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Two doses of glucose (335 and 1670 mg of glucose per kg body weight) were orally administered to 
golden pompano (Trachinotus ovatus). Plasma glucose and cholesterol level reached its peak 3h after oral 
administration with high dose of glucose, respectively (P<0.05). Plasma insulin content was significantly 
lower at 1, 3, 6 and 12 h after oral administration of both doses of glucose (P<0.05). Compared to the 
low dose of glucose group, the high dose of glucose group has lower plasma glucagon content 12 h after 
oral administration, higher muscle and hepatic glycogen contents 6 h after oral administration (P<0.05). 
The hepatic pyruvate kinase activity peaked 6 h after oral administration in both doses of glucose groups 
and thereafter started to decrease 24 h after oral administration. While the hepatic PEPCK and G6Pase 
activities decreased 9 h after oral administration in both doses of glucose groups and then returned to 
the level at 0 h (P<0.05). These results suggested that glucose oral administration resulted in prolonged 
hyperglycemia and high level of hepatic glycogen in T. ovatus which could lead to nutritional stress, and 
increasing glucose metabolic burden in this species.

INTRODUCTION

In aquaculture, the efficiency of protein utilization for 
most cultured fish species can be improved by increasing 

the proportion of energy sources (such as carbohydrate and 
lipid) in the diet (Cho and Kaushik, 1990; Kaushik and 
Médale, 1994). As carbohydrates are relatively lower in 
cost than proteins and lipids, they are thus used in fish diets 
to improve their physical quality, spare dietary protein and 
lipid, and provide metabolites for biological syntheses 
(Wilson, 1994). The utilization of carbohydrate by fish 
depends on the complexity of the starch (Bergot, 1979; 
Spannhof and Plantikow, 1983), as well as the gelatinization 
technology applied to it (Bergot and Breque, 1983). In 
some species, growth performances were improved in fish 
fed a diet with an appropriate carbohydrate level compared
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to a diet without carbohydrates (Hemre et al., 2002). In 
rainbow trout, gelatinized starch has been shown to be as 
effective as lipid as an energy source (Pieper and Pfeffer, 
1980). Fish are generally thought to be not well adapted 
at the digestive and metabolic levels to deal with high 
amounts of dietary carbohydrate. At the metabolic level, 
fish have a limited ability to metabolize glucose. High 
digestible carbohydrate intake results in a post-prandial 
hyperglycemia that remains for many hours (Bergot, 1979; 
Brauge et al., 1994; Kaushik and de Oliva Teles, 1985).

Glucose intolerance is a term that refers to the 
inability of an organism to rapidly deal with a glucose 
load, which leads to persistent hyperglycemia and in many 
cases, reduced growth. Glucose intolerance is a clinical 
term used in the diagnosis of insulin-dependent diabetes 
mellitus (IDDM) and is evaluated by the use of a glucose 
tolerance test (GTT) (Moon, 2001; Shahida et al., 2017). 
Glucose tolerance tests have been carried out in several 
fish species to study the metabolic utilization of glucose 
(Furuichi and Yone, 1981; Garcia-Riera and Hemre, 1996; 
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Harmon et al., 1991). Although, in each case, glucose 
administration resulted in prolonged hyperglycemia, there 
were still marked differences among species.

Golden pompano (Trachinotus ovatus) belongs to 
the family Carangidae (Sun et al., 2014; Tutman et al., 
2004). T. ovatus is a carnivorous fish that preys mainly on 
zooplankton and small crustaceans, shellfish, and fish (Liu 
and Chen, 2009; Su et al., 2012; Zheng et al., 2014). Zhou 
et al. (2015) have reported that the optimum carbohydrate 
requirement of golden pompano ranged from 11.2% to 
16.8%. The aim of this study was to determine glucose 
tolerance in T. ovatus in order to gain further knowledge 
on glucose regulation in marine fish species, as well as 
interactions among plasma glucose, insulin, glucagon, 
triglyceride, cholesterol, hepatic and muscle glycogen, 
and four kinds of key hepatic enzymes related to glucose 
metabolism.

MATERIALS AND METHODS

Experimental animals and procedures
The animals used in this experiment were golden 

pompano (Trachinotus ovatus). The experiment was 
carried out at the Shenzhen Experimental Station of South 
China Sea Fisheries Research Institute of CAFS, in a 
water recirculation system equipped with 14 cylindrical 
fiberglass tanks of 300 L capacity. Fish were stocked in 
fourteen tanks each with 20 T. ovatus. Before the trial, the 
fish (average weight, 33.47 ± 0.63g) were allowed to adapt 
to the experimental facilities for two weeks, and during 
this period were fed by hand, twice a day, to near satiety 
with an experimental diet. This diet had a protein content 
of 42% and a lipid content of 6%, and was presented 
as dry pellets, manufactured in the laboratory using a 
pelletizer (Institute of Chemical Engineering, South China 
University of Technology, Guangzhou, China). During 
the trial, water temperature averaged 27.3 ± 0.5 °C and 
salinity 28 ± 1‰.

After the acclimation period, fish were fasted for 
2 weeks, lightly anaesthetized with diluted eugenol 
(1:10,000; Shanghai Reagent Corp., China), immediately 
weighed and orally administrated with two dose 
glucose (335 and 1670 mg of glucose per kg body 
weight, respectively). Fish were then placed back in the 
experimental tanks. Fish experiments were performed 
in accordance with the guidelines for fish research from 
the animal ethic committees at South China Sea Fisheries 
Research Institute.

Sample collection
Blood, muscle and liver samples were collected just 

before time 0 and 1, 3, 6, 9, 12 and 24 h after glucose 

oral administration. At each sampling time, four fish 
were sampled and individually weighed. Blood was 
collected from the caudal vein using heparinized syringes, 
immediately centrifuged and the plasma frozen for 
analysis. The liver was excised, frozen in liquid nitrogen, 
and stored at -20°C until analysis. Muscle samples were 
taken from the lateral dorsal part of the body behind the 
dorsal fin, and stored at -20°C for analysis. 

Plasma biochemical parameter analysis
Plasma glucose, cholesterol and triglyceride contents 

were measured using the glucose oxidase method (Lott 
and Turner, 1975), the enzymatic (cholesterol oxidase) 
and colorimetric method (Patsch et al., 1976), and the 
enzymatic (glycerol phosphate oxidase) and colorimetric 
(PAP) method (Nägele et al., 1983), respectively, using 
test kits purchased from Junshi Biotechnology Co., Ltd. 
(Shanghai, China).

