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The present study comparatively analyzed the blood glucose and insulin concentration, the temporal and
spatial expression of brain-gut peptides and the key enzymes of glycolysis and gluconeogenesis in
Japanese flounder by intraperitoneal injection (IP) and oral administration (OR) of glucose. Samples were
collected at 0, 1, 3, 5, 7, 9, 12, 24 and 48 h after IP and OR glucose, respectively. Results showed that the
hyperglycemia lasted for about 10 h and 21 h in OR and IP group, respectively. The serum insulin concen-
tration significantly decreased at 3 h (1.58 ± 0.21 mIU/L) after IP glucose. However, it significantly
increased at 3 h (3.37 ± 0.341 mIU/L) after OR glucose. The gene expressions of prosomatostatin, neu-
ropeptide Y, cholecystokinin precursor and orexin precursor in the brain showed different profiles
between the OR and IP group. The OR not IP administration of glucose had significant effects on the gene
expressions of preprovasoactive intestinal peptide, pituitary adenylate cyclase activating polypeptide and
gastrin in intestine. In conclusion, brain-gut peptides were confirmed in the present study. And the serum
insulin and the brain-gut peptides have different responses between the IP and OR administration of glu-
cose. The OR could stimulate the brain-gut peptide expressions, which have effects on the insulin secre-
tion and then regulate the blood glucose levels. However, in IP group, there is little chance to stimulate
brain-gut peptide expression to influence the insulin secretion, which leads to a longer hyperglycemia.

� 2018 Published by Elsevier Inc.
1. Introduction

Glucose acts as an important source of energy for most species
of fish. However, carnivorous fish species like rainbow trout have
been considered as ‘‘glucose intolerant” as hyperglycemia after a
glucose load can last for several hours, even more than one day
due to their limited ability in using glucose efficiently (Aguilar,
2010). Glycolysis and gluconeogenesis act as the physiological
functions of carbohydrate decomposition and synthesis. Enzymes
in the two pathways coordinate with each other to ensure the
glucose homeostasis in fish. Previous studies in fish found that
the hepatic glucokinase (GK) activity could be induced by dietary
carbohydrates in rainbow trout, gilthead seabream and common
carp (Panserat et al., 2000). Activity of pyruvate kinase (PK) was
significantly influenced by high levels of dietary carbohydrate in
perch and European seabass (Borrebaek and Christophersen,
2000; Enes et al., 2006). However, 6-phosphofructokinase-1 (PFK)
activity was not induced by dietary carbohydrates in gilthead sea
bream and turbot (Couto et al., 2008; Nie et al., 2013). A review
of studies on carbohydrate utilization in fish (Luo and Xie, 2010)
showed that some carnivorous fish species (i.e., rainbow trout, tila-
pia) showed a higher blood glucose without suppression on the
activity and gene expression of glucose-6-phosphatase, fructose-
1,6-bisphosphatase (FBPase) and phosphoenolpyruvate carboxyki-
nase when fed diets containing carbohydrates. However, the find-
ings were not always unanimous.

Although glucose is not the main energy substrate for carnivo-
rous fish species, glucose metabolism is important for the function
of specific tissues in fish, such as brain (Soengas and Aldegunde,
2002). The brain has the highest glucose utilization rates per unit
mass in all tissues examined in rainbow trout (Washburn et al.,
1992). In mammals, the brain is responsible for neuroregulation,
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meanwhile, gut cells responsible for perceive nutrients. The brain
and gut have complicated connections in nutrients, hormone and
nerve, thus a gut–brain axis has been generated (Romijn et al.,
2008). Pearse and Takor (Pearse and Takor, 1979) pointed out that
gastrointestinal peptide secreting cells and peptidergic neurons in
the brain are all originated from the neuroectoderm. Some studies
put forward the concept of enteric nervous system, and it has close
ties to brain systems (Wood, 1996). With the discovery of brain-
gut peptides, researchers produced the hypothesis of a brain-
intestinal connection (Zhang, 2001). Although the function of the
brain-gut axis in fish is not totally clear, the brain-gut peptides like
gastrin (Pereira et al., 2015), cholecystokinin (Polakof et al., 2011)
and somatostatin (SS) (Sheridan et al., 1987), has been demon-
strated to play a crucial role in glucose homeostasis in mammals.

