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Abstract Dietary arginine (Arg) could improve the in-
testinal structure and absorption of grass carp (Cteno-
pharyngodon idellus); however, the mechanism of Arg
on intestinal morphology improvement was unclear.
The present study aimed to explain the possible mech-
anism of the positive effect of Arg on intestinal epithe-
lial cells of grass carp. An in vitro study was conducted
through a primary culture model to assess the growth,
cell viability, mRNA expressions of TOR signal path-
way, and tight junction proteins of enterocytes after
culture in the medium with 6 levels of Arg (0, 0.1, 0.2,
0.5, 1.0, and 2.0 mmol/L). The results showed that
0.5 mmol/L Arg improved the cell number and de-
creased the lactate dehydrogenase and creatine kinase
activities in culture medium (P < 0.05). The alkaline
phosphatase activity in cell lysis buffer was depressed
by 1 and 2 mmol/L Arg (P < 0.05). The nitric oxide
(NO) content showed an increasing trend with the Arg
content (P < 0.05), whereas the NO synthase activity
showed an opposite trend to NO. TOR expression was
higher in 0.2 and 0.5 mmol/L groups, whereas S6K1
expression in 1.0 mmol/L and 2.0 mmol/L groups were
lower (P < 0.05). The mRNA expressions of occludin,
claudin 3, and claudin c in 0.5 mmol/L group were the
highest, while ZO-1 and claudin b expressions were
higher in 0.2 and 0.5 mmol/L groups (P < 0.05). This

study indicated that Arg enhanced the growth and in-
tegrity of intestinal epithelial cells of grass carp through
upregulation of mRNA expression of TOR signal path-
way and tight junction proteins at an optimal Arg con-
tent of 0.2–0.5 mmol/L.
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Introduction

Intestinal epithelium, composed of a single layer of
cells, shares two important functions: absorbing helpful
substances and acting as a barrier against harmful sub-
stances (Günzel and Yu 2013), due to the presence of a
brush border on the lumenal cell surface and tight junc-
tions between the epithelial cells thus forming a rela-
tively impermeable membrane (Rescigno et al. 2001).
Tight junction, including occludin, claudin family, and
zonula occludens (ZOs), is a highly dynamic intercellu-
lar junction with a complex multiprotein structure. A
large family of transmembrane proteins called claudins
was reported (Van Itallie and Anderson 2004). Structur-
ally, tight junction is composed of transmembrane pro-
teins (occludin and claudins) linked to the actin
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cytoskeleton via cytoplasmic ZO proteins (Anderson
and Van Itallie 1995; Stevenson et al. 1986). The integ-
rity of the intestinal epithelial barrier structure is insep-
arable from the health and nutrient absorption of the
intestine (Xia et al. 2016).

Arginine (Arg), which is an essential amino acid for
finfish species (Wilson 2002), shares multiple biological
properties. More attention has been paid to the protec-
tive effect of Arg on intestinal health. Arginine has been
shown to improve intestinal weight and mucosal cell
proliferation, recover intestinal absorptive function
(Sukhotnik et al. 2005), and reduce the apoptosis of
intestinal epithelial cells (Wu et al. 2007). Arginine
activates the target of mammalian rapamycin (mTOR)
signaling pathway in intestinal cells when entering the
cells (Corl et al. 2008; Rhoads et al. 2008). Besides, Arg
serves as the substrate for synthesis of nitric oxide (NO)
through the catalysis of NOS (Zhan et al. 2008), which
can stimulate intestinal cell migration, maintain the in-
testinal mucosal structure integrity, and prevent the in-
testine from injuries (Koppelmann et al. 2012; Stettner
et al. 2018). Arginine also can increase the gene expres-
sions of the claudin-1 and occludin in porcine small
intestinal epithelial cell line (Xia et al. 2016) and protect
permeability and tight junction protein expressions (ZO-
1 and occludin) inMTX-treated intestinal epithelial cells
(Beutheu et al. 2013).

Leakage of the intracellular lactate dehydrogenase
(LDH) and creatine kinase (CK) into the culture medi-
um indicates cell damage (Fredsted et al. 2005). Alka-
line phosphatase (AKP) is an indicator of enterocyte
differentiation, in addition, cytosolic activities of Na+,
K+-ATPase, and AKP reflect the absorptive function of
enterocytes (Jiang et al. 2013).