Hepatic and muscle glycogen analysis
The hepatic and muscle glycogen contents were 

determined spectrophotometrically at 620 nm using the 
anthrone reaction method as previously described in 
previous study (Plummer, 1987).

Plasma hormones assays
Plasma insulin was estimated by radioimmunoassay 

(RIA) using a test kit (Beijing Beifang Biotech Research 
Institute, Beijing, China) and following the method 
described by Clark and Hales (1994). The plasma glucagon 
level was measured by the double antibody sandwich 
method using Glucagon ELISA detection kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). 
Optical densities were both measured at 450 nm.

Hepatic enzyme activities analysis
A frozen sample of liver was homogenized (dilution 

1/10) in ice-cold buffer consisting of 80 mM Tris (pH 
7.5), 5 mM EDTA, 1mM KH2PO4, 2mM NaHCO3 and 1.4 
mM dithiothreitol. The homogenate was separated and 
divided into two parts. One part of the homogenate was 
centrifuged at 4,000 rpm for 10 min at 4°C (Moreira, et al., 
2008), and then the supernatant was centrifuged at 12,000 
rpm for 20 min at 4°C. The supernatant was separated and 
divided into two parts for measurement of hexokinase 
(HK) and pyruvate kinase (PK) activities. The activities 
of hepatic HK (EC 2.7.1.1) and PK (EC 2.7.1.40) were 
determined using kits purchased from Nanjing Jiancheng 
Bioengineering Institute following the procedures 
described in previous studies by Foster and Moon (1986) 
and Tranulis et al. (1996), respectively. The enzyme 
activities were expressed per mg of total protein (specific 

C. Zhou et al.



1121                                                                                        

activity). The total protein content in crude extracts was 
determined at 30°C using bovine serum albumin as a 
standard based on the previous method (Bradford, 1976). 

The other part of homogenate was centrifuged 
at 3,000 rpm for 10 min at 4°C. The supernatant was 
separated and divided into two parts for measurement 
of phosphoenolpyruvate carboxykinase (PEPCK) and 
glucose 6-phosphatase (G6Pase) activities. The activities 
of PEPCK (EC4.1.1.32) and G6Pase (EC3.1.3.9) were 
measured by the double antibody sandwich method using 
PEPCK and G6Pase ELISA detection kits (Jijin Chemical 
Technology Co., Ltd., Shanghai, China), respectively. 
Optical densities were both measured at 450 nm.

Statistical analysis
The SPSS (version 19.0, Chicago, IL, USA) software 

was used to perform Duncan’s multiple range tests and 
Independent-Samples t-tests to determine differences 
among treatments. Diverse little letters show significant 
differences (P<0.05) in different glucose dose groups of 
each sampling point in Duncan’s multiple range tests. 
Significant differences (P<0.05) between values obtained 
from control and high glucose dose groups are marked by 
asterisks above histogram bars in Independent-Samples 
t-tests. All the results were expressed as means ± standard 
error (Ẍ±SE).

RESULTS

Plasma glucose, cholesterol and triglyceride levels
Plasma glucose content at 1 and 3 h after oral 

administration was significantly higher than that at 0 h in 
the high dose of glucose group and then plasma glucose 
content in the high dose of glucose group returned to 
the level at 0 h (P<0.05) (Fig. 1A). Similarly, plasma 
glucose content at 1 and 3 h after oral administration was 
significantly higher than that at 0 h in the low dose of 
glucose group and then plasma glucose content in the low 
dose of glucose group returned to the level at 0 h (P<0.05) 
(Fig. 1A). Plasma glucose was significantly higher in 
the high dose of glucose group than that in the low dose 
of glucose group at 6 h (P<0.05) (Fig. 1A). Plasma 
cholesterol content in the high dose of glucose group at 1, 
3, 12 and 24 h after oral administration was significantly 
higher than that at 0 h in the high dose of glucose group 
(P<0.05) (Fig. 1B). There was no significant change in 
plasma cholesterol content in the low dose of glucose 
group (Fig. 1B). Plasma triglyceride content at 1, 3, 6, 
9, 12 and 24 h after oral administration was significantly 
higher than that at 0 h in the high dose of glucose group 
(P<0.05) (Fig. 1C). Plasma triglyceride content at 6 h after 
oral administration was significantly higher than that at 0 

h in the low dose of glucose group (P<0.05) (Fig. 1C). 
Plasma triglyceride content was significantly higher in the 
high dose of glucose group than that in the low dose of 
glucose group at 1 h (P<0.05) (Fig. 1C).

Fig. 1. The change of plasma glucose, cholesterol and 
triglyceride in golden pompano Trachinotus ovatus over 
time after oral administration of two doses of glucose. 
Values with different superscripts in each group indicate 
significant difference (P < 0.05).

Plasma insulin and glucagon levels
Plasma insulin content at 1, 3, 6 and 12 h after oral 

administration was significantly lower than that at 0 h in the 
high dose of glucose group and then plasma insulin content 
in the high dose of glucose group returned to the level at 0 h 
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(P<0.05) (Fig. 2A). Plasma insulin content at 1, 3, 6, 9, 12 
and 24 h after oral administration was significantly lower 
than that at 0 h in the low dose of glucose group (P<0.05) 
(Fig. 2A). Plasma glucagon content at 1, 9, 12 and 24 h after 
oral administration was significantly higher than that at 6 h 
in the low dose of glucose group and then plasma glucagon 
content in the low dose of glucose group returned to the 
level at 0 h (P<0.05) (Fig. 2B). Plasma glucagon content 
at 6 h after oral administration was significantly lower 
than that at 0 h in the high dose of glucose group and then 
plasma glucagon content in the high dose of glucose group 
returned to the level at 0 h (P<0.05) (Fig. 2B). Plasma 
glucagon content was significantly lower in the high dose 
of glucose group than that in the low dose of glucose 
group at 12 h after oral administration (P<0.05) (Fig. 2B).

Fig. 2. The change of plasma insulin and glucagon in T. 
ovatus over time after oral administration of two doses of 
glucose.