In previous studies in mammals, it was confirmed that somato-
statin promotes glycogen breakdown and the release of glucose
from liver to plasma (Eilertson et al., 1991). And it can also inhibit
hormones secretion, including insulin (Eilertson and Sheridan,
1993; Sheridan et al., 1987; Very et al., 2001). Neuropeptide Y
(NPY) is also involved in regulating insulin and glucose metabolism
in fish. It was found that plasma insulin levels decreased in fasted
European sea bass co-injected with NPY plus glucose, but remained
stable when NPY was administrated alone to fed and fasted ani-
mals (Cerdá-Reverter et al., 1999). Studies in mammals showed
that cholecystokinin (CCK) can stimulate insulin secretion and it
can also make influence on b cell proliferation (May et al., 2016).
Orexin (OX) can promote insulin secretion and enhance the capac-
ity of glucose-stimulated insulin (Park et al., 2015). In addition, the
functions of vasoactive intestinal peptide (VIP) and pituitary
adenylate cyclase activating polypeptide (PACAP) are similar in
animal reproduction, nutrient digestion and energy balance. And
the two hormones can stimulate insulin secretion (Bredkjoer
et al., 1997; Vaudry et al., 2000). Gastrin has a function similar to
that of VIP and PACAP in glucose metabolism, and it can also stim-
ulate insulin production (Yue et al., 2007).

However, little related information has been reported in fish.
There are two kinds of glucose tolerance tests in published studies.
They are the intraperitoneal injection glucose test and oral glucose
test. It has been shown that after injected intraperitoneally with 1
g glucose/kg body weight, blood glucose levels reached a peak at 3
h in sea bream and 6 h in sea bass (Peres et al., 1999). The blood
glucose in both the two fish species returned to the normal level
at 12 h after injection. The concentration of plasma glucose in tila-
pia peaked at 3 h after oral administration of glucose and starch,
and the plasma insulin concentration was higher at 1 h after oral
administration of glucose than those orally administrated with
starch (Lin et al., 1995). With regards to the absorption pattern
of glucose, it was absorbed through coeliaco-mesenteric capillaries
after intraperitoneal injection and through the digestive tract canal
after oral administration. In mammals, the intestine can be stimu-
lated by high glucose, which in turn triggers the secretion of
intestinal hormones activating a hypoglycemic mechanism, such
as the incretin (Hayes et al., 2014). But there is little chance for
the intestinal hormones to be stimulated by the injection glucose.
However, little related reports were found in fish.

Japanese flounder Paralichthys olivaceus is one of the typical
marine carnivorous fish species. After a 45-day feeding trial with
different dietary carbohydrate sources, a previous study found that
the Japanese flounder utilized dextrin more efficiently than glu-
cose, and dextrin was a better source of energy than lipid. In that
study, however, only the apparent parameters including growth
performance, feed utilization and body compositions were
analyzed (Lee et al., 2003). The present study was conducted to
analyze the compositions of the brain-gut peptides and their gene
expression profiles after oral administration and injection of
glucose, furthermore, to investigate the relationship between these
gene expression and the changes of insulin and glucose concentra-
tion in blood, and the expressions of the key enzymes involved in
glycolysis and gluconeogenesis in liver of Japanese flounder. The
aim is to assess whether there is a negative feedback mechanism
in the insulin-regulated glucose homeostasis through brain-gut
peptides in Japanese flounder.
2. Materials and methods

2.1. Experimental animals

Japanese flounders (body weight: 225 ± 50 g) were provided by
a local fish farm in Haiyang, Shandong Province, China. They were
randomly distributed into cylindrical fiberglass tanks (300-L) in a
re-circulating water system. During the 4-week acclimation, Japa-
nese flounders were fed with commercial feeds (Qingdao Great
Bio-tech Co., Ltd) to satiation twice daily. All animal care and han-
dling procedures were approved by the Animal Care Committee of
Ocean University of China.
2.2. Intraperitoneal injection of glucose

There were two intraperitoneal injection (IP) groups. One was IP
injected with phosphate buffer solution (PBS), and one was
injected with glucose. There were eight tanks per injection group,
and eight fish per tank. Before injection, Japanese flounders were
fasted for 48 h to eliminate the effect of residual food in the diges-
tive tract, and then were anaesthetized with MS-222 (50 mg/l).
After being weighed, fish were IP injected with 1 g glucose/kg body
weight (Booth et al., 2006). The glucose was purchased from Sigma
(500 mg/ml, Sigma, USA). Meanwhile, the other group of animal
was injected with the same volume of PBS (0.01 mol/L) as the glu-
cose injection group, and was used as the control. The operations of
injection for each tank were completed within 5 min. After injec-
tion, Japanese flounders were put back into the tanks. Samples of
blood, brain, intestinal, muscle and liver were collected just before
(time 0 h) and 1 h, 3 h, 5 h, 7 h, 9 h, 12 h, 24 h and 48 h after injec-
tion (Yang et al., 2012; Liu et al., 2015). Blood was collected by 1 ml
syringes from caudal vein. Serumwas obtained after centrifugation
(10,000g for 10 min at 4 �C) of blood. All samples were frozen in
liquid nitrogen immediately and stored at -80 �C.
2.3. Oral administration of glucose

