 4E, glycerol
release was significantly affected by T3 and AT location,
and an interaction between the both factors was found
(statistical data not shown).

Fatty acid composition of VAT and SCAT. The fatty acid
composition differed between the VAT and SCAT, either in
the HF diet or LF diet-fed fish and fasted fish (Fig. 5). The most
significant difference was the presence of much higher levels
of monounsaturated fatty acids (MUFA) and much lower levels
of polyunsaturated fatty acids (PUFA) in SCAT relative to
VAT, either in HF or LF group. The only exception was in the
LF diet/fasted state that the MUFA percentage was lower than
that in the HF diet/fasted state (49.7 vs. 62.4%), and the MUFA
percentage was comparable between both ATs in the LF
diet/fasted state. Except this, the relative differences of FA
composition between VAT and SCAT were similar in HF or

Fig. 2. Quantitative analysis of adipose tis-
sues using MRI. A and B: position and size of
visceral adipose tissue (VAT) and subcutane-
ous adipose tissue (SCAT; solid line). C and
D: The AT volume-to-body mass ratio. All
data are presented as means � SE (n � 10).
The significant differences between groups
were detected using the independent t-test.
*Statistical significance at P � 0.05.
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LF feeding states, indicating dietary lipid intake would not
largely change the catabolic preference between VAT and
SCAT.

Gene expression levels between the two ATs. Fasting signif-
icantly increased the expression of the fatty acid �-oxidation-
related genes carnitine palmitoyltransferase 1a and 1b (CPT-1a
and CPT-1b) but had no effect on peroxisome proliferator-
activated receptor 
 (PPAR
) and acyl-CoA oxidase (ACO)
(Fig. 6A). SCAT had significantly higher expression of CPT-1a
in the fasted state and higher PPAR
 expression and mitochon-
drial DNA content in fed and fasted states than VAT. However,
the expression of ACO was lower in SCAT than in VAT in the
fasted state. Among the lipolysis-related genes, adipose triglyc-
eride lipase (ATGL) and hormone-sensitive lipase (HSL) were
upregulated in VAT during the fasting period, whereas only

HSL expression was increased by fasting in SCAT (Fig. 6B).
SCAT had lower ATGL expression than VAT in the fasted
state but had higher levels of monoacylglycerol lipase (MGL)
expression than SCAT in both the fed and fasted states. Among
the adipogenesis-related genes, fasting significantly decreased
the expression of fatty acid synthase (FAS) in both SCAT and
VAT but decreased sterol regulatory element binding pro-
tein-1c (SREBP-1c) expression only in SCAT (Fig. 6B). SCAT
had higher expression of SREBP-1c than VAT in the fed state.
For the two genes related to APC differentiation, peroxisome
proliferator-activated receptor � (PPAR�) and CCAAT en-
hancer-binding proteins (C/EBP
), SCAT had significantly
lower expression of both genes than VAT in the fed and fasted
states, showing VAT has higher potential to be involved in
APC differentiation than SCAT.

Fig. 3. Histological characteristics of visceral and subcutaneous adipose tissues. A: histology characteristics of adipose tissues with hematoxylin-and-eosin
staining. The microvessels and collagen fibers are marked by green and yellow arrows, respectively. B: histogram of the long-axis diameter of the adipocytes
from VAT and SCAT. The mean value of the long-axis diameters of the adipocytes in each group is presented in B.
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Five inflammation-related genes (transforming growth fac-
tor-�1, TGF-�1; interleukin-10, IL-10; tumor necrosis fac-
tor-
, TNF-
; interleukin-1�, IL-1�; and macrophage migra-
tion inhibitory factor, MIF) were measured (Fig. 6D). Fasting
had no significant effect on the expression of these genes.
However, TGF-�1 and IL-10, two anti-inflammation genes,
were significantly higher in SCAT than in VAT, but the
expression of TNF-
, a well-known inflammatory factor, was
significantly higher in VAT than SCAT. The expression of
another inflammatory gene, IL-1�, and a microphage marker
gene, MIF, had statistically similar expressions between the
two AT types. To investigate the cellular characteristics of both
APCs, we also measured three marker genes related to white
AT (WAT), “brite” (brown in white) AT, and brown AT
(BAT) (Fig. 6E). The mRNA expression of T-box 15 (Tbx15),
a BAT marker, was higher in SCAT than in VAT. A similar
trend was also found in myosin regulatory light chain (Mylpf),
another gene that normally has higher expression in BAT than
in WAT. Noteworthy, the expression of homeobox C8
(Hoxc8), a marker gene for WAT and brite AT, was also higher
in SCAT than in VAT.