Grass carp (Ctenopharyngodon idellus) is a widely
cultured freshwater species with delicious taste and high
production. Intestine is an important organ for digestion,
absorption, transport of nutrients, and ion regulation
(Grosell et al. 2011; Minghetti et al. 2017); the health
of grass crap intestine is getting more attention. Promot-
ing effects of dietary Arg on mRNA expressions of y+L
amino acid transporters (y+LAT1 and y+LAT2) and
peptide transporter-1 (PepT1), as well as villusmorphol-
ogy in foregut of grass carp have been confirmed (Chen
2017). However, information regarding the mechanism
of Arg on intestinal morphology of grass carp was
unknown. The objective of the present study was to
investigate the effects of different Arg contents in cul-
ture media on cell growth, viability, mRNA expressions

of TOR signal pathway, and tight junction proteins of
intestinal epithelial cells of grass carp by in vitro prima-
ry culture, so as to demonstrate the protective mecha-
nism of Arg on intestinal health.

Materials and methods

Culture reagents

Arginine-free high-glucose formulation Dulbecco’s
Modified Eagle’s Medium (DMEM) medium (1 × con-
centrate) was purchased from Gibco Life Technologies
(Grand Island, NY, USA). Fetal bovine serum (FBS)
was purchased from (Sciencell Research Laboratories,
Carlsbad, CA). Additives to some of the media included
glutamine (Aladdin), lysine (Aladdin), arginine hydro-
chloride (Aladdin), epidermal growth factor (EGF; Sig-
ma), and fibroblast growth factor (FGF; Sigma); peni-
cillin streptomycin solution (100×; Hyclone);
gentamycin sulfate (50 mg/mL; Sigma); solubilized
amphotericin B (0.25 mg/mL; Biosharp); collagenase I
and collagenase IV (Sigma); and Poly-lysine (Sigma).
All reagents were cell culture grade.

Animals

Grass carp (about 1 kg body weight) for isolation of
intestinal epithelial cells were cultured in an indoor
aquarium for 2 weeks with continuous aeration before
use. Healthy fish were starved for 24 h before they were
sacrificed for enterocytes isolation. Animal treatments
in the present study were conducted under principles of
good laboratory animal care and were approved by the
Ethical Committee for Laboratory Animals Care and
Use of Huazhong Agricultural University.

Cell isolation and cell culture

Isolation of the intestinal epithelial cells for primary
culture was conducted according to the methods de-
scribed by Li et al. (2016) with slight modifications. In
br ief , f ish were anes the t ized wi th t r ica ine
methanesulfonate (MS-222) in dechlorinated water,
cleared of blood from the caudal vein with an injector,
sterilized by 75% ethanol, and then dissected under
sterile conditions. The foregut and midgut were rapidly
removed from the carcass, opened and rinsed with ice-
cold phosphate buffer solution (PBS) to wash the
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intestinal lumen three times, followed by soaking in
DMEM solution containing 3% FBS, 100 IU/mL peni-
cillin, 100 μg/mL streptomycin, 12.5 μg/mL
amphotericin B, and 500 μg/mL gentamycin sulfate
for 2 h. After that, the intestine was minced into
<1 mm3 pieces. Then, the enterocytes were isolated by
adding digestion solution (PBS with 0.1 mg/mL of
collagenase I and 0.1 mg/mL of collagenase IV respec-
tively, filtered with 0.22 uM and stored at − 20 °C before
use) and shaking at 28 °C for 30 min. After then,
digestion was terminated by adding FBS at a volume
ratio of 1:19 (FBS: digestion solution). Cells were
cleared, collected, and resuspended in a DMEM solu-
tion containing 3% FBS, 100 IU/mL penicillin, 100 μg/
mL streptomycin, 12.5 μg/mL amphotericin B, and
500 μg/mL gentamycin sulfate.