Hepatic and muscle glycogen contents
The hepatic glycogen content at 6 h after oral 

administration was significantly higher than that at 0 h in 
the high dose of glucose group and then hepatic glycogen 
content in the high dose of glucose group returned to the 
level at 0 h (P<0.05) (Fig. 3A). The hepatic glycogen content 

at 3, 9 and 12 h after oral administration was significantly 
lower than that at 0 h in the low dose of glucose group 
(P<0.05) (Fig. 3A). The hepatic glycogen contents were 
significantly higher in the high dose of glucose group than 
those in the low dose of glucose group at 3 and 6 h after oral 
administration, respectively (P<0.05) (Fig. 3A). There was 
no significant change in muscle glycogen contents in both 
groups (P>0.05) (Fig. 3B). The muscle glycogen contents 
were significantly higher in the high dose of glucose group 
than those in the low dose of glucose group at 1 and 6 h 
after oral administration, respectively (P<0.05) (Fig. 3B).

Fig. 3. The change of hepatic and muscle glycogen in T. 
ovatus over time after oral administration of two doses of 
glucose.

Hepatic HK, PK, PEPCK and G6Pase activities
There was no significant change in hepatic 

hexokinase activities in both groups (P>0.05) (Fig. 4A). 
The hepatic hexokinase activity was significantly higher 
in the high dose of glucose group than that in the low dose 
of glucose group at 6 h (P<0.05) (Fig. 4A). The hepatic 
pyruvate kinase activity in the high dose of glucose 
group at 6, 9, 12 and 24 h after oral administration was 
significantly higher than that at 0 h in the high dose of 
glucose group (P<0.05) (Fig. 4B). The hepatic pyruvate 
kinase activity in the low dose of glucose group at 6 h after 
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Fig. 4. The change of hepatic hexokinase (HK), pyruvate kinase (PK), phosphoenolpyruvate carboxykinase (PEPCK) and glucose-
6-phosphatase (G-6-Pase) activities in T. ovatus over time after oral administration of two doses of glucose.

oral administration was significantly higher than that at 0 
h in the low dose of glucose group (P<0.05) (Fig. 4B). The 
hepatic pyruvate kinase activities were significantly higher 
in the high dose of glucose group than that in the low dose 
of glucose group at 6, 12 and 24 h, respectively (P<0.05) 
(Fig. 4B). The hepatic PEPCK activity at 0 and 12 h after 
oral administration was significantly higher than that at 
6 h in the high dose of glucose group and then hepatic 
PEPCK activity in the high dose of glucose group returned 
to the level at 0 h (P<0.05) (Fig. 4C). The hepatic PEPCK 
activity at 9 h after oral administration was significantly 
lower than that at 0 h in the low dose of glucose group 
and then hepatic PEPCK activity in the low dose of 
glucose group returned to the level at 0 h (P<0.05) (Fig. 
4C). The hepatic G6Pase activities at 12 and 24 h after 
oral administration was significantly higher than those at 
3 and 6 h in the high dose of glucose group, respectively 
(P<0.05) (Fig. 4D). The hepatic G6Pase activity at 24 h 
after oral administration was significantly higher than that 
at 0, 1, 3, 6 and 9 h in the low dose of glucose group, 
respectively (P<0.05) (Fig. 4D).

DISCUSSION

The results in present study showed that the changes 
of plasma glucose levels in both glucose doses groups had 
similar trend, namely the rapid increase during 3h to the 
maximum peak, and then returned to the level at 0 h. This 
agreed well with the results of glucose tolerance in other 
fish species (Cai and Wang, 1998; Cai et al., 2002; Furuichi 
and Yone, 1981; Huang et al., 2005; Peres et al., 1999; 
Yang et al., 2012). However, the recovery time of plasma 
glucose level varied in different fish species and different 
methods of administration in glucose tolerance test. For 
the method of oral administration, the recovery time to 
normal level was 5 h in carp (Cyprinus carpio) (Furuichi 
and Yone, 1981), about 6 h in grouper (Epinephelus 
coioides) (Yang et al., 2012), about 10 h in grass carp 
(Ctenopharyngodon idella) (Huang et al., 2005), nearly 
10 h in black carp (Mylopharyngodon piceus) at low dose 
of glucose (420 mg/kg body weight), more than 10 h in 
black carp (Mylopharyngodon piceus) at high dose of 
glucose (1370 mg/kg body weight) (Huang et al., 2005). 
For the method of intraperitoneal injection administration 
(1000 mg/kg body weight), plasma glucose levels of turbot 



1124                                                                                        C. Zhou et al.

(Scophthalmus maximus) returned to pre-injection levels
took about 24h (Garcia-Riera and Hemre, 1996), gilthead 
bream and European seabass 12 h (Peres et al., 1999). 
The previous study showed that plasma glucose levels 
of rainbow trout (Oncorhynchus mykiss), intraperitoneal 
injected of 3000 mg/kg body weight of glucose, returned to 
pre-injection level required 18h (Harmon et al., 1991). The 
difference of response time to restore glucose levels after 
glucose load could result from different fish species and 
the method used to increase glucose content. In this study, 
plasma cholesterol content in the high dose of glucose group 
after oral administration was significantly increased. There 
was no significant change in plasma cholesterol content in 
the low dose of glucose group. Similar result was observed 
in previous study on tilapia (Oreochromis miloticus) (Liu 
et al., 2012). Vertebrates usually had the ability converting 
excess glucose into lipid, but in fish, this ability varied in 
different fish species (Kumar et al., 2010). The results in 
our study showed that the plasma triglyceride contents of 
T. ovatus in both doses of glucose were increased 0-9 h 
after oral administration. The plasma triglyceride content 
was significantly higher in the high dose of glucose group 
than that in the low dose of glucose group at 1 h. However, 
the results in previous study on grouper (Epinephelus 
coioides) showed that the plasma triglyceride contents 
in both doses of glucose were increased 0-15h after oral 
administration, especially the low dose glucose group 
obvious (Yang et al., 2012). The results in previous study 
on grass carp (Ctenopharyngodon idella) showed that 
the plasma triglyceride contents in both doses of glucose 
(1370 mg/kg and 420 mg/kg) were significantly decreased 
0-15 h after oral administration (Huang et al., 2005). The 
plasma triglyceride contents of black carp in high dose 
of glucose (1370 mg/kg) were increased 0-15h after oral 
administration, while decreased in low dose of glucose 
(420 mg/kg) (Huang et al., 2005). The plasma triglyceride 
content of gibel carp was increased within 0-1 h after oral 
administration, and then decreased within 1-4 h (Cai et al., 
2002). Harmon and Sheridan (1992) observed that glucose 
stimulates fatty acid reesterification and directly enhances 
net lipolysis in trout liver incubated in vitro. The reason of 
these inconsistent results need further study.