Before oral administration, Japanese flounders were fasted for
48 h to eliminate the effect of residual food in the digestive tract,
and then were anaesthetized with MS-222 (50 mg/l). There were
two oral administration groups, and eight tanks per group, eight
fish per tank. One group received glucose (500 mg/ml, Sigma,
USA) with 1.67 g/kg body weight (Huang et al., 2005). The other
group received the same volume of PBS (0.01 mol/L) and was used
as the control. After oral administration, Japanese flounders were
put back into the tanks. Samples of blood, brain, intestinal and liver
were collected just before (time 0 h), and 1 h, 3 h, 5 h, 7 h, 9 h, 12 h,
24 h and 48 h after OR. These samples were collected and stored as
described above.
2.4. Analysis of glucose and insulin concentrations in serum

Concentration of glucose in serum was determined with the
automatic biochemical analyzer (Hitachi, 7600-210, Japan). Con-
centration of insulin in serum was analyzed with double antibody
sandwich enzyme-linked immunosorbent assays. The common
carp insulin was used as the reference insulin (ELISA, MIbio, China).
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2.5. Analysis of glycogen contents

The glycogen concentrations in muscle and liver were deter-
mined using the anthrone chromogenic method with commercial
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
They were measured with a UV spectrophotometer (UV-2401PC,
Shimadzu, Kyoto, Japan).
2.6. Tissue distribution of the selected brain-gut peptides

Tissue distributions of the brain-gut peptides were detected in
stomach, gill, spleen, muscle, brain, liver, kidney, intestine and
eye by the real-time quantitative RT-PCR (q-PCR). Specific primers
for peptides and b-actin (reference gene) are shown in Table 1. Iso-
lation of total RNA and synthesis of the first strand cDNA were car-
ried out following the instructions of the kit (Trizol and
PrimeScript Reverse Transcriptase, Takara, Japan).
2.7. Gene expression analysis by real-time quantitative RT-PCR

Gene expression levels were determined by q-PCR using the
iCycler iQTM (Bio-Rad,Hercules, CA, USA). Analyses were using SYBR
Green I (CWbiotech, China) according to the manufacturer’s
instructions. The total reaction volume was 25 ll, including 1.0
ll cDNA, 12.5 ll 2 � UltraSYBR Mixture, 1 ll each of gene-
specific primer (10 lM, Table 2) and 9.5 ll DEPC water. Thermal
cycling was initiated with incubation at 95 �C for 10 min using
hot-start iTaqTM DNA polymerase activation, 40steps of PCR were
performed, each one consisting of heating at 95 �C, 10 s for dena-
turing, and at specific annealing and extension temperatures is
Tm for 30 s, 72 �C for 32 s. Following the final PCR cycle, melting
curves were systematically monitored (58 �C temperature gradient
at 0.5 �C/s from 58 to 95 �C) to ensure that only one fragment was
amplified. Relative quantification of the target gene transcript was
done using b-actin gene expression as reference (Olsvik et al.,
2005) which was stably expressed in this experiment. Samples
without reverse transcriptase and samples without RNA were run
Table 1
Expression levels of prosomatostatin (Pro-SS), neuropeptide Y (NPY), cholecystokinin p
(Pro-VIP), pituitary adenylate cyclase activating polypeptide (PACAP) and gastrin mRNA in

Pro-SS NPY Pro-CCK

Eye 1.33 ± 0.19a 24.42 ± 0.33e 0.06 ± 0.02a

Stomach 0.23 ± 0.04a 0.32 ± 0.03ab 1.08 ± 0.33b

Gill 0.96 ± 0.12a 4.87 ± 1.72 cd 0.01 ± 0.00a

Spleen 0.18 ± 0.12a 5.90 ± 1.20d 0.00 ± 0.00a

Muscle 0.50 ± 0.09a 1.13 ± 0.08ab 0.00 ± 0.00a

Brain 22.90 ± 2.12b 36.82 ± 3.32f 24.17 ± 5.65d

Liver 0.36 ± 0.18a 1.54 ± 1.02ab 0.03 ± 0.02a

Kidney 0.22 ± 0.06a 0.04 ± 0.01a 0.00 ± 0.00a

Intestine 0.9 ± 0.20a 2.18 ± 0.72bc 5.01 ± 0.69c

Those are relative expression levels. Different letters indicate significant differences (P <

Table 2
Primers used for gene mRNA quantification by RT-PCR.