Cel l s were p la ted a t a dens i ty of 1 .3 ×
105 viable cells/cm2 in 24-well polylysine (0.1 mg/
mL)-coated microplates for viability and enzyme activ-
ity assays, or 1.0 × 105 viable cells/cm2 in 6-well poly-
lysine-coated microplates for gene expression. The cells
were suspended in modified Arg-free DMEM medium
containing 15% FBS, 3% sorbitol, 2 μg/mL EGF, 25 ng/
mL FGF, 100 IU/mL penicillin, 100 μg/mL streptomy-
cin, 12.5 μg/ml amphotericin B, and 500 μg/ml
gentamycin sulfate. On the following days, the cells
were incubated in different media of Arg-free DMEM
supplemented with different concentrations of Arg (0,
0.1, 0.2, 0.5, 1, and 2 mmol/L) to attach and grow at 28
± 0.5 °C for various time in a humidified atmosphere
incubator (Jinghong Laboratory Instrument Co., Ltd.,
Shanghai, China). The optimal culture time for fish
primary enterocytes was firstly established based on cell
growth with trypan blue staining and cell viability as-
says results by sampling at 24 h, 48 h, 72 h, and 96 h
after Arg treatment. After then, cells were cultured in
various concentrations of Arg for 72 h (optimal culture
time) for further sampling and assays. Four wells were
used for each treatment. After the indicated time of
incubation, the culture media and the cells were collect-
ed separately and stored at − 80 °C immediately for
various assays.

Assays of cell growth and viability

Samples of each group at 24 h, 48 h, 72 h, and 96 h after
Arg treatment were subject to cell growth and viability
assays. The growth of cells was determined by counting
cells with a hemocytometer after 0.4% trypan blue

staining. Analysis of enterocyte viability was performed
by an MTT assay as described by Fukamachi (1992).

Enzyme activity assays

After 72 h primary culture, the activities of lactic dehy-
drogenases (LDH) and creatine kinase (CK) in the cul-
ture media were determined to assess membrane integ-
rity using commercial kits (Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufac-
turer’s instructions. The collected cells were treated by
ultrasonic wave to release the proteins for activity assays
of AKP, Na+, K+-ATPase, nitric oxide synthase (NOS),
and NO using commercial kits (Jiancheng Bioengineer-
ing Institute, Nanjing, China).

mRNA expression detection of TOR signal pathway
and tight junction protein

Relative quantification of the target gene transcripts was
made using β-actin and GAPDH as reference genes and
0 mmol/L Arg as the control according to the optimized
comparative Ct (2−△△ct) value method described by
Schmittgen and Livak (2008). For each target gene,
specific primer pairs (Table 1) were designed through
Primer Premier 5.0 software using known sequences in
NCBI database. Total RNA was isolated from the cell
with RNAiso Plus Kit (Takara, Dalian, China) accord-
ing to the manufacturer’s instructions. RNA quality and
quantity were assessed by electrophoresis on 1% aga-
rose gel and by NanoDrop® ND-1000 UV-vis spectro-
photometer (Thermo Fisher Scientific, Waltham, MA,
USA) at 260 nm and 280 nm (260/280). One microgram
of total RNA was used for reverse transcription with
PrimeScript™ RT reagent Kit (Takara, Dalian, China)
according to the manufacturer’s recommendations.
Quantitative real time PCR analyses for mRNA expres-
sions were performed using a quantitative thermal cy-
cler (Light Cycler 480II, Roche) with the UltraSYBR
Master Mix (CWBIO, China) in a total volume of 20 μL
reaction mixture containing reverse transcriptase. The
PCR parameters were 40 cycles at 95 °C for 5 s, anneal-
ing temperature (according to specific primer pairs) for
10 s and 72 °C for 15 s, with an additional initial 30 s
pre-denaturation step at 95 °C. Melting curves were
systematically monitored (temperature gradient at
0.5 °C/s from 55 to 94 °C) at the end of the last
amplification cycle to confirm that only one fragment
was amplified.
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Statistics

Values were expressed as mean ± SE of four repli-
cates. Factorial ANOVA was performed to assess
the effects of culture duration and Arg content on
cell growth and viability. The effects of Arg

treatment were assessed by one-way ANOVA and
differences between group means were compared
by post-hoc Duncan’s tests with the SPSS 19
(IBM Inc., Chicago, IL, USA) computer program
for Windows. Differences between treatments were
considered significantly when P < 0.05 occurred.

