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This study evaluated the effects of nano-curcumin on growth performance, mucosal
immunity, antioxidant response, glucose metabolism, and endoplasmic reticulum stress in
largemouth bass. Three groups (three replicates/group) of 270 fish with the mean body
weight of 7.00 ± 0.02 g were fed with diets containing 0% (control), 0.1%, and 0.2% nano-
curcumin for 60 days. The results showed that dietary supplementation of nano-curcumin
had no significant effects on the growth performance, body composition, lysozyme (LYZ),
and alkaline phosphatase (AKP) in skin mucus, superoxide dismutase (SOD), and catalase
(CAT) activity in serum of largemouth bass. However, dietary supplementation with 0.2%
nano-curcumin significantly increased peroxidase (POD) activity in skin mucus and
decreased the serum MDA activity compared with the control group. Moreover, dietary
supplementation of 0.2% nano-curcumin significantly decreased the levels of serum
glucose and liver glycogen, which may be mainly related to the increased gene expression
of glucose transporter 2 (GLUT2), glucokinase (GK), phosphofructokinase (PFK), and
pyruvate kinase (PK). At the same time, the hepatic gene expression of glucose-regulated
protein78 (GRP78), activating transcription factor6 (ATF6), inositol-requiring enzyme 1
(IRE), and eukaryotic initiation factor 2a (eIF2a) in the 0.2% nano-curcumin group were
rapidly suppressed, indicating that adding 0.2% nano-curcumin to the diet can alleviate
endoplasmic reticulum stress (ERS) in fish. In conclusion, diets supplemented with 0.2%
nano-curcumin effectively improved mucosal immunity, antioxidant properties, and
glucose metabolism and alleviated ERS induced by long-term carbohydrate intake in
largemouth bass.
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INTRODUCTION

Curcumin, known as diferuloylmethane, is a water-insoluble
phenolic compound extracted from the rhizome of Curcuma
longa. Consistently, curcumin has attracted extensive attention
in aquaculture, because of its wide range of pharmacological
properties, such as anti-inflammatory, antioxidant, antitumor,
antivirus, hypoglycemic, and lipid-lowering effects (Nm et al.,
2018; Alagawany et al., 2021; Ji et al., 2021). In recent years,
Mahmoud et al. (2017) and Ajani et al. (2020) have revealed that
the supplementation of curcumin in feed could enhance the
growth performance and disease resistance of Oreochromis
niloticus (Mahmoud et al., 2017; Ajani et al., 2020). Yonar
et al. (2019) showed that the addition of curcumin in the feed
could improve the growth, immunity, and antioxidant capacity
of Oncorhynchus mykiss (Yonar et al., 2019). Zhao et al. (2021b)
reported that curcumin could reduce chlorpyrifos-induced
apoptosis and liver damage in largemouth bass (Zhao et al.,
2021b). However, curcumin has limited clinical potential, due to
its extremely low oral bioavailability due to its poor aqueous
solubility and its chemical instability, having an oral
bioavailability of only 1% in rats (Yang et al., 2007; Hewlings
and Kalman, 2017). To overcome the solubility issues of
curcumin and facilitate its intracellular delivery, several
approaches have been developed to increase its bioavailability,
including liposomal curcumin (Feng et al., 2017), curcumin
nanoparticles (Bisht et al., 2007), and curcumin-phospholipid
complexes (Maiti et al., 2007). Recent studies showed that nano-
curcumin could potentially improve glucose uptake and insulin
sensitivity in diabetic mice (Afifi et al., 2020; Shehata et al., 2020).
Marchiori et al. (2019) showed that the addition of 200 mg/kg
curcumin/nanocurcumin can effectively improve the growth
performance and liver health of broiler chickens reared under
cold stress conditions (Marchiori et al., 2019). Yu et al. (2016;
2018) found that Zn(II)-curcumin has a protective effect on the
liver on Litopenaeus vannamei (Yu et al., 2016; Yu et al., 2018).
However, there is still a paucity of research on nano-curcumin in
carnivorous fish, and further studies are needed.