The plasma glucose levels in human beings are 
regulated by many hormones, such as glucagon, glucagon-
like peptide (GLP), insulin-like growth factor (IGF), 
growth hormone, the somatostatins, and so on (Moon, 
2001). In mammals, insulin can promote glucose uptake and 
utilization of tissues and cells, promote glucose synthesis 
of glycogen stored in the liver and muscles, while suppress 
gluconeogenesis, promote glucose into fatty acids stored 
in adipose tissue, thereby lowering plasma glucose level. 
Contrary, glucagon has the opposite effect on regulating 
plasma glucose level (Yang et al., 2012). Thus, insulin 

in mammals is considered to be one of most important 
hormones to maintain plasma glucose level, whereas it is 
different in the fish. Some studies indicated that the fish 
had low insulin levels (Wilson and Poe, 1987), fewer 
number of insulin receptors with weak affinity (Gutiérrez 
et al., 1991; Mommsen and Plisetskaya, 1991). However, 
Thorpe and Ince (1976) observed that the plasma insulin 
levels in Pacific cod (Gadous macrocephaius) and the 
European eel (Anguilla anguilla) were higher than that of 
human being. In contrast, in the present study, the plasma 
insulin levels in T. ovatus was lower than that of human 
being, which was similar to previous studies on grouper 
(Epinephelus coioides) and pike (Esox lucius) (Thorpe and 
Ince, 1976; Yang et al., 2012). These opposite results can 
be related with species differences. In the present study, 
plasma insulin levels of T. ovatus decreased significantly 
with increasing plasma glucose levels within 0-1 h after 
oral administration, which is in agreement with previous 
study on Chinook Salmon (Oncorhynchus tshawytscha) 
after oral administration (Mazur et al., 1992). The results 
observed in this study might be related with sampling time 
and/or season. Previous studies showed that daily and 
annual variations of plasma insulin levels in European 
seabass, although in this species insulin levels peaked 
during the dark period (Gutiérrez et al., 1984, 1987). 
Another explanation is that decrease in plasma insulin 
level may be related with somatostatin secretion. Ronner 
and Scarpa (1984) observed that lots of somatostatin was 
released after the isolated splenic Brockmann body of 
channel catfish (Ictalurus punctatus) was perfused in vitro. 
Sheridan et al. (1991) indicated that lots of somatostatin 
secretion in fish inhibited secretion of insulin, leading 
to the insulin at a low level. In addition, some studies 
showed that there are two explanations about relationships 
between the change of insulin and plasma glucose as 
follows: This delayed insulin secretion in teleost fish was 
more slowly than mammals (Enes et al., 2012; Furuichi 
and Yone, 1981). The plasma insulin levels remained 
constant for a long time in fish after glucose load (Enes et 
al., 2011). The insulin seemed not to be directly involved 
in clearance of glycemic load (Mazur et al., 1992). Legate 
et al. (2001) considered that it is not the main factor of 
glucose intolerance in fish.

Glycogen is the storage form of carbohydrate in 
the body, mainly in liver glycogen, muscle glycogen 
form. The hepatic glycogen synthesis and degradation is 
mainly to maintain a relatively constant plasma glucose 
concentration. The synthesis and degradation of muscle 
glycogen is primarily to provide ATP for the muscle. 
Many studies found that the postprandial plasma hepatic 
glycogen level of the fish was increased after feeding 
dietary carbohydrates (Hemre et al., 2002; Peres et 
al., 1999; Wilson, 1994). The persistent high level of 
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plasma glucose and liver glycogen are adverse to normal 
metabolism. In the present study, the liver glycogen of 
T. ovatus peaked 3 h after oral administration, and then 
decreased significantly. Glucose injection had no effect 
on muscle glycogen levels. These results agree with the 
observations of early studies, where the muscle glycogen 
level was not increased by high-carbohydrate diet (Banos 
et al., 1998). However, Cai et al. (2002) observed that 
high dose of glucose administrated had decreased the 
hepatic glycogen level, whereas the low dose of glucose 
administrated had no significant effect. Similar results were 
found in glucose tolerance study on gilthead sea bream 
(Sparus aurata L.) (Peres et al., 1999). Carbohydrate is 
one of important energy sources in fish, after the intake 
of carbohydrates to meet the energy requirement of fish, 
the excess carbohydrates were transported to liver and 
muscle stored as glycogen. However, the process of the 
conversion is not very rapid, 3 h after oral administration 
plasma glucose level started to increase to a peak value, 
whereas liver glycogen content started to increase to a 
peak value 6 h after oral administration, which suggested 
that T. ovatus had limited ability to metabolize glucose. 

Pyruvate Kinase (PK) is one of important rate-
limiting enzymes involved in glycolysis (Yuan et al., 
2013). Increased PK showed enhancement of glycolysis. 
Dietary carbohydrate had some impact on hepatic PK 
activity in fish. Early study showed that compared with no 
carbohydrate group, the hepatic pyruvate kinase activity of 
topmouth culter (Erythroculter ilishaeformis Bleeker) was 
increased significantly in high carbohydrate group (Ge et 
al., 2007). Cai (2004) observed that the hepatic and muscle 
PK activities in black carp (Mylopharyngodon pieces) 
increased significantly with increasing dietary carbohydrate 
levels. Liu et al. (2012) indicated the hepatic PK activity in 
tilapia was increased to a peak 6 h after glucose injection. 
In this study, the hepatic PK activity in T. ovatus was 
increased to a peak 6 h after glucose administration. These 
results suggested that high concentration of glucose may 
increase glycolytic capacity and increase the utilization of 
carbohydrate, but the enhancement of enzyme activity still 
lags behind the absorption of carbohydrate in fish, which 
was adverse to carbohydrate metabolism.