Gene Forward primer (50–30) Reverse primer (500–30)

b-actin GGAAATCGTGCGTGACATTAAG CCTCTGGACAACGGAACCTC
NPY AAGACAGAGGTATGGGAAGAG CTTGACTGTGGAAGCGTGT
Pro-SS AAACTCCGCCTGTTGCTG CAGAGCCTCGTTCTCCACC
Pro-CCK CATCTCGTCCAGGAAAGGT TCCATCCAGCCCAAGTAG
Orexin ATGCTCATCCTCCTTCCG ACCATCTCGCTCCTGTCG
PACAP CCCTCCCTGGATTATGAC GCTTTCCTGTAGGCTTTATT
Gastrin AGGGACTCGGCTCACAGA TTGGTCATAATCTCCCGTTC
Pro-VIP GTCAAGCGTCACTCAGATGC GGGTCTTCCAGGCTTCTCTT

G/T = K; A/C = M; A/G = R; C/T = Y; A/T = W
for each reaction as negative controls. Relative quantification of
the genes were calculated using ‘‘2-DDCt” meth (Livak and
Schmittgen, 2001) with b-actin as reference gene. All q-PCR reac-
tions were performed in triplicate biological replicates.
2.8. Analysis of carbohydrate metabolism related enzymes activities

The analysis of the activities of GK, PK, PFK and FBPase were
conducted by the methods of Nie et al. (2015). Briefly, a frozen
sample of tissues (500 mg) was homogenized (dilution 1/10) in
ice-cold buffer (pH 7.6) consisting of 50 mmol l�1 Tris, 5 mmol
l�1 EDTA, 2 mmol l�1, 1,4-dithiothreitol and 1% protease inhibitor
cocktail (Sigma, USA). The homogenate was centrifuged at
10,000 r/min for 30 min and the supernatant was collected. The
analysis was measured at 340 nm using a microplate reader
(Thermo Scientific Multiskan Spectrum, USA) at 30 �C. The total
protein content in crude extracts was determined at 30 �C using
bovine serum albumin as a standard based on the method of
Bradford (1976). One unit of enzyme activity was defined as
the amount of enzyme that catalyzed the hydrolysis of 1 lmol
of substrate per mg protein per minute at 30 �C. Enzyme activi-
ties were expressed in per milligram of total protein (specific
activity).
2.9. Statistics analysis

All data were expressed as means ± standard error and per-
formed using SPSS 17.0. A two-way analysis of variance (ANOVA)
was used to compare the differences in the values of concentra-
tions of blood glucose and insulin, activities of enzyme, and gene
expressions of peptides among the different sampling times.
Values on these parameters on 0 h in PBS group are the same in
glucose group. So these two groups share the values on 0 h. When
overall differences were considered statistically significant at
P < 0.05, Tukey’s test was used to compare the means among
individual treatments.
recursor (Pro-CCK), orexin precursor (Pro-OX), preprovasoactive intestinal peptide
Japanese flounder.

Pro-OX Pro-VIP PACAP Gastrin

1.03 ± 0.27a 1.01 ± 0.19b 1.04 ± 0.39b 1.01 ± 0.12a

0.20 ± 0.10a 4.19 ± 0.61c 0.02 ± 0.00a 0.27 ± 0.14a

0.34 ± 0.09a 1.19 ± 0.03b 0.01 ± 0.00a 1.03 ± 0.28a

0.16 ± 0.03a 1.03 ± 0.01b 0.01 ± 0.00a 0.13 ± 0.05a

0.19 ± 0.08a 0.02 ± 0.01a 0.00 ± 0.00a 0.43 ± 0.21a

5.84 ± 1.59b 8.38 ± 1.01c 8.47 ± 0.77c 1.14 ± 0.32a

0.26 ± 0.12a 0.22 ± 0.24a 0.01 ± 0.01a 0.35 ± 0.17a

0.12 ± 0.06a 0.03 ± 0.01a 0.00 ± 0.00a 0.17 ± 0.12a

0.20 ± 0.06a 14.54 ± 1.44d 17.81 ± 2.77d 21.63 ± 2.66b

0.05).