Table 1 Primers used for real-
time PCR analysis Gene Sequences of primers (5′-3′) Annealing

temperature (°C)
Accession
number

tor

Forward TCCCACTTTCCACCAACT 55 JX854449

Reserve ACACCTCCACCTTCTCCA

s6k1

Forward TGGAGGAGGTAATGGACG 53 EF373673.1

Reserve ACATAAAGCAGCCTGACG

4ebp-1

Forward TTTCTACAAGCCAAGCCAC 55 JX854451

Reserve CAACCATGATGCCAAACC

zo-1

Forward ACTTTGACCGCCGAAGCT 57 KJ000055.1

Reserve GAGCAACAGGGTTGATCTTCTC

occludin

Forward TATCTGTATCACTACTGCGTCG 57 KF193855.1

Reserve CATTCACCCAATCCTCCA

claudin b

Forward GAGGGAATCTGGATGAGC 60 KF193860.1

Reserve ATGGCAATGATGGTGAGA

claudin c

Forward GAGGGAATCTGGATGAGC 57 KF193859.1

Reserve CTGTTATGAAAGCGGCAC

claudin 3

Forward CGAGGATGAAGCAGCCAAG 60 KF193858.1

Reserve TTAACAGAACAGCAGCAGCAA

claudin 12

Forward TCACCCTTCTGGCTACCTCTC 60 KF998571.1

Reserve ACCATCTGGCACAGACACTTG

claudin 15a

Forward ATCACAATTCCGAACCGTTACTG 60 KF193857.1

Reserve CGAACACTGAATGCCGATGAG

β-actin

Forward TATGTTGGTGACGAGGCTCA 57 DQ211096.1

Reserve GCAGCTCGTTGTAGAAGGTG

gapdh

Forward GTTGTCAGCAATGCCTCCT 57 GQ266395.1

Reserve CCATCCCTCCACAGTTTCC
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Results

Growth and cell viability of intestinal epithelia cells

The effect of Arg on growth and cell viability of
enterocytes of grass carp was shown in Fig. 1 and
Table 2. Factorial ANOVA results showed that culture
duration and Arg content in the media both significantly
affected the cell growth and cell viability, and significant
interaction between culture duration and Arg content
was observed for cell growth and cell viability
(P < 0.05). The live cell number (Fig. 1) showed a first
increasing then decreasing trend as the culture time
prolonged and was highest at 72 h after treatments
(P < 0.05). Multiple range tests showed that the optimal
Arg content for cell growth was 0.5 mmol/L. Table 2

also showed that cell viability in all Arg treated groups
showed a first increasing trend from 0 to 72 h and then
kept stable at 96 h (P < 0.05), while the effect of Arg
content on cell viability varied at the different sampling
time.

Effect of Arg on enzyme activities in culture medium
and lysate solution of intestine epithelial cell of grass
crass

The effects of Arg on LDH, CK activity in the culture
media after 72 h primary culture of grass crass
enterocytes are presented in Table 3. LDH activity de-
creased first then increased as the Arg content in culture
medium increased, which showed higher values in Arg-
free and 2 mmol/L groups than other groups, and was
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Fig. 1 Growth of intestinal
enterocytes of grass carp
responding to culture days and
arginine contents. Values are
presented as Mean ± SE (n = 4).
Two-way factorial ANOVA
indicated that an interaction
between time and Arg contents on
the cell growth (cell number)
(P < 0.05). Cell growth between
Arg treatments at 72 h was
compared by one-way ANOVA;
the values with different letters
mean significant difference
(P < 0.05)

Table 2 Cell viability (MTT in OD value) in all groups at different time points and the results of two-way factorial ANOVA

MTT (OD value) Arginine level in culture solution (mmol/L)

0 0.1 0.2 0.5 1 2

0 0.20 ± 0.01a 0.20 ± 0.01a 0.20 ± 0.01a 0.21 ± 0.00a 0.23 ± 0.02a 0.21 ± 0.01a

24 h 0.25 ± 0.01bAB 0.28 ± 0.01bB 0.24 ± 0.01aAB 0.28 ± 0.04aB 0.24 ± 0.01aAB 0.18 ± 0.03aB

48 h 0.38 ± 0.01c 0.35 ± 0.01c 0.35 ± 0.05b 0.37 ± 0.05b 0.36 ± 0.01b 0.43 ± 0.01b

72 h 0.49 ± 0.02dBC 0.46 ± 0.01dB 0.41 ± 0.02bcA 0.45 ± 0.01bcAB 0.51 ± 0.01cC 0.55 ± 0.01cD

96 h 0.45 ± 0.01d 0.45 ± 0.01d 0.46 ± 0.03c 0.47 ± 0.00c 0.48 ± 0.01c 0.50 ± 0.01d

Factors Culture duration Arg content Culture duration × Arg content

P value 0.000 0.012 0.001

Values are mean ± SE, n = 4. Values with different lowercase superscripts in each column are significantly different. Values in each row with
different uppercase superscripts are significantly different. Significant level was at P < 0.05
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significantly lower in 0.5 mmol/L group (P < 0.05). The
same trend was shown in CK activity, except that CK
activity was significantly lower in 0.2 mmol/L and
0.5 mmol/L groups (P < 0.05).