PEPCK is key enzyme in the lyase family used in 
the metabolic pathway of gluconeogenesis. It converts 
oxaloacetate into phosphoenolpyruvate and carbon 
dioxide (Méndez-Lucas et al., 2013, 2014). PEPCK is 
most abundant in the liver, kidney, and adipose tissue 
(Chakravarty et al., 2005). Previous showed that the hepatic 
PEPCK activity in mammals decreased significantly after 
feeding high-carbohydrate diet, increased after fasting or 
feeding high-protein and low-carbohydrate diet (Hanson 
and Reshef, 1997). Li et al. (2015) reported that the hepatic 

PEPCK activity all decreased with increasing dietary 
carbohydrate levels in three fish species. Ge et al. (2007) 
observed that the hepatic PEPCK activity of topmouth 
culter (Erythroculter ilishaeformis Bleeker) showed a 
downward trend with increasing dietary carbohydrate 
levels. In agreement with these observations the present 
study in T. ovatus showed that the hepatic PEPCK activity 
showed a downward trend within 0-9 h after glucose 
administration, and then an upward trend 12 h after glucose 
administration, which suggested that the gluconeogenesis 
was inhibited firstly and then gradually increased.

G6Pase is an enzyme in gluconeogenesis and 
glycogenolysis, which plays a key role in the homeostatic 
regulation of blood glucose levels (Nordlie and Sukalski, 
1985). It was reported that dietary nutrients affect G6Pase 
expression and/or activity in mammals, but complicated 
in fish. In the present study, we observed that the hepatic 
G6Pase activity showed a downward trend within 0-9 h 
after glucose administration, and then an upward trend 
within 0-9 h after glucose administration. Similarly, 
Panserat et al. (2000) reported that the hepatic G6Pae 
activity and/or expression of rainbow trout fed 8-20% 
dietary carbohydrate for 10-week showed no significant 
difference. In gilthead bream, Metón et al. (2004) 
reported that the dietary carbohydrate had no effect on the 
expression of hepatic G6Pase. However, other researchers 
observed that the hepatic G6pase activity was inhibited 
significantly in carp fed diets contained starch, glucose and 
fructose (Furuichi and Yone, 1982; Shikata et al., 1994).

CONCLUSION

From the results of this trial, it can be concluded 
that the prolonged hyperglycemia in T. ovatus resulted 
from high dose of glucose administration. The increasing 
plasma insulin level and hepatic PK activity were relatively 
delayed after glucose administration, which limited the 
glycolysis of glucose. The prolonged hyperglycemia and 
high level of hepatic glycogen led to nutritional stress, 
and increasing glucose metabolic burden in this species. 
Further studies concerned the molecular mechanism 
of glucose regulation in marine fish species should be 
conducted to elucidate this.

ACKNOWLEDGEMENTS

This work was supported by the National Natural 
Science Foundation of China (31602175); Special 
Scientific Research Funds for Central Non-profit 
Institutes, South China Sea Fisheries Research Institute, 
Chinese Academy of Fishery Sciences (2016YD03); 
the Science and Technology Program of Guangzhou, 



1126                                                                                        C. Zhou et al.

China (201707010445); Natural Science Foundation of 
Guangdong Province, China (No. 2015A030310253).

Statement of conflict of interest
The authors declare no conflict of interest for this 

research work. 
REFERENCES

Banos, N., Baro, J., Castejon, C., Navarro, I. and 
Gutierrez, J., 1998. Influence of high-carbohydrate 
enriched diets on plasma insulin levels and 
insulin and IGF-I receptors in trout. Regulat. 
Pept., 77: 55-62. https://doi.org/10.1016/S0167-
0115(98)00041-X

Bergot, F., 1979. Effects of dietary carbohydrates and of 
their mode of distribution on glycaemia in rainbow 
trout (Salmo gairdneri Richardson). Comp. 
Biochem. Physiol. Part A: Physiol., 64: 543-547. 
https://doi.org/10.1016/0300-9629(79)90581-4

Bergot, F. and Breque, J., 1983. Digestibility of starch by 
rainbow trout: effects of the physical state of starch 
and of the intake level. Aquaculture, 34: 203-212. 
https://doi.org/10.1016/0044-8486(83)90203-X

Bradford, M.M., 1976. A rapid and sensitive method 
for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye 
binding. Analyt. Biochem., 72: 248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Brauge, C., Medale, F. and Corraze, G., 1994. 
Effect of dietary carbohydrate levels on 
growth, body composition and glycaemia in 
rainbow trout, Oncorhynchus mykiss, reared in 
seawater. Aquaculture, 123: 109-120. https://doi.
org/10.1016/0044-8486(94)90123-6

Cai, C., 2004. Study on the utilization of dietary 
carbohydrate by Mylopharyngodon piecus 
Richardson and Carassius auratus and their 
mechanism of metabolism. East China Normal 
University, Shanghai.

Cai, C. and Wang, D., 1998. Study on the glucose 
tolerance of allogynogenetic crucian carp. J. 
Shanghai Fish. Univ., 7: 63-66.

Cai, C., Liu, Y., Chen, L., Song, X. and Wu, P., 2002. 
Metabolic responses of allogynogenetic gbelcarp 
after oral administration of different doses of 
glucose. Acta Hydrobiol. Sin., 27: 602-606.

Chakravarty, K., Cassuto, H., Reshef, L. and 
Hanson, R.W., 2005. Factors that control the 
tissue-specific transcription of the gene for 
phosphoenolpyruvate carboxykinase-C. Crit. Rev. 
Biochem. Mol. Biol., 40: 129-154. https://doi.
org/10.1080/10409230590935479

Cho, C.Y. and Kaushik, S.J., 1990. Nutritional energetics 
in fish: energy and protein utilization in rainbow 
trout (Salmo gairdneri). World Rev. Nutr. Diet, 61: 
132-172. https://doi.org/10.1159/000417529

Clark, P. and Hales, C., 1994. How to measure plasma 
insulin? Diabetes/Metabolism Res. Rev., 10: 79-90. 
https://doi.org/10.1002/dmr.5610100203

Enes, P., Peres, H., Sanchez-Gurmaches, J., Navarro, 
I., Gutiérrez, J. and Oliva-Teles, A., 2011. 
Insulin and IGF-I response to a glucose load 
in European sea bass (Dicentrarchus labrax) 
juveniles. Aquaculture, 315: 321-326. https://doi.
org/10.1016/j.aquaculture.2011.02.042

Enes, P., Peres, H., Pousao-Ferreira, P., Sanchez-
Gurmaches, J., Navarro, I., Gutiérrez, J. and 
Oliva-Teles, A., 2012. Glycemic and insulin 
responses in white sea bream Diplodus sargus, 
after intraperitoneal administration of glucose. 
Fish Physiol. Biochem., 38: 645-652. https://doi.
org/10.1007/s10695-011-9546-4

Foster, G.D. and Moon, T., 1986. Enzyme activities in 
the Atlantic hagfish, Myxine glutinosa: changes 
with captivity and food deprivation. Canadian J. 
Zool., 64: 1080-1085. https://doi.org/10.1139/z86-
162

Furuichi, M. and Yone, Y., 1981. Change of blood 
sugar and plasma insulin levels of fishes in glucose 
tolerance test. Nippon Suisan Gakkaishi, 47: 761-
764. https://doi.org/10.2331/suisan.47.761

Furuichi, M. and Yone, Y., 1982. Changes in activities 
of hepatic enzymes related to carbohydrate 
metabolism of fishes in glucose and insulin-glucose 
tolerance tests. Bull. Japanese Soc. scient. Fish., 
48: 463-466.