All gene expression data were also analyzed by two-way
ANOVA test (statistical data not shown). Among them, the
expression of CPT-1a, CPT-1b, Mt-DNA, ATGL, SREBP-1c,
and Tbx15 was significantly affected by nutritional states and

AT locations. The expression of PPAR
, ACO, MGL, PPAR�,
C/EBP
, TGF-�1, TNF-
, and Hocx8 was only significantly
affected by AT location. The expression of HSL and FAS was
only significantly affected by nutritional states. The significant
interactions of nutritional state and AT location were found in
the expressions of CPT-1a, ATGL, and SREBP-1c. These
indicate that AT location affected the majority of these genes,
suggesting again that SCAT and VAT play different roles in
the global metabolic regulation.

DISCUSSION

The different types of ATs are distributed in various posi-
tions in animals. However, in fish, the comparison of SCAT
and VAT has only been documented in a few species in terms
of their anatomic locations and masses. The present results
show that VAT is the primary form of AT in Nile tilapia, and
SCAT occurs primarily under the dorsal fin and has smaller
mass than VAT. Moreover, VAT APCs also contain higher
lipid content than SCAT APCs. Therefore, VAT is the primary
location for fat deposition in Nile tilapia. Similarly, in other
fish species, such as rainbow trout, grass carp, pompano, and
large yellow croaker, VAT is also located in the abdominal
cavity around the digestive tracts and is the primary type of
AT, whereas SCAT is located primarily in the dorsal and

Fig. 4. Lipid concentration of adipose tissues/adi-
pocytes and the hormone-stimulated lipolysis of
adipocytes. A: the lipid concentrations of VAT and
SCAT. B: triglyceride. (TG) concentrations of
VAT and SCAT. C: thyroid hormone (T3, 3,5,3=-
triiodothyronine)-stimulated glycerol release of the
adipocytes, which were isolated from the Nile
tilapia fed with common commercial diet. D: TG
concentrations of the APCs from VAT and SCAT,
which were separated from commercial diet-fed
fish. E: glycerol release of the adipocytes stimu-
lated by thyroid hormone standardized by the TG
content of APCs from two ATs. All data are pre-
sented as means � SE (n � 4–12). The significant
differences between groups were detected using the
independent t-test. *Statistical significance at P �
0.05.
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ventral zones (49, 51). However, in turbot, SCAT located
under the skin is the most dominant form of AT (51). This
indicates that the distribution patterns of ATs vary among fish
species. Therefore, except for Nile tilapia, of which the func-
tional differences between VAT and SCAT have been de-
scribed in the present study, further investigations should be
performed in other species to elucidate the functions of differ-
ent AT patterns.

VAT and SCAT have various morphological characteristics
that likely explain their differences in biological functions. In
mammals, VAT contains greater numbers of large APCs than
SCAT, which generally contains small APCs (27). Moreover,
large mammalian APCs are insulin-resistant and hyperlipoly-
tic, whereas small APCs are more insulin-sensitive and have
higher levels of FFA and TG uptake. However, in our study,
the sizes of VAT APCs in Nile tilapia were generally more
consistent and more circinal than SCAT APCs. Furthermore,
SCAT contained a greater number of large and long APCs than
VAT. In addition, SCAT APCs, but not VAT APCs, had higher
lipolytic activity. These results are contrary to the findings in
mammals, highlighting differences in APC structures between
SCAT and VAT among various animals. In fact, even among
fish species, a species-dependent diversity in APCs exists from
VAT and SCAT. For instance, the mean size of collagenase-
isolated VAT APCs from rainbow trout and carp was greater
than the SCAT APCs (in both the dorsal and ventral regions)
(53). However, in Atlantic salmon, there was no difference in
the mean size of isolated APCs between SCAT (in the ventral
position) and VAT (5). Very recently, a study also reported that
SCAT APCs had larger size than VAT APCs in the HF diet-fed
zebrafish (31), which is in accordance with the results of our