The activities of AKP, Na+, K+-ATPase, NOS, and
NO content in cell lysis solution were shown in Table 4.
The AKP activity was depressed by higher Arg content
(1 mmol/L and 2 mmol/L) (P < 0.05). NO content
showed an increasing trend as the culture medium Arg
content increased, which was highest in 2mmol/L group
(P < 0.05). In contrast, NOS activity showed an opposite
trend to NO content, which was the lowest in 2 mmol/L
group (P < 0.05). Na+, K+-ATPase was not affected by
Arg content (P > 0.05).

Effect of Arg on mRNA expressions of TOR signal
pathway and tight junction proteins

As shown in Fig. 2, the gene expression levels of tor and
s6k1 in enterocytes cultured for 72 h in media with
different Arg content both showed first increasing and
then decreasing trends as the Arg content increased
(P < 0.05). The TOR expression was highest in
0.5 mmol/L and lowest in Arg-free and 2 mmol/L
groups (P < 0.05). Accordingly, the expression levels
of s6k1 in 1.0 mmol/L and 2.0 mmol/L groups were
significantly lower than in other groups (P < 0.05).

However, the expression of 4e-bp1 was not affected by
Arg content in culture media (P > 0.05),

The gene expression levels of tight junction proteins
in enterocytes all showed first increasing and then de-
creasing trends as Arg content in culture medium in-
creased (Fig. 3). zo-1 expression in 0.2 mmol/L and
0.5 mmol/L groups were significantly higher than those
in other groups (P < 0.05), and occludin expression level
in 0.5 mmol/L group was significantly higher than those
in 1.0 mmol/L and 2.0 mmol/L groups (P < 0.05). The
expression levels of claudin b in 0.1 mmol/L,
0.2 mmol/L, and 0.5 mmol/L groups were significantly
higher than that in 2.0 mmol/L group (P < 0.05).
Claudin 3 level in 0.5 mmol/L group was significantly
higher than those in Arg-free, 0.1 mmol/L, and
2.0 mmol/L groups. The highest expression values of
claudin c, claudin 12, and claudin 15a were all ob-
served in 0.5 mmol/L group (P < 0.05).

Discussion

Intestinal epithelial cells play an important barrier func-
tion for intestine protection, and are easily affected by
dietary nutritional status and environmental factors
(Gewirtz et al. 2002). Our previous study has shown
that dietary Arg improved intestinal morphology and

Table 3 The effect of Arg on the activities of LDH and CK in culture solutions for intestinal epithelial cells

Arginine level in culture solution (mmol/L)

0 0.1 0.2 0.5 1 2

LDH (U/L) 266.44 ± 14.47a 106.49 ± 22.62b 89.98 ± 24.60b 85.88 ± 29.44b 154.63 ± 48.90b 318.64 ± 53.14a

CK (U/mL) 0.82 ± 0.06b 0.78 ± 0.02b 0.77 ± 0.05a 0.53 ± 0.06a 0.81 ± 0.11b 0.97 ± 0.08b

Data are presented as mean ± SE, n = 4. Values in each line with different superscripts indicate significant difference (P < 0.05), while data
with a same superscript indicate no significant difference (P > 0. 05)

Table 4 The effect of Arg on AKP, Na+, K+-ATPase, NO, NOS activities of intestinal epithelial cell lysate buffers

Arginine level in culture solution (mmol/L)

0 0.1 0.2 0.5 1 2

AKP (Kim unit/g prot) 12.32 ± 0.84a 13.13 ± 0.41a 13.68 ± 0.71a 13.79 ± 0.91a 9.13 ± 1.04b 9.31 ± 0.89b

Na+, K+-ATPase (U/mg prot) 4.97 ± 1.01 5.93 ± 0.64 6.05 ± 0.27 5.97 ± 0.53 5.65 ± 1.12 6.67 ± 0.82