Garcia-Riera, M. and Hemre, G.I., 1996. Glucose 
tolerance in turbot, Scophthalmus maximus 
(L.). Aquacul. Nutri., 2: 117-120. https://doi.
org/10.1111/j.1365-2095.1996.tb00018.x

Ge, X., Liu, B., Xie, J., Yu, J.H., Tang, Y.K. and Wu, 
T.T., 2007. Effect of different carbohydrate levels of 
dietary on growth, plasma biochemical indices and 
hepaticpancreas carbohydrate metabolic enzymes 
in topmouth cuher (Erythroculter ilishaeformis 
Bleeker). J. Nanjing Agric. Univ., 30: 88-93.

Gutiérrez, J., Carrillo, M., Zanuy, S. and Planas, J., 
1984. Daily rhythms of insulin and glucose levels 
in the plasma of sea bass Dicentrarchus labrax after 
experimental feeding. Gen. Comp. Endocrinol., 
55: 393-397. https://doi.org/10.1016/0016-
6480(84)90009-1

Gutiérrez, J., Åsgård, T., Fabbri, E. and Plisetskaya, 
E.M., 1991. Insulin-receptor binding in skeletal 

https://doi.org/10.1016/S0167-0115(98)00041-X
https://doi.org/10.1016/S0167-0115(98)00041-X
https://doi.org/10.1016/0300-9629(79)90581-4
https://doi.org/10.1016/0044-8486(83)90203-X
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0044-8486(94)90123-6
https://doi.org/10.1016/0044-8486(94)90123-6
https://doi.org/10.1080/10409230590935479
https://doi.org/10.1080/10409230590935479
https://doi.org/10.1159/000417529
https://doi.org/10.1002/dmr.5610100203
https://doi.org/10.1016/j.aquaculture.2011.02.042
https://doi.org/10.1016/j.aquaculture.2011.02.042
https://doi.org/10.1007/s10695-011-9546-4
https://doi.org/10.1007/s10695-011-9546-4
https://doi.org/10.1139/z86-162
https://doi.org/10.1139/z86-162
https://doi.org/10.2331/suisan.47.761
https://doi.org/10.1111/j.1365-2095.1996.tb00018.x
https://doi.org/10.1111/j.1365-2095.1996.tb00018.x
https://doi.org/10.1016/0016-6480(84)90009-1
https://doi.org/10.1016/0016-6480(84)90009-1


1127                                                                                        Effects of Oral Glucose Administration in Golden Pompano 1127

muscle of trout. Fish Physiol. Biochem., 9: 351-
360. https://doi.org/10.1007/BF02265155

Gutiérrez, J., Fernández, J., Carrillo, M., Zanuy, S. and 
Planas, J., 1987. Annual cycle of plasma insulin 
and glucose of sea bass, Dicentrarchus labrax, L. 
Fish Physiol. Biochem., 4: 137-141. https://doi.
org/10.1007/BF02110880

Hanson, R.W. and Reshef, L., 1997. Regulation of 
phosphoenolpyruvate carboxykinase (GTP) gene 
expression. Annu. Rev. Biochem., 66: 581-611. 
https://doi.org/10.1146/annurev.biochem.66.1.581

Harmon, J.S. and Sheridan, M.A., 1992. Glucose-
stimulated lipolysis in rainbow trout, Oncorhynchus 
mykiss, liver. Fish Physiol. Biochem., 10: 189-199. 
https://doi.org/10.1007/BF00004513

Harmon, J.S., Eilertson, C.D., Sheridan, M.A. and 
Plisetskaya, E.M., 1991. Insulin suppression 
is associated with hypersomatostatinemia and 
hyperglucagonemia in glucose-injected rainbow 
trout. Am. J. Physiol. Regulat. Integr. Comp. 
Physiol., 261: R609-R613.

Hemre, G.I., Mommsen, T. and Krogdahl, Å., 2002. 
Carbohydrates in fish nutrition: Effects on growth, 
glucose metabolism and hepatic enzymes. Aquacul. 
Nutr., 8: 175-194. https://doi.org/10.1046/j.1365-
2095.2002.00200.x

Huang, H., Ding, L., Song, X., Wang, Y. and Yang, C., 
2005. Comparative research on glucose tolerance 
between black carp Mylopharyngodon piceus and 
grass carp Ctenopharyngodon idellus. J. Fish. Sci. 
China, 12: 496-500.

Kaushik, S.J. and de Oliva Teles, A., 1985. Effect of 
digestible energy on nitrogen and energy balance in 
rainbow trout. Aquaculture, 50: 89-101. https://doi.
org/10.1016/0044-8486(85)90155-3

Kaushik, S.J. and Médale, F., 1994. Energy 
requirements, utilization and dietary supply to 
salmonids. Aquaculture, 124: 81-97. https://doi.
org/10.1016/0044-8486(94)90364-6

Kumar, V., Sahu, N., Pal, A., Kumar, S., Sinha, A.K., 
Ranjan, J. and Baruah, K., 2010. Modulation of key 
enzymes of glycolysis, gluconeogenesis, amino 
acid catabolism, and TCA cycle of the tropical 
freshwater fish Labeo rohita fed gelatinized and 
non-gelatinized starch diet. Fish Physiol. Biochem., 
36: 491-499. https://doi.org/10.1007/s10695-009-
9319-5

Legate, N., Bonen, A. and Moon, T., 2001. Glucose 
tolerance and peripheral glucose utilization in 
rainbow trout (Oncorhynchus mykiss), American 
eel (Anguilla rostrata), and black bullhead catfish 
(Ameiurus melas). Gen. Comp. Endocrinol., 122: 

48-59. https://doi.org/10.1006/gcen.2001.7620
Li, S.Y., Liu, H.Y., Tan, B.P., Dong, X.H., Yang, Q.H., 

Chi, S.Y. and Zhang, S., 2015. Effects of dietary 
carbohydrate levels on the gene expression and the 
activity of PEPCK in marine fishes with different 
food habits. Acta Hydrobiol. Sin., 39: 80-89.