Largemouth bass (Micropterus salmoides) is a carnivorous
species, which has become one of the most commercially
important species in China, and the total production of
largemouth bass in 2020 reached more than 600,000 t
(Ministry of Agriculture and Rural Affairs of China, 2021). As
a carnivorous fish species, largemouth bass is considered to be a
typical model to investigate glucose-induced liver disease due to
its poor utilization of carbohydrates; it would exhibit
pronounced hyperglycemia after consuming carbohydrates for
long periods of time (Guo et al., 2020, Chen P. et al., 2021). Long-
term carbohydrate intake would lead to liver damage and
glycogen accumulation, as well as increase the occurrence of
oxidative stress and endoplasmic reticulum stress (Liu et al.,
2017; Guo et al., 2020). Taking into account the beneficial effects
of curcumin, the purpose of this study was to evaluate the effects
of nano-curcumin on the growth performance, hepatoprotective
potential, antioxidant response, glucose metabolism, and
endoplasmic reticulum stress of largemouth bass. This will be
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helpful for providing a theoretical basis for reasonable
supplementation of nano-curcumin in largemouth bass feed.
MATERIALS AND METHODS

Diet Preparation
Formulation of the experimental diets (control (without nano-
curcumin), 0.1% nano-curcumin, and 0.2% nano-curcumin) is
listed in Table 1. The method of diet preparation was carried out
with reference to the previous literature report (Xie S. W. et al.,
2020). In brief, all the powdered ingredients were precisely
weighed and thoroughly mixed, then the lipids and water were
added. The twin-screw cooking extruder (HQ, Zhaoqing, China)
was used to extrude the wet mixture into 2.5-mm-diameter
pellets, and the pellets were air-dried to a moisture content of
about 10%, and then stored in a refrigerator at -20°C until use.

Fish and Experimental Conditions
Largemouth bass were provided by a local hatchery (Foshan,
China). The fish were adapted to an indoor recirculating
aquaculture system and fed with commercial diet for 2 weeks.
After the acclimation period, 270 fish of similar body weight
(7.00 ± 0.02 g) were randomly divided into three groups; each
group had three replicates (30 fish/tank). During the 60-day
breeding experiment, fish were hand fed twice a day to visual
satiation at 8:30 and 16:30, and feed consumption was recorded
daily. Throughout the experimental period, the water
temperature was 25°C–31°C, dissolved oxygen > 6.0 mg/l, pH
7.0 ± 0.5, and NH4+-N 0.15–0.20 mg/l.

Sample Collection and Chemical Analyses
At the end of the feeding trial, all fish were fasted for 24 h and
then anesthetized with MS-222 (tricaine methanesulfonate,
Sigma, USA). After being counted and weighed, skin mucus of
the fish was collected using the method of Hoseinifar et al. (2014)
with slight modifications. Briefly, 10 fish from each tank were
randomly collected and transferred to a polyethylene bag
containing 100 ml of 50 mM NaCl. The bag was gently shaken
for 2 min to collect skin mucus. The mucus samples were
immediately transferred to 50-ml sterile centrifuge tubes and
centrifuged at 1,500 rmp/min under 4°C for 10 min to obtain the
sample supernatant, and then the supernatant was stored at -80°
C for further analysis (Hoseinifar et al., 2014).

Blood samples from nine fish were collected from the caudal
vein with disposable medical syringes. Three fish were dissected for
liver samples, which were used for histological analysis and gene
expression analysis or biochemical index; all the samples were
immediately placed into liquid nitrogen and then stored at −80°C
before the analysis. Blood samples were centrifuged (4,000 rmp/
min, 15 min) at 4°C, then supernatants from six fish were mixed
and used to measure hemolymph biochemical indices and glucose
metabolic indices; all samples were immediately frozen and stored at
−80°C until analysis. The muscle of six fish was collected for
glycogen analysis and nutrient composition determination.
June 2022 | Volume 9 | Article 924569
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Moisture, crude protein, crude fat, and crude ash of
experimental diet, whole body, and muscle were determined by
the method of AOAC (AOAC, 2003). The moisture content was
determined by the constant temperature drying weight loss
method at 105°C. The crude protein content was determined
by the Kjeldahl method. The crude fat content was determined
by the Soxhlet extraction method. The crude ash content was
determined by the muffle furnace ashing method.

Serum Glucose, Liver Glycogen, and
Muscle Glycogen
The glucose oxidase-peroxidase (GOD-POD) method was
used to determine the serum glucose of experimental
animals. The content of glucose in the sample can be
calculated by measuring the absorbance of the blue
substance, which was generated by the hydrogen peroxide
and o-toluidine generated by the decomposition of glucose
under the action of peroxidase.

Determination of glycogen in the liver and muscle was done
using the anthraquinone method (Liu et al., 2017).