Target size (bp) Annealing temperature (�C) E value

T 155 58 1.011
99 58 0.922
117 58 0.932
105 57 0.913
127 59 0.966
143 60 0.951
101 60 0.923
116 60 0.974
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3. Results

3.1. Concentrations of glucose and insulin in serum

Concentrations of glucose in serum reached the peak (20.06 ± 1.
92 mM) at 5 h after the IP injection of glucose, which was about 28
times as high as that at 0 h (0.71 ± 0.25 mM) (Fig. 1A). From the 5 h
to 24 h after injection, the blood glucose decreased to 7.40 ± 5.47
Fig. 1. The concentration of blood glucose and serum insulin in Japanese flounder after in
buffer solution (PBS). Each value is expressed as the Mean ± SE (n = 9). Different letters in
no significant difference for PBS administration. # means that significantly different fro
mM. There was no significant difference in blood glucose between
the time point of 0 h and 24 h (Fig. 1A). After injection of glucose,
the insulin concentration in serum was decreased to the lowest
value (1.58 ± 0.21 mIU/L) at 3 h (Fig. 1B). After that, it grew gradu-
ally to the normal value at 24 h (3.03 ± 0.006 mIU/L) as that at 0 h
(3.20 ± 0.18 mIU/L).

After oral administration of glucose, blood glucose concentra-
tion had rapidly increased at 3 h (1.90 ± 0.23 mM), and it was
traperitoneal (IP) (A, B) and oral (OR) (C, D) administration of glucose or phosphate
dicate significant differences among sampling times within glucose load. There was
m fish administration of glucose and PBS at the same time.
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higher than those at the other time points. After the 3rd hour, the
blood glucose concentration decreased gradually (Fig. 1C). The
serum insulin concentration increased from 2.36 ± 0.21 mIU/L
(0h) to 3.37 ± 0.34 mIU/L (3h). It returned to the normal level after
5 h, and then, kept relatively stable (Fig. 1D).
Fig. 2. Gene expressions of prosomatostatin (Pro-SS), neuropeptide Y (NPY), cholecysto
Flounder after intraperitoneal (IP) (A, C, E, G) and oral (OR) (B, D, F, H) administration of g
± SE (n = 9). Different letters indicate significant differences among sampling times withi
that significantly different from fish administration of glucose and PBS at the same time
3.2. Tissue distribution of peptides genes

Results of the gene distribution and expression are shown in
Table 1. The relative expressions of prosomatostatin (Pro-SS) and
orexin precursor (Pro-OX) in brain were relatively higher than that
kinin precursor (Pro-CCK) and orexin precursor (Pro-OX) in the brain of Japanese
lucose (Glu) or phosphate buffer solution (PBS). Each value is expressed as the Mean
n glucose load. There was no significant difference for PBS administration. # means
.
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in the other analyzed tissues including stomach, gill, spleen, mus-
cle, liver, kidney, intestine and eyes. Gastrin was mainly expressed
in intestine. NPY, CCK precursor (Pro-CCK), Preprovasoactive
intestinal peptide (Pro-VIP) and PACAP were detected in many tis-
sues. Relative expression of NPY had the highest value in brain, and
followed by the eye, gill and spleen. Relative expression of Pro-CCK
was up to maximum in brain, followed by the intestine and stom-
ach. The expression of Pro-VIP was relatively high in intestine, but
low in brain, stomach, gill, spleen and eyes. The PACAP had the
highest expression in intestine, then brain.

3.3. Gene expressions after glucose administration

3.3.1. Gene expression of the Pro-SS, NPY, Pro-CCK and Pro-OX in brain
Results of the gene expression in brain after glucose administra-

tion are shown in Fig. 2.
One hour after the intraperitoneal injection of glucose,

mRNA levels of the Pro-SS were significantly increased, then
Fig. 3. The gene expression of preprovasoactive intestinal peptide (Pro-VIP), pituitary a
Flounder after intraperitoneal (IP) (A, C, E) and oral (OR) (B, D, F) administration of glucos
SE (n = 9). Different letters indicate significant differences among sampling times within
that significantly different from fish administration of glucose and PBS at the same time
it was not significantly differed from that at 0 h at the others
time points. In the group of IP PBS, there were no significant
different in mRNA levels of Pro-SS among all the time points
(Fig. 2A).

After oral glucose administration, Pro-SS mRNA levels were sig-
nificantly up-regulated at the time point of 3 h and 5 h (Fig. 2B).
The NPY mRNA levels were significantly increased only at 3 h after
IP and 5 h after OR glucose (Fig. 2C, D). The cholecystokinin precur-
sor (Pro-CCK) mRNA levels were significantly increased only at 5 h
after IP and 3 h after OR glucose (Fig. 2E, F). The Pro-OX mRNA
levels significantly decreased at all the time points after IP glucose.
However, there were no significant differences among all the time
points after OR glucose (Fig. 2G, H).