Liu, C. and Chen, C., 2009. The biology and cultured 
technology of Pompano (Trachinotus ovatus). 
Shandong Fish., 26: 32-33.

Liu, H., Sun, M., Wang, H., Fu, P., Zhou, Q., Wan, W. 
and Wang, J., 2012. Effects of glucose injection 
on biochemical parameters, insulin, and glycolytic 
enzymes in GIFT (Oreochromis niloticus). J. Fish. 
Sci. China, 19: 813-820.

Lott, J.A. and Turner, K., 1975. Evaluation of Trinder’s 
glucose oxidase method for measuring glucose in 
serum and urine. Clin. Chem., 21: 1754-1760.

Méndez-Lucas, A., Hyroššová, P., Novellasdemunt, L., 
Viñals, F. and Perales, J.C., 2014. Mitochondrial 
phosphoenolpyruvate carboxykinase (PEPCK-M) 
is a pro-survival, endoplasmic reticulum (ER) stress 
response gene involved in tumor cell adaptation to 
nutrient availability. J. biol. Chem., 289: 22090-
22102. https://doi.org/10.1074/jbc.M114.566927

Méndez-Lucas, A., Duarte, J.A.G., Sunny, N.E., 
Satapati, S., He, T., Fu, X., Bermúdez, J., Burgess, 
S.C. and Perales, J.C., 2013. PEPCK-M expression 
in mouse liver potentiates, not replaces, PEPCK-C 
mediated gluconeogenesis. J. Hepatol., 59: 105-
113. https://doi.org/10.1016/j.jhep.2013.02.020

Mazur, C.N., Higgs, D., Plisetskaya, E. and March, 
B., 1992. Utilization of dietary starch and 
glucose tolerance in juvenile Chinook salmon 
(Oncorhynchus tshawytscha) of different strains 
in seawater. Fish Physiol. Biochem., 10: 303-313. 
https://doi.org/10.1007/BF00004479

Metón, I., Caseras, A., Fernández, F. and Baanante, 
I.V., 2004. Molecular cloning of hepatic glucose-
6-phosphatase catalytic subunit from gilthead sea 
bream (Sparus aurata): response of its mRNA 
levels and glucokinase expression to refeeding and 
diet composition. Comp. Biochem. Physiol. Part 
B: Biochem. Mol. Biol., 138: 145-153. https://doi.
org/10.1016/j.cbpc.2004.03.004

Mommsen, T. and Plisetskaya, E., 1991. Insulin in fishes 
and agnathans-history, structure, and metabolic-
regulation. Rev. Aquat. Sci., 4: 225-259.

Moon, T.W., 2001. Glucose intolerance in teleost fish: 
fact or fiction? Comp. Biochem. Physiol. Part B: 
Biochem. Mol. Biol., 129: 243-249. https://doi.
org/10.1016/S1096-4959(01)00316-5

Moreira, I., Peres, H., Couto, A., Enes, P. and Oliva-

https://doi.org/10.1007/BF02265155
https://doi.org/10.1007/BF02110880
https://doi.org/10.1007/BF02110880
https://doi.org/10.1146/annurev.biochem.66.1.581
https://doi.org/10.1007/BF00004513
https://doi.org/10.1046/j.1365-2095.2002.00200.x
https://doi.org/10.1046/j.1365-2095.2002.00200.x
https://doi.org/10.1016/0044-8486(85)90155-3
https://doi.org/10.1016/0044-8486(85)90155-3
https://doi.org/10.1016/0044-8486(94)90364-6
https://doi.org/10.1016/0044-8486(94)90364-6
https://doi.org/10.1007/s10695-009-9319-5
https://doi.org/10.1007/s10695-009-9319-5
https://doi.org/10.1006/gcen.2001.7620
https://doi.org/10.1074/jbc.M114.566927
https://doi.org/10.1016/j.jhep.2013.02.020
https://doi.org/10.1007/BF00004479
https://doi.org/10.1016/j.cbpc.2004.03.004
https://doi.org/10.1016/j.cbpc.2004.03.004
https://doi.org/10.1016/S1096-4959(01)00316-5
https://doi.org/10.1016/S1096-4959(01)00316-5


1128                                                                                        C. Zhou et al.

Teles, A., 2008. Temperature and dietary 
carbohydrate level effects on performance and 
metabolic utilisation of diets in European sea bass 
(Dicentrarchus labrax) juveniles. Aquaculture, 
274: 153-160. https://doi.org/10.1016/j.
aquaculture.2007.11.016

Nägele, U. and Ziegenhorn, J., 1983. Triglycerides-
colorimetric methods. In: Methods in enzymatic 
analysis (ed. H.U. Bergmeyer), 3rd Edition. VCN 
Weinheim, Germany, pp. 1-12.

Nordlie, R. and Sukalski, K., 1985. The enzymes of 
biological membranes, 2nd ed. Plenum Press, New 
York.

Panserat, S., Medale, F., Breque, J., Plagnes-Juan, E. 
and Kaushik, S., 2000. Lack of significant long-
term effect of dietary carbohydrates on hepatic 
glucose-6-phosphatase expression in rainbow trout 
(Oncorhynchus mykiss). J. Nutr. Biochem., 11: 22-
29. https://doi.org/10.1016/S0955-2863(99)00067-
4

Patsch, W., Sailer, S. and Braunsteiner, H., 1976. An 
enzymatic method for the determination of the 
initial rate of cholesterol esterification in human 
plasma. J. Lipid Res., 17: 182-185.

Peres, H., Goncalves, P. and Oliva-Teles, A., 1999. 
Glucose tolerance in gilthead seabream (Sparus 
aurata) and European seabass (Dicentrarchus 
labrax). Aquaculture, 179: 415-423. https://doi.
org/10.1016/S0044-8486(99)00175-1

Pieper, A. and Pfeffer, E., 1980. Studies on the 
comparative efficiency of utilization of gross energy 
from some carbohydrates, proteins and fats by 
rainbow trout (Salmo gairdneri, R.). Aquaculture, 
20: 323-332. https://doi.org/10.1016/0044-
8486(80)90093-9

Plummer, P., 1987. Glycogen determination in 
animal tissues. In: An introduction to practical 
biochemistry, 3rd edition. McGraw-Hill Inc.,U.S.A.