Activities of LYZ, POD, and ALP in Skin
Mucosal of Largemouth Bass
Lysozyme (LYZ) hydrolyzed peptidoglycan on the bacterial wall
so that it increased the light transmission of the turbid bacterial
solution. Therefore, the content of lysozyme could be speculated
according to the change in turbidity, which was determined by
the absorbance at 520 nm. The determination of peroxidase
(POD) was based on the principle that peroxidase catalyzes
hydrogen peroxide reaction, and its enzyme activity was
obtained by measuring the change of absorbance at 420 nm.
Frontiers in Marine Science | www.frontiersin.org 3
Alkaline phosphatase (AKP) was determined by using its
decomposable disodium diphenyl phosphate to produce free
phenol, which reacted with 4-aminoantipyrine in alkaline
solution to produce red quinone derivatives. The enzyme
activity could be determined according to the depth of red. All
kits were purchased from Nanjing Jiancheng Institute of
Biological Engineering.

Antioxidant Indicators Measurement
The activities of superoxide dismutase (SOD), catalase (CAT),
and malondialdehyde (MDA) in serum were performed as
described by Chen et al. (Chen Y. K. et al., 2021).

Liver Histological Examination
Liver histological examination was performed as described by Yu
et al. In brief, liver tissue samples were fixed in Bouin solution
and embedded in paraffin wax. The embedded liver was cut into
5-μm sections with a microtome and finally stained with
hematoxylin and eosin to make the liver tissue sections (Yu
et al., 2018).

RNA Extraction and Gene Expression
Analysis
Total RNA from liver was extracted using TransZol Up Plus
RNA Kit, and RNA was reversely transcribed to cDNA using
EasyScript® One-Step gDNA Removal and cDNA Synthesis
SuperMix (TransGen Biotech, China). Real-time quantitative
PCR (RT-qPCR) was performed using the SYBR® Premix Ex
Taq™ System in a QuantStudio3 machine (Applied Biosystems,
Foster City, CA, USA) with the following program: 94°C for 30 s;
40 cycles of 94°C for 5 s, 60°C for 30 s, 95°C for 15 s, 60°C for 60
TABLE 1 | Ingredients and proximate composition of the experimental diets.

Ingredient (%) Dietary effective nano-curcumin contents (%)

0 0.1% 0.2%

Fish meal 40 40 40
Soybean meal 20 20 20
Peanut meal 10 10 10
Gluten 7 7 7
Wheat flour 11 10.5 10
Fish oil 3 3 3
Soy lecithin 1 1 1
Beer yeast 3 3 3
Calcium dihydrogen phosphate 1.5 1.5 1.5
Choline chloride 0.5 0.5 0.5
Premixa 3 3 3
Nano-curcumin (20%)b 0 0.5 1
Total 100 100 100
Proximate analysis (% dry matter)
Moisture (%) 7.67 8.58 8.41
Crude protein (%) 48.51 48.72 48.68
Crude lipid (%) 16.21 14.91 15.25
Ash (%) 13.04 12.75 12.91
June 2022 | Volume 9
aPremix: vitamin mixture: (kg-1 of diet): vitamin A, 250,000 IU; riboflavin, 750 mg; pyridoxine HCl, 400 mg; cyanocobalamin, 1 mg; thiamin, 250 mg; menadione, 250 mg; folic acid, 125 mg;
biotin, 10 mg; a-tocopherol, 2.5 g; myo-inositol, 8,000 mg; calcium pantothenate, 1,250 mg; nicotinic acid, 2,000 mg; choline chloride, 8,000 mg; vitamin D3, 45,000 IU; vitamin C, 7,000
mg. Mineral mix (kg-1 of diet): ZnSO4 « 7 H2O, 0.04 g; CaCO3, 37.9 g; KCl, 5.3 g; KI, 0.04 g; NaCl, 2.6 g; CuSO4 « 5 H2O, 0.02 g; CoSO4 « 7 H2O, 0.02 g; FeSO4 « 7 H2O, 0.9 g; MnSO4 «
H2O, 0.03 g; MgSO4 « 7H2O, 3.5 g; Ca(HPO4)2 « 2H2O, 9.8 g. Manufactured by the Guangdong Chengyi Co., Ltd.
bNano-curcumin (20%): carrier: liposome, size = 70 nm, encapsulation rate > 95%, drug loading = 20%, manufactured by the Shanghai Ehoo Biotechnology., Ltd.
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s, and 95°C for 1 s. Gene expression was determined using 2-
DDCt. All primers used in this study are listed in Table 2.