present study. Considering the correlation between APC size
and its functions has not been studied in other fish species, the
present study calls for further studies to investigate the rela-
tionship among morphological characteristics, locations, and
functions of different ATs to better understand their physio-
logical roles in animals.

In the present study, we also found that SCAT tends to
contain more nonadipocyte components, including more blood
cell/vessels residue and collagen fibers than VAT, consistent
with results in rats (12). In mammals, these nonadipocyte
components also comprise some stromal-vascular cells, such as
macrophages, neutrophils, and fibroblasts, which are com-
monly believed to secrete higher levels of proinflammatory
cytokines and eicosanoids than APCs. A number of studies
have indicated that the inflammatory characteristics in different
ATs are correlated with the infiltration of macrophages (21).
However, in the present study, the expression levels of several
macrophage-related genes, such as TGF-�1, TNF-
, and MIF,
were lower in SCAT than those in VAT, showing that the
composition of nonadipocyte components in Nile tilapia are
different from mammals. Since the infiltration of stromal-
vascular cells and the related gene markers in fish adipose
tissue have also not been intensively studied, the potential
filtration of stromal-vascular cells in different ATs in fish
requires further investigation.

A number of mammalian and human studies indicate that the
deposition and utilization of VAT and SCAT differ depending
on nutritional or physiological states (32, 33). In fish, the
effects of quantitative and qualitative modification of nutrition
on VAT deposition have been well documented (49). Diets
containing excess nutrients, including high-fat or high-carbo-
hydrate diets, often induce a significant increase in VAT mass
and result in a number of adverse effects (5, 6, 20). Conversely,
short- or long-term fasting also decreases VAT mass in some
fish species (8). However, until now, there has been no com-
parison on the changes of VAT and SCAT under different
nutritional states and dietary energy content. Our results sug-
gest that both VAT and SCAT masses increase significantly
with an increase in dietary lipid content from 40 to 150 g/kg,
and also significantly decrease during 1 wk of fasting. Corre-
spondingly, the assay of genes in HF diet-fed fish also revealed
an increase in the expression of lipid catabolism-related genes,
such as CPT-1a, CPT-1b, ATGL, and HSL, and a decrease in
the expression of the adipogenesis-related key gene FAS in
both AT types during the fasting period, suggesting again that,
VAT and SCAT have different functions in fish, as in mam-
mals. It should be noted that, although both VAT and SCAT
masses decreased after 1 wk of fasting, the sizes of the APCs
for both ATs were almost comparable before and after fasting.
As discussed above, the deposit location and the shape of ATs
varies largely among different fish species. In Nile tilapia, the
VAT (mesenteric fat) and SCAT both are shaped like a belt
revolving around the intestine or existing under the skin,
respectively. We observed that 1 wk of fasting could only
exhaust some parts of the AT belt, but could not make the
whole AT belt disappear. In fact, the sizes of the APCs and the
lipid concentrations of the remaining ATs did not significantly
differ after 1 wk of fasting (Figs. 3 and 4). The precise
mechanisms underlying this phenomenon require further in-
vestigation.