Ronner, P. and Scarpa, A., 1984. Difference in glucose 
dependency of insulin and somatostatin release. Am. 
J. Physiol. Endocrinol. Metab., 246: E506-E509.

Shahida, R., Farasat, T., Naz, S. and Shahjahan, 2017. 
Expression profile of TNF-α among impaired 
glucose tolerant and type 2 diabetic subjects in 
relation with vascular inflammation. Pakistan J. 
Zool., 49: 2153-2159.

Sheridan, M.A., Eilertson, C.D. and Plisetskaya, E.M., 
1991. Radioimmunoassay for salmon pancreatic 
somatostatin-25. Gen. Comp. Endocrinol., 
81: 365-372. https://doi.org/10.1016/0016-
6480(91)90163-Z

Shikata, T., Iwanaga, S. and Shimeno, S., 1994. Effects 

of dietary glucose, fructose, and galactose on 
hepatopancreatic enzyme activities and body 
composition in carp. Fish. Sci., 60: 613-617. https://
doi.org/10.2331/fishsci.60.613

Spannhof, L. and Plantikow, H., 1983. Studies 
on carbohydrate digestion in rainbow 
trout. Aquaculture, 30: 95-108. https://doi.
org/10.1016/0044-8486(83)90155-2

Su, H., Ou, Y., Li, J., Wang, Y. and Cao, S., 2012. Efects 
of starvation on antioxidative capacity, Na+K+ - 
ATPase activity and biochemical composition in 
juvenile Trachinotus ovatus. South China Fish. 
Sci., 8: 28.

Sun, L., Guo, H., Zhu, C., Ma, Z., Jiang, S. and Zhang, 
D., 2014. Genetic polymorphism of breeding 
populations of golden pompano (Trachinotus 
ovatus). South China Fish. Sci., 2: 67-71.

Thorpe, A. and Ince, B.W., 1976. Plasma insulin 
levels in teleosts determined by a charcoal-
separation radioimmunoassay technique. Gen. 
Comp. Endocrinol., 30: 332-339. https://doi.
org/10.1016/0016-6480(76)90084-8

Tranulis, M.A., Dregni, O., Christophersen, B., 
Krogdahl, Å. and Borrebaek, B., 1996. A 
glucokinase-like enzyme in the liver of Atlantic 
salmon (Salmo salar). Comp. Biochem. Physiol. 
Part B: Biochem. Mol. Biol., 114: 35-39. https://
doi.org/10.1016/0305-0491(95)02119-1

Tutman, P., Glavić, N., Kožul, V., Skaramuca, B. and 
Glamuzina, B., 2004. Preliminary information 
on feeding and growth of pompano, Trachinotus 
ovatus (Linnaeus, 1758) (Pisces; Carangidae) in 
captivity. Aquacul. Int., 12: 387-393. https://doi.
org/10.1023/B:AQUI.0000042135.88381.f4

Wilson, R.P., 1994. Utilization of dietary carbohydrate 
by fish. Aquaculture, 124: 67-80. https://doi.
org/10.1016/0044-8486(94)90363-8

Wilson, R.P. and Poe, W.E., 1987. Apparent inability 
of channel catfish to utilize dietary mono and 
disaccharides as energy sources. J. Nutr., 117: 280-
285.

Yang, W., Ye, J., Wang, K., Sun, Y., Zhang, C., Zhai, S. 
and Song, K., 2012. Glucose tolerance in grouper 
(Epinphelus coioides). Acta Hydrobiol. Sin., 36: 
563-568.

Yuan, X., Zhou, Y., Liang, X.-F., Li, J., Liu, L., Li, B., He, 
Y., Guo, X. and Fang, L., 2013. Molecular cloning, 
expression and activity of pyruvate kinase in grass 
carp Ctenopharyngodon idella: effects of dietary 
carbohydrate level. Aquaculture, 410: 32-40. 
https://doi.org/10.1016/j.aquaculture.2013.06.009

Zheng, P., Ma, Z., Guo, H., Li, Y., Zhang, D. and Jiang, 

https://doi.org/10.1016/j.aquaculture.2007.11.016
https://doi.org/10.1016/j.aquaculture.2007.11.016
https://doi.org/10.1016/S0955-2863(99)00067-4
https://doi.org/10.1016/S0955-2863(99)00067-4
https://doi.org/10.1016/S0044-8486(99)00175-1
https://doi.org/10.1016/S0044-8486(99)00175-1
https://doi.org/10.1016/0044-8486(80)90093-9
https://doi.org/10.1016/0044-8486(80)90093-9
https://doi.org/10.1016/0016-6480(91)90163-Z
https://doi.org/10.1016/0016-6480(91)90163-Z
https://doi.org/10.2331/fishsci.60.613
https://doi.org/10.2331/fishsci.60.613
https://doi.org/10.1016/0044-8486(83)90155-2
https://doi.org/10.1016/0044-8486(83)90155-2
https://doi.org/10.1016/0016-6480(76)90084-8
https://doi.org/10.1016/0016-6480(76)90084-8
https://doi.org/10.1016/0305-0491(95)02119-1
https://doi.org/10.1016/0305-0491(95)02119-1
https://doi.org/10.1023/B:AQUI.0000042135.88381.f4
https://doi.org/10.1023/B:AQUI.0000042135.88381.f4
https://doi.org/10.1016/0044-8486(94)90363-8
https://doi.org/10.1016/0044-8486(94)90363-8
https://doi.org/10.1016/j.aquaculture.2013.06.009


1129                                                                                        

S., 2014. Ontogenetic development of caudal 
skeletons in Trachinotus ovatus larvae. South China 
Fish. Sci., 5: 45-50.

Zhou, C., Ge, X., Niu, J., Lin, H., Huang, Z. and Tan, 
X., 2015. Effect of dietary carbohydrate levels on 

growth performance, body composition, intestinal 
and hepatic enzyme activities, and growth hormone 
gene expression of juvenile golden pompano, 
Trachinotus ovatus. Aquaculture, 437: 390-397. 
https://doi.org/10.1016/j.aquaculture.2014.12.016

Effects of Oral Glucose Administration in Golden Pompano 1129

https://doi.org/10.1016/j.aquaculture.2014.12.016