3.3.2. Gene expression of Pro-VIP, PACAP and gastrin in intestine
Results of the gene expression in intestine after glucose

administration are shown in Fig. 3. There were no significant dif-
ferences in gene expressions of preprovasoactive intestinal peptide
denylate cyclase activating polypeptide (PACAP) and gastrin in the gut of Japanese
e (Glu) or phosphate buffer solution (PBS). Each value was expressed as the Mean ±
glucose load. There was no significant difference for PBS administration. # means
.
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(Pro-VIP), PACAP and gastrin among all the time points after IP
glucose (Fig. 3A, C, E). The expressions of these three genes were
significantly higher at 1 h, 3 h and 1 h after OR glucose than that
at 0 h, respectively (Fig. 3B, D, F). There were no significant differ-
ences between the rest time points and 0 h.
Fig. 4. The glycogen contents in muscle and liver of Japanese flounder after intraperitone
solution (PBS). Each value was expressed as the Mean ± SE (n = 9). Different letters indica
significant difference for PBS administration. # means that significantly different from fi
3.4. Glycogen in muscle and liver

The maximum muscle glycogen content was found at 5 h both
in intraperitoneal and oral administration of glucose group. And
then it decreased (Fig. 4A, B). The changes of liver glycogen
al (IP) (A, C) and oral (OR) (B, D) administration of glucose (Glu) or phosphate buffer
te significant differences among sampling times within glucose load. There was no
sh administration of glucose and PBS at the same time.
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contents are shown in Fig. 4C and 4D. In the IP glucose group, liver
glycogen content decreased at 3 h and increased after 5 h. And the
significant highest value was found at 9 h (Fig. 4C). In the OR glu-
cose group, the highest value of liver glycogen content was found
at 5 h. By contrast, the liver glycogen contents in the PBS groups
showed no significant differences among all the time points
(Fig. 4D).

3.5. Activities of enzyme in glycolysis and gluconeogenesis in liver

Activity of GK showed a peak at 5 h (10.84 ± 0.68 mU.mg�1

protein) after IP glucose, and it was significantly higher than that
Fig. 5. The glucokinase (GK) (A, B), 6-phosphofructokinase-1 (PFK) (C, D), Pyruvate kinas
Japanese flounder after intraperitoneal administration (A, C, E, G) and oral administrat
separately analyzed in treatment group or control group. Each value is the mean ± SE (n
glucose load. There was no significant difference for PBS administration. # means that s
at 0 h (7.46 ± 0.83 mU.mg�1 protein) (Fig. 5A). Activity of GK after
OR glucose increased to a peak at 5 h (9.84 ± 0.87 mU.mg�1 pro-
tein), and it was significantly higher than that at 0 h (Fig. 5B).
Meanwhile, the PFK activity was not increased significantly in both
IP and OR groups (Fig. 5C, 5D). Pyruvate kinase activity showed a
peak at 7 h (112.98 ± 9.75 mU.mg-1 protein) after IP glucose, and
it was significantly higher than that at 0 h (72.05 ± 7.35 mU.mg-1

protein). The activity of pyruvate kinase after OR glucose increased
to a peak at 7 h (115.46 ± 7.49 mU.mg-1 protein), and it was signif-
icantly higher than that at 0 h (Fig. 5E, F). The activities of FBPase
showed a first increasing then decreasing trend in both intraperi-
toneal and oral glucose administration, peaking at 7 h (Fig. 5G, H).
e (PK) (E, F) and fructose-1,6-bisphosphatase (FBPase) (G, H) activities in the liver of
ion (B, D, F, H) of glucose (Glu) or phosphate buffer solution (PBS). The data were
= 9). Different letters indicate significant differences among sampling times within
ignificantly different from fish administration of glucose and PBS at the same time.
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4. Discussion

In the present study, the PBS groups were used as the control.
Data on the blood glucose and serum insulin concentrations in
the PBS groups showed that the operation of injection or oral
administration had no significant effects on the experimental ani-
mals in the present study.