Statistical Analysis
The parameters in this study were calculated as per the following
formula:

Weight gain rate WGR,   %ð Þ
= 100

� final body weight − initial body weightð Þ=initial body weigh

Specific growth rate SGR,% da y–1
� �

= 100� Ln final body weightð Þ − Ln initial body weightð Þ½ �=t

Survival %ð Þ = 100

� final number of fishð Þ= initial number of fishð Þ

Feed conversion ratio FCRð Þ
= feed consumed gð Þ= final body weight − initial body weightð Þ

where it is the experimental duration in days.
The data are presented as means ± SEM. All experimental

data are used with SPSS 22.0 (SPSS, Chicago, IL, USA) for one-
way analysis of variance (one-way ANOVA); when the difference
Frontiers in Marine Science | www.frontiersin.org 4
was significant, Duncan’s multiple-comparison test was
performed, and the significance level was set to P < 0.05.
RESULTS

Growth Performance
Addition of nano-curcumin in the feed had no significant effect
on the survival rate of juvenile largemouth bass. The survival rate
of each group was above 99% (P > 0.05) (Table 3). No significant
difference was observed in WGR, SGR, and FCR among the fish
in all groups (P > 0.05).

Effect of Dietary Nano-Curcumin on
Whole-Body and Muscle Composition of
Largemouth Bass
Nano-curcumin had no significant effect on the approximate
composition of the whole body and muscles of fish, including
crude protein and crude fat (P > 0.05) (Table 4).

Effects of Dietary Nano-Curcumin on
Serum Glucose and Tissue Glycogen of
Largemouth Bass
As set out in Figure 1, the serum glucose levels and liver glycogen in
the 0.2% nano-curcumin group were significantly lower than those
in the control group and 0.1% nano-curcumin group (P < 0.05).
There was no significant difference in muscle glycogen levels among
groups (P > 0.05).
TABLE 2 | Primer sequences.

Genes Forward sequence (5′–3′) Reverse sequence (5′–3′) Reference

GLUT2 GTGTTTGCTGTGCTGCTCCT GCTCCGTATCGTCTTTGGG (Zhang et al., 2020)
GK GGGTTTTACCTTCTCCTTTC GGTGGCTACTGTGTCATTCA (Li et al., 2020)
PFK CTGGCTGAGCTCGTAAAG GTGCCGCAGAAGTCGTTG (Li et al., 2020)
PK CTCTTTCATCCGCAAAGC AATTCCCAGGTCACCACG (Li et al., 2020)
G6pase TGTTTACTATTTTCTTCCACCCA GCTGACACAGTTATTCTTTGCTC (Zhang et al., 2020)
Fbp1 GCGATTGGCGAATTTATC ACTCTGTGACGGCGGGTT (Li et al., 2020)
Pepck ATTCCCTTCAGTATGGGTCCT CCACTCCTTCAGCCAGTTTC (Zhang et al., 2020)
GRP78 TTGCCGATGACGACGAAA CAATCAGACGCTCACCCT (Zhao et al., 2021a)
ATF6 CAGGACGAAGTGCTTAGAGTT AGAGTAATGGACGGTCACAAT (Zhao et al., 2021a)
IRE1 ACGGACCAATCGTGAGAC CGGGAGGTGAAGTAGGAG (Zhao et al., 2021a)
eIF2a CCTCGTTTGTCCGTCTGTATC GCTGACTCTGTCGGCCTTG (Zhao et al., 2021a)
b-actin AAAGGGAAATCGTGCGTGAC AAGGAAGGCTGGAAGAGGG (Li et al., 2020)
June 2022 | Volume
GK, glucokinase; PFK, phosphofructokinase; PK, pyruvate kinase; GLUT2, glucose transporter 2; G6pase, glucose-6-phosphatase catalytic subunit; fbp1, fructose-bisphosphatase1;
Pepck, phosphoenolpyruvate carboxykinase; GRP78, glucose-regulated protein78; ATF6, activating transcription factor6; IRE1, inositol-requiring enzyme 1; eIF2a: eukaryotic initiation
factor 2a.
TABLE 3 | Growth performance, feed efficiency, and survival rate of largemouth bass fed different experimental diets for 60 days.