NO (umol/mg prot) 2.85 ± 0.09a 3.31 ± 0.50a 3.14 ± 0.18a 3.53 ± 0.42a 3.50 ± 0.38a 4.86 ± 0.69b

NOS (U/mg prot) 6.26 ± 0.36c 6.44 ± 0.51c 6.26 ± 0.54c 5.72 ± 0.47bc 4.72 ± 0.42ab 4.36 ± 0.34a

Data are presented as mean ± SE, n = 4. Values in each line with different superscripts indicate significant difference (P < 0.05), while data
with a same superscript indicate no significant difference (P > 0. 05)
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mRNA expression of amino acid transporters of juve-
nile grass carp (Chen 2017). The present study tried to
elucidate the mechanism of Arg on intestinal health of
grass carp by an in vitro primary culture model. The

suitable Arg concentration and culture duration for cell
culture of grass carp enterocytes were firstly investigat-
ed in this study by the determination of cell growth and
viability. Results indicated that Arg content and culture
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duration both significantly affected cell growth, which is
similar to the results in IPEC-1 cells reported by Tan
et al. (2010). The cell growth and cell viability in this
study increased first and then decreased as the primary
culture time extended, and reached the peak at 72 h. So
cell culture for 72 h in media with different Arg concen-
trations was selected for further studies. In addition, the
variation of MTT value between different Arg treat-
ments that was not consistent at different time might
be due to the strong interaction between culture duration
and Arg content, and the liability of the primary cells.

Arginine has been reported to stimulate cell prolifer-
ation and protein synthesis (Tan et al. 2010). The current
study supported this as cell growth assessed by trypan
blue staining increased with Arg content (from 0 to
0.5 mmol/L), whereas excess Arg in the media tended
to depress the growth of enterocyte. The results suggest
that an adequate concentration of Arg is critical for
optimal intestinal protein synthesis, cell migration, and
intestinal integrity of Cdx2-IEC (intestinal epithelial
cell) (Rhoads et al. 2008). The proliferation of
enterocytes may directly affect the formation of intesti-
nal folds (Jiang et al. 2015). Thus, the present result may
partly explain our observation that dietary Arg improved
intestinal morphology of grass carp (Chen 2017).

The positive effects of Arg on cell growth and pro-
liferation are correlated to some enzyme activities. LDH
is highly sensitive to assess the cell injury in various cell
types, including intestinal epithelial cell lines (Aherne
et al. 2007; Maher et al. 2010). CK activity is commonly
used to reflect the integrity of cell structure when re-
leased from cells (Hurst et al. 2010). In this study, at the
72-h time point, LDH activity was significantly lower in
0.1, 0.2, 0.5, and 1 mmol/L groups than that in 0 and
2 mmol/L groups, while CK activity in culture medium
was significantly lower in 0.2 and 0.5 mmol/L groups
than that in other groups, which indicates that optimal
Arg contents can protect the cell integrity and reduce
leakage of the membrane-bound enzymes LDH and CK
into culture supernatants. This is consistent with the
finding that supplementation of 100 uM and 350 uM
Arg in the culture medium showed protective effect on
the LPS-treated porcine intestinal epithelial cells (Tan
et al. 2010). Intestinal AKP, a marker enzyme of the
brush border membrane (Villanueva et al. 1997), reflects
the epithelium differentiation (He et al. 1993; Jiang et al.
2013). The AKP activity in the cell lysis solution
dropped in 1 and 2 mmol/L groups compared with other
groups in this study, which suggests that the high levels

of Arg over 1 mmol/L may be detrimental to the differ-
entiation of grass carp enterocytes. This could also
explain that the cell growth counting after 0.4% trypan
blue staining in the higher Arg levels group seemed to
be depressed compared to the 0.5 mmol/L group. Sim-
ilar result was reported that a high Arg concentration
(3.6 mmol N L−1) inhibited the growth ofM. aeruginosa
(Dai et al. 2019).