The present study showed that the blood glucose content of
Japanese flounder reached its peak (20.06 ± 1.92 mM) at 5 h after
intraperitoneal injection of glucose (1g/kg) and the hyperglycemia
lasted about 21 h. This was similar with the previous study on Aus-
tralian snapper Pagrus auratus, in which the blood glucose reached
to the peak at 3 h (18.9 mM) and the hyperglycemia lasted for
about 18 h (Booth et al., 2006). However, following intraperitoneal
injection with the same or even a higher dose of glucose, some
omnivorous fish like tilapia and white sea bream, take 1–2 hours
before reaching a peak in blood glucose levels and 6–9 hours to
recover to basal level (Enes et al., 2012; Wright Jr et al., 1998). It
was suggested that the omnivorous fish species had higher ability
of blood glucose control than the carnivorous, such as Australian
snapper and Japanese flounder. After oral administration of glucose
(500 mg/ml, 1.67 g/kg), blood glucose of Japanese flounder peaked
(1.90 ± 0.23 mM) at 3 h, and it returned to normal level (0.89 ± 0.
04 mM) at 12 h, and duration of hyperglycemia is about 10 h. This
is similar with the results in previous studies in carnivorous fish
species, such as the black carp Mylopharyngodon piceus (Huang
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et al., 2005) and grouper (Yang et al., 2012). In omnivorous fish,
however, the blood glucose concentration reached the peak value
(26.04 mM) at 3 h, and the hyperglycemia lasted about 7 h in carp
after oral administration of glucose (1.67 g/kg) (Cai et al., 2003).
After oral administration of glucose (1.67 g/kg) in grass carp
Ctenopharyngodon idellus, a herbivorous fish, the highest blood glu-
cose concentration reached at 3 h, and the hyperglycemia lasted
about 6 h (Huang et al., 2005). It was suggested that the carnivo-
rous fish had lower ability of blood glucose control than the omniv-
orous and herbivorous fish.

In the present study, the hyperglycemia lasted for about 10 h in
oral administration of glucose group, and the highest concentra-
tion of blood glucose was 1.90 ± 0.32 mM. While in the injection
of glucose group, the hyperglycemia lasted for about 21 h, and
the peak value of blood glucose was 20.06 ± 2.72 mM. It was sug-
gested that the Japanese flounder has stronger capacity in elimi-
nating glycemia caused by oral administration of glucose than by
the IP injection of glucose. This could be partly due to the following
reasons. In OR glucose group, a portion of glucose could be
absorbed by cells to provide energy when glucose enters gastroin-
testinal tract before it was absorbed into the bloodstream
(Krogdahl et al., 2005). The unabsorbed portion was excreted with
faeces. Glucose by the way of intraperitoneal injection was mostly
absorbed into the bloodstream directly by the peritoneal capillary
not intestine (Mackmull and Michels, 1932; Olson, 1996). In mam-
mals, the intestine can be stimulated by high glucose, which in
turn triggers the secretion of intestinal hormones activating a
hypoglycemic mechanism, such as the incretin (Hayes et al.,
2014). In the present study, serum insulin levels sharply declined
in IP group, and were significantly increased in OR group at 3 h.
This could be one of the reasons why the hyperglycemia lasted
for a longer time in IP group (about 21 h) than in OR group (about
10 h). Glucose comes to the brain through blood circulation. Due to
the high blood-brain barrier permeability of arcuate nucleus in the
hypothalamus (Xu et al., 2016), after the stimulating of glycemia to
brain, the gene expression of Pro-SS, NPY, Pro-CCK and Pro-OX was
Fig. 6. Summary on the results of the present study. Regulations of glucose metabolism
administration of glucose. Red line stands for stimulation, and black line means inhib
represents the significant inhibition effects. Black dotted line means inhibition, but did
difference in all time points. Point in time after glucose loads with red and black symbol
interpretation of the references to colour in this figure legend, the reader is referred to
significantly different at 1 h, 3 h, 5 h and 1 h compared to 0 h,
respectively. It has been suggested that the sensitivity of these hor-
mones in the brain was different. This also shows that in the period
of blood glucose raised by IP injection glucose, the hormones play
different roles. Previous studies in mammals showed that SS and
NPY can inhibit insulin secretion, and orexin can promote insulin
secretion and enhance the capacity of glucose-stimulated insulin.
In consideration of the function of these hormones, it was sug-
gested that insulin declined at 3 h after IP injection glucose admin-
istration could be relevant to these hormones.

In mammals, SS, NPY, CCK, OX, VIP, PACAP and gastrin belong to
the brain-gut peptide hormones (Dockray, 2009; Kirchgessner,
2002; Lazarczyk et al., 2003; Naito et al., 2001; Tatemoto et al.,
1982) and they can be found in brain and intestines. The function
of CCK in the gut is to control the release of pancreatic enzyme
and gallbladder contraction. It acts as a neurotransmitter, which
can control feeding, analgesia, blood pressure, memory, insulin
release in the nervous system (Du et al., 2007). Pro-VIP and PACAP
are mainly as neurotransmitter in brain. In the digestive system,
they mainly act as gastrointestinal hormones, and promote insulin
secretion (Filipsson et al., 1999; Xu et al., 2002; Zhang and Li, 2009).