Items/groups 0% 0.1% 0.2%

Initial weight/g 7.00 ± 0.02 7.00 ± 0.02 7.00 ± 0.02
Final weight/g 52.78 ± 0.87 52.97 ± 0.66 53.93 ± 1.93
WGR/% 653.44 ± 12.82 656.16 ± 8.62 669.98 ± 26.75
SGR %/day 3.37 ± 0.03 3.37 ± 0.02 3.40 ± 0.06
FCR 0.84 ± 0.02 0.83 ± 0.02 0.84 ± 0.01
Survival/% 100 ± 0.00 99.00 ± 1.00 99.00 ± 1.00
9

The values (n = 30) are expressed as mean ± standard error. The mean values in same line with different superscripts are significantly different (p < 0.05).
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Effects of Dietary Nano-Curcumin on LYZ,
POD, and AKP in Skin Mucosal of
Largemouth Bass
As is shown in Figure 2, the activities of LYZ and AKP in the
skin mucus of largemouth bass in the 0.2% nano-curcumin
group were higher than those in the control group, but there
were no significant differences between the groups (P > 0.05).
Meanwhile, the POD content of the nano-curcumin group was
significantly higher than that of the control group (P < 0.05).

Effects of Dietary Nano-Curcumin on
Antioxidant Enzymes in Serum of
Largemouth Bass
As is presented in Table 5, treatments of nano-curcumin did not
affect the activity of SOD and CAT in serum (P > 0.05), and with the
increase in nano-curcumin content, the activity of MDA
significantly decreased in the 0.2% nano-curcumin group (P < 0.05).

Liver Histology
The HE-stained paraffin sections of the liver from fish in all
groups are shown in Figure 3. The results of the hematoxylin–
eosin staining section showed that the fish in the control group
had obvious inflammatory cell infiltration compared with the
fish in nano-curcumin treatment groups. In addition, the
morphology of hepatocytes in the control group and 0.1%
nano-curcumin group was similar, with hypertrophy,
vacuolization, and loss of nucleus of hepatocytes.

Expression of Genes Involved in Glucose
Metabolism and Endoplasmic Reticulum
Stress in Liver of Largemouth Bass
The effect of nano-curcumin on the expression of genes related to
glucose metabolism in the liver of largemouth bass is shown in
Frontiers in Marine Science | www.frontiersin.org 5
Figure 4. The results showed that with the supplementation of
nano-curcumin, the mRNA expression of GK, PFK, and PK in fish
fed 0.2% nano-curcumin significantly increased compared with the
control group and 0.1% nano-curcumin group (P < 0.05). The
mRNA expression of G6Pase and Fbp1 did not show a significant
change among the three groups (P > 0.05), while the mRNA
expression of PECPK and GLUT2 was significantly increased in
the 0.1% nano-curcumin group compared with the control group (P
< 0.05).

The relative expression of endoplasmic reticulum stress-
related genes in the liver of largemouth bass is shown in
Figure 5. Compared with the control group, the relative
expression of GRP78, ATF6, IRE, and eIF2a in the 0.2% nano-
curcumin group was significantly downregulated (P < 0.05).
DISCUSSION

In the present study, dietary nano-curcumin did not affect the
growth performance of largemouth bass, which is consistent with
Pirani et al. (2021) who found that dietary curcumin
nanomicelles also had no effect on the growth performance of
Cyprinus carpio (Pirani et al., 2021). However, the improvement
of growth performance was observed in other animals with
dietary nano-curcumin supplementation, such as mice,
chicken, and white shrimp (Yu et al., 2016; Yu et al., 2018;
Marchiori et al., 2019; Afifi et al., 2020; Bhoopathy et al., 2021).
There is no consensus on plausible explanations for this
discrepancy, which may be related to the size, species, feed
composition, culture environment, or difference of nanocarriers.

It is well known that medicinal plants and their extracts can
enhance the mucosal immunity of fish (Doan et al., 2020). As the
first layer of the innate immune system, fish skin mucus contains
TABLE 4 | Whole-body and muscle composition of largemouth bass fed different experimental diets for 60 days.