Arginine may exert its protective action on cells
through NO- and polyamine-mediated mechanisms to
repair the damaged cells and tissues (Tan et al. 2010).
NO is endogenously synthesized from Arg as substrate
in the vascular endothelium by NOS (Ramprasath et al.
2012; Stettner et al. 2018). Arginine has been reported to
regulate the cardiovascular function through the inhibi-
tion of cell apoptosis by NO (Alef et al. 2011). In this
study, the NO content in the cell lysate solution of
intestinal epithelial cells showed an increasing trend
with the increase of Arg content, while the NOS activity
showed an opposite trend, which indicates that exoge-
nous Arg could promote the proliferation of enterocytes
of grass carp through NO-mediated mechanism to re-
duce the cell damage. However, when comparing the
inhibited cell growth and the increasing NO content in 1
and 2 mmol/L groups, the results indicate that high
levels of Arg might exhibit detrimental effect on cell
proliferation through NO-independent effect (Tan et al.
2010). The negative correlation between Arg content
and NOS activity in this study is consistent with the
previous result that Arg negatively regulates NOS ac-
tivity (Munder et al. 1999), and the reduced NOS activ-
ity might be caused by the negative feedback of NO.

Cell growth depends on the balance between protein
synthesis and degradation (Wu 2009). Our results indi-
cate that the mechanisms responsible for the stimulatory
effect of Arg on protein accretion in enterocytes of grass
carp involve the activation of cell signaling pathways
that regulate the machinery of intracellular protein turn-
over. Similarly, optimal dietary Arg supplementation
upregulates the fish growth by activating the TOR sig-
naling pathway in the muscle and hepatopancreas (Chen
et al. 2012; Chen 2017; Tu et al. 2015). Growing evi-
dences show that Arg can activate mTOR and two key
downstream targets, S6K1 and 4E-BP1, in intestinal
epithelial cells (Hidetoshiban et al. 2004; Rhoads et al.
2006). Consistent with these reports, our results indicate
that Arg supplementation to the culture medium can
promote the enterocytes proliferation by activating the
TOR signaling pathway as TOR and S6K1 expressions
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tended to increase at the concentration of 0.5 mmol/L.
However, higher Arg level in culture medium depressed
the TOR pathway expression, which is consistent with
the depressed cell growth and further supports that Arg-
regulating cell growth involves the TOR signaling path-
way to regulate the protein synthesis.

Intestinal mucosa is covered by a single layer of
epithelial cells that are inaccessible to pathogens due
to the presence of a brush border on the lumenal cell
surface and of tight junctions between cells to form an
impermeable membrane (Rescigno et al. 2001). Tight
junction seals cells to create the primary barrier to the
diffusion of solutes through the paracellular pathway
(Tsukita and Tstlkita 1993), which is important in the
maintenance of epithelial integrity. Claudins are re-
quired to restrict the paracellular diffusion of small
water-soluble molecules. To date, the claudin family
has been identified to contain 24 members, and most
epithelia simultaneously express several different
claudin isoforms (Günzel and Yu 2013). Claudin 3,
claudin 12, claudin 15a, claudin b, and claudin c expres-
sion in intestine of grass carp had been previously
detected (Luo et al. 2014). In this study, expressions of
ZO-1, occludin, claudin 3, claudin 12, claudin 15a,
claudin b, and claudin c were all significantly upregu-
lated by optimal Arg in culture medium and peaked at
0.5 mmol/L group, which indicated that optimal Arg
content could enhance the barrier function of intestine,
because the downregulation of claudin expressions in
mouse mammary cell line has been reported to cause the
decrease in barrier function (Reiter et al. 2006). Consis-
tent results have been reported that Arg can protect
integrity of gill epithelial cell barrier structure by regu-
lating tight junction protein gene expression in grass
carp (Wang et al. 2015), and can prevent the reduction
of ZO-1 and occludin gene expression in methotrexate-
treated Caco-2 cells (Beutheu et al. 2013). All these
results suggest that Arg can upregulate gene expressions
of occludin and claudins to enhance the “kisses” struc-
ture, which closely interrelate with ZO-1 to maintain the
integrity and function of the intestine epithelial cells.
This may partially explain that dietary Arg improved
intestinal morphology of grass carp in our previous
study (Chen 2017).

In conclusion, the current study suggests that Arg can
affect the cell growth, proliferation, and integrity of
intestine epithelial cell of grass carp through regulation
on TOR signal pathways and tight junction proteins
expression based on the intestine epithelial cell primary

culture. Inclusion of 0.2–0.5 mmol/L Arg in the culture
medium enhanced the expressions of TOR and tight
junction protein mRNA levels so as to increase the cell
growth and integrity of enterocytes.
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