In the present study, only the Pro-CCK, Pro-VIP and PACAP were
found both in the brain and intestine. The expressions of Pro-SS
and Pro-OX were only detected in the brain. And the expression
of gastrin was only found in the gut. In a word, it was confirmed
that the brain-gut peptides and their gene expression were
detected in brain and gut. This could support the hypothesis of
brain-intestine connection in Japanese flounder. The gene tran-
script of Pro-SS and NPY was up-regulated at 1 h and 3 h, respec-
tively, after IP glucose. And the gene expression of Pro-OX was
down-regulated at 1 h. That is to say the secretion of insulin was
depressed in the first 3 h after IP glucose. After 3 h, the gene
expression of Pro-CCK was significantly elevated, and the blood
insulin level increased.

In the IP group, injected glucose did not enter into intestine but
directly into abdominal cavity capillary, so there was no significant
in brain and intestine were affected by intraperitoneal (IP) (A) and oral (OR) (B)
ition. The red circle represents the significant promotion effects. The black circle
not show significant difference. The yellow line stands for there is no significant
means significant difference was found at that time point. L: liver; M: muscle. (For
the web version of this article.)
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difference in expression of gut hormone genes, such as Pro-VIP,
PACAP and gastrin. However, in the OR group, glucose enters into
gastrointestinal tract. After oral glucose administration, blood insu-
lin increased at 1–3 h,meanwhile it begun to drop after 3 h. Pro-CCK
expression runs up at 3 h. The differences in expression quantity of
Pro-SS occurred at 3–5 h, while for NPY the difference appeared
at 5 h. Before hyperglycemia appears, hormones in gut which can
stimulate insulin secretion like VIP (Ahren and Lundquist, 1981),
PACAP (Filipsson et al., 1999) and gastrin (Ahren and Lundquist,
1981) had high expression levels at 1 h, 1 h and 3 h, respectively.
This suggests that the stimulation of gene expression of gastroin-
testinal hormones have an important effect on the secretion of
insulin, which can control the blood glucose level. In mammals,
these hormones include glucose-dependent insulinotropic polypep-
tides, glucagon-like peptide-1, gastrin, PACAP, VIP etc.

In the present study, there are different patterns of blood insulin
levels changing with intraperitoneal injection and oral administra-
tion of glucose. Moreover, gene expressions of brain-gut peptides
showed a temporal and spatial difference, and the peptides have
the function of regulating insulin secretion in mammals. Therefore,
it is further speculated that the oral administration of glucose could
stimulate the brain-gut peptides (VIP, PACAP and gastrin) expres-
sion, which have effects on the insulin secretion and then regulate
the blood glucose levels. However, in IP group, there is little chance
to stimulate brain-gut peptide expression to influence the insulin
secretion, which leads to a longer hyperglycemia.

In the present study, muscle glycogen content peaked at 5 h
after IP or OR administration of glucose. Meanwhile, the liver
glycogen peaked at 7 h in IP group, and 5 h in Org group. The blood
glucose level peaked at 3 h in OR group and 5 h in IP group. That is
to say the glycogen content peaked as the blood glucose level
decreased. This suggests that the glycogen synthesis is a kind of
strategy in Japanese flounder to reduce the hyperglycemia.

Glycolysis and gluconeogenesis mainly participate in the cata-
bolism and synthesis of glucose, coordinating with each other to
ensure the glucose homeostasis. As one of the hexokinase (HK)
isoenzymes, GK is the initial enzyme of the glycolysis pathway.
The present study showed that the high glucose load significantly
increased the activity of GK. This is in agreement with previous
findings in European sea bass (Enes et al., 2006), rainbow trout
(Polakof et al., 2008) and turbot (Nie et al., 2013). Furthermore,
the changing of GK activity was consistent with or relatively
delayed to blood glucose level after IP injection glucose and oral
glucose. The PK activity was significantly induced by IP and OR glu-
cose. It peaked at 7 h, delayed to the time of blood glucose peak,
which is at 5 h in IP group and 3 h in OR group. With regard to
the FBPase activity, it continuously decreased during the first 7 h
after IP or OR glucose, suggesting that before the blood glucose
peaking and just after the peak the gluconeogenesis is decreased.
This helps to lower the blood glucose level. This suggested that
Japanese flounder has a definite adaptability to high loaded
glucose. All the results are summarized in a Fig. 6.
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