Items/groups 0% 0.1% 0.2%

Whole fish body
Crude protein (%) 58.05 ± 0.72 59.47 ± 0.77 59.24 ± 0.38
Crude lipid (%) 23.51 ± 1.59 23.94 ± 0.73 24.06 ± 0.10
Muscle
Crude protein (%) 89.86 ± 0.78 90.05 ± 0.18 92.11 ± 1.98
Crude lipid (%) 11.81 ± 1.81 12.41 ± 0.79 12.91 ± 1.38
June 2022 | Volume 9 | A
The values (n = 6) are expressed as mean ± standard error. The mean values in same line with different superscripts are significantly different (p < 0.05).
A B C

FIGURE 1 | Effects of dietary nano-curcumin on serum glucose (A), liver glycogen (B), and muscle glycogen (C) in largemouth bass. Values (mean ± standard error
of the mean, SEM) in bars that have the same letter are not significantly different (P > 0.05; Duncan’s test) between treatments (N = 6).
rticle 924569
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different innate immune components, such as lysozyme,
protease, alkaline phosphatase, lectin, catalase, and
complement (Lazado and Caipang, 2015). In the present study,
dietary supplementation of nano-curcumin could increase the
activities of LYZ, POD, and AKP in skin mucus of largemouth
bass. The same results were found in carp (Giri et al., 2019),
Larimichthys crocea (Yu et al., 2015), and Labeo rohita
(Sukumaran et al., 2016), indicating that nano-curcumin, as
well as curcumin, could improve the mucosal immunity of
fish, which might be related to its immune stimulation
characteristics, but the exact mechanism of stimulating
mucosal immunity of fish still needs to be further explored.

Superoxide dismutase (SOD) and catalase (CAT) are the
evaluation indicators of the body’s antioxidant capacity, which
are widely present in animals and can protect cells and prevent
peroxidation (Lesser, 2006). Malondialdehyde (MDA) is a
breakdown product of lipid peroxidation; it can indirectly
reflect the degree of cell damage (Koruk et al., 2004). In this
study, compared with the control group, the 0.2% nano-
curcumin group did not significantly increase the activity of
SOD and CAT in serum but significantly decreased the activity of
MDA, which echoed the results of liver histopathology,
indicating that the appropriate amount of nano-curcumin can
improve the antioxidant ability of largemouth bass. The results
were in accordance with the previous study, which confirmed
that curcumin could improve the antioxidant ability of fish, such
as grass carp (Jiang et al., 2016), rainbow trout (Yonar et al.,
2019), and Nile tilapia (Mahmoud et al., 2017). This may be due
to the molecular structure of curcumin which contains phenolic
hydroxyl with strong ability to remove free radicals, and
curcumin also significantly increased the activity of antioxidant
enzymes, such as SOD and CAT (Ramassamy, 2006; Hewlings
and Kalman, 2017; Moniruzzaman and Min, 2020). Moreover,
previous studies have shown that nanoencapsulation can
Frontiers in Marine Science | www.frontiersin.org 6
enhance the scavenging ability of curcumin on free radicals
(Coradini et al., 2014), which may be one of the reasons why
nano-curcumin improves the antioxidant capacity of
largemouth bass.

As a facilitative glucose transporter, glucose transporter 2
(GLUT2) could promote the bidirectional transfer of glucose
across the cell membrane. Together with sodium-glucose
cotransporter 2, GLUT2 completes the absorption and
transport of glucose, which is the first step in glucose
metabolism (Klover and Mooney, 2004). In the present study,
dietary addition of 0.1% nano-curcumin significantly
upregulated the relative expression of GLUT2 in the liver of
fish, indicating that glucose transporters transported glucose to
hepatocytes for glycolysis. As the only metabolic pathway leading
to glucose catabolism in all organisms, including fish, the
important rate-limiting enzymes of glycolysis included GK,
PFK, and PK (Seiliez et al., 2013; Ren et al., 2021). Our study
found that the relative gene expressions of GK, PFK, and PK were
significantly increased in the 0.2% nano-curcumin group
compared with the control group, demonstrating that nano-
curcumin could reduce serum glucose levels by promoting the
expression of key rate-limiting enzyme genes in glycolysis.
Similarly, previous studies have also reported that nano-
curcumin upregulated the mRNA expression of GK and
GLUT2 in diabetic mice (Afifi et al., 2020). Dietary
supplementation of curcumin significantly reduced blood
glucose levels and improved the liver glycogen content in
diabetic db/db mice (Seo et al., 2008). In addition, the change
in liver glycogen content is related to gluconeogenesis, which
refers to the conversion of non-sugar substances into glucose or
glycogen, and G6Pase, Fbp1, and PEPCK are important rate-
limiting enzymes in the gluconeogenesis process (Cowey et al.,
1977). In the present study, the addition of 0.2% nano-curcumin
to the diet did not