Fig. 5. Fatty acid composition of visceral and subcutaneous adipose tissues in
fed or fasted states. A: fatty acid composition in HF-diet group. B: fatty acid
composition in LF-diet group. SFA, saturated fatty acid; MUFA, monounsat-
urated fatty acid; PUFA, polyunsaturated fatty acid. All data are presented as
means � SE (n � 4). The significant differences between groups were detected
using the independent t-test. *Statistical significance at P � 0.05.
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Fig. 6. Gene expression of visceral and subcutaneous adipose tissues in fed or fasted states. A: fatty acid �-oxidation related genes and mitochondrial DNA. B:
lipolysis and adipogenesis-related genes. C: adipocyte differentiation-related genes. D: inflammation related genes. E: brown/brite adipose tissue marker genes.
�-actin was used as the reference gene. All data are presented as means � SE (n � 6). The significant differences between groups were detected using the
independent t-test. *Statistical significance at P � 0.05.
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In mammals, the variation in the ability of the different ATs
to release FFAs is thought to be the primary reason for the
distinction in the physiological functions of the ATs. Elevated
FFA concentrations in circulation not only induce insulin
resistance (27), but also lead to the accumulation of lipids in
nonadipose tissues, resulting in cellular dysregulation and
functional impairment in liver (10) and muscle (38). VAT has
higher lipolytic ability than SCAT (27), whereas SCAT has a
higher contribution to the absorption of FFAs from circulation.
However, some studies have also showed that the contribution
of VAT lipolysis to systemic FFA availability only accounts
for less than 5% of the total FFA burden (34). Thus, it has been
argued that SCAT, especially in the upper body, is the major
contributor to the supply of FFAs to extra-hepatic tissues in
insulin-resistant states. Therefore, the ability to secrete FFAs is
an important index for evaluating the contributions of different
ATs to systemic energy homeostasis. In the present study, we
measured the T3-stimulated lipolytic ability of mature APCs
isolated from VAT and SCAT (Fig. 4, B and C) and found that
SCAT APCs had significantly higher lipolytic efficiency than
VAT APCs when the results were standardized by APC TG
content. This is opposite to the general results in mammalian
APCs (27). Because the locations and functions of adipose
tissues are likely to be different, even among fish species (4,
47), the variations in APCs between VAT and SCAT are
species-dependent. Remarkably, the APCs from both ATs were
collected from fish fed a normal commercial diet. Thus, the
differences in the lipolytic abilities of the two AT types may
reflect a lipolytic difference between VAT and SCAT under a
normal state. However, in the HF diet-fed fish, the mRNA
expression of ATGL, a key enzyme in AT lipolysis, was higher
in VAT than SCAT, although SCAT also had higher mRNA
expression of MGL than VAT. Given that VAT is the primary
site for lipid deposition in Nile tilapia, the high expression
level of ATGL in VAT may provide a protective effect against
excess lipid accumulation in VAT. Indeed, we recently found
that Nile tilapia can adapt to high energy intake by increasing
APC proliferation in VAT, a phenomenon that is partly medi-
ated by increased expression of PPAR�, which is upregulated
by the increased lipolysis-sourced free fatty acids in APCs
(33). Similarly, PPAR� mRNA expression was higher in VAT
than in SCAT in the present study. Although the T3-induced
lipolysis test revealed high lipolytic ability of SCAT under a
normal state, the total mass and net lipid content of SCAT in
Nile tilapia were much less than those of VAT. Thus, VAT is
likely to be the dominant contributor of total FFAs circulating
in Nile Tilapia. In addition, some researchers have reported
that, intramuscular adipose tissue exists in some fish species
and plays roles in endocrinological regulation by secreting
endocrine hormones such as adiponectin (24, 29, 37). There-
fore, adipose tissues in different anatomic locations in fish are
important endocrinological organs, and this aspect deserves
more study in the future.

In addition to lipolysis, other metabolic processes, including
adipogenesis and fatty acid �-oxidation, also play roles in
systemic energy homeostasis in APCs (3, 9). In the present
study, we measured a number of genes related to adipogenesis
and fatty acid �-oxidation. Increased expression of CPT-1a and
CPT-1b, which are the key enzymes in fatty acid �-oxidation
in SCAT, suggests that SCAT has higher mitochondrial �-ox-
idation efficiency, which is also evidenced by the higher

mitochondrial DNA content in SCAT than VAT. In support of
this, the fatty acid composition data indicated that SCAT
contained more MUFA and less PUFA than VAT, except that
in the LF diet/fasted state, the MUFA percentage was compa-
rable between both ATs. Taking into account that in most
animals, MUFA can be efficiently �-oxidized to produce ATP,
whereas PUFA is primarily esterified into phospholipids (9),
the higher levels of MUFA and lower PUFA content in SCAT,
either in HF or LF diet feeding state, also suggest that this
tissue plays an important role in lipid catabolism. Of note, as
compared with the MUFA percentage (62.4%) in the SCAT in
the HF diet/fasted state, the decreased MUFA percentage
(49.7%) in the SCAT in the LF diet/fasted state could be
explained by the high utilizing efficiency of MUFA when the
energy intake was exhausted in the LF diet/fasted situation.
This supports the point again that higher MUFA accumulation
in SCAT is helpful for energy production. Interestingly, we
also found higher expression of BAT/brite AT marker genes in
SCAT than in VAT in the present study, which is in accord
with results in mammals, in which BAT remodeling predom-
inantly occurs in the subcutaneous depot rather than in the
visceral depot (4). It should be noted that these BAT/brite AT
marker genes had only been tested in mammals (46), and
previous studies have indicated that some BAT-specific pro-
teins, such as uncoupling protein-1 (UCP-1), have different
functions and locations between mammals and teleost fish (28).
However, although there is no current evidence showing BAT/
brite AT existence in teleost fish (28), the possibility that
teleost or some species has BAT/brite AT or BAT/brite AT-
like ATs cannot be excluded. At least, our present study
indicated that SCAT contained more mitochondria and higher
�-oxidation efficiency than VAT in Nile tilapia. Furthermore,
the higher level of SREBP-1c expression, a key nuclear recep-
tor in lipid synthesis, in SCAT than VAT also suggests that
SCAT may have higher lipid synthesis efficiency when excess
energy is provided. Some studies have indicated that the
metabolism and the expression of related genes are largely
changed in different APC differentiation status (32). In the
present study, the higher expression of PPAR� and C/EBP
,
which are two essential factors in APC differentiation (43),
was observed in VAT than in SCAT, indicating that VAT has
a higher potential to play a role in APC differentiation than
SCAT. However, because the different statuses of APC differ-
entiation simultaneously exist in the whole ATs, the compre-
hensive effects of these statuses on some given genes in a
whole AT are actually difficult to evaluate.

In mammals, excess VAT deposition is associated with
elevation of circular inflammatory factors and increased risk of
developing metabolic syndromes (30). In the present study,
through measuring the mRNA expression of the inflammatory
marker genes in VAT and SCAT of Nile tilapia, we found the
mRNA expression of TGF�1 and IL-10, the two anti-inflam-
matory genes, were significantly lower in VAT than in SCAT,
and, conversely, the mRNA expression of inflammatory factor
TNF-
 in VAT was significantly higher than in SCAT, sug-
gesting that VAT in Nile tilapia is more likely to be involved
in the systemic inflammatory response than SCAT. Consider-
ing that, VAT is the primary AT in fish, and excess energy
intake mainly induces an increase in VAT mass in fish (26), the
potential of VAT-induced systemic inflammation should also
be noted.
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Perspectives and Significance

For a long time, the SCAT in fish has not been extensively
explored. The present study indicates that SCAT has more
large-sized APCs, greater lipolytic efficiency, higher mito-
chondrial DNA, and higher gene expressions for fatty acid
�-oxidation, adipogenesis, and brown adipose tissue, but has
lower gene expression for inflammation and adipocyte differ-
entiation than VAT in Nile tilapia. In short, our results mainly
suggest that SCAT has higher lipid catabolic activity than VAT
in Nile tilapia. The observed structural, biochemical, and
physiological differences between VAT and SCAT should be
considered in future metabolism research using fish as models,
either in biomedical or aquaculture studies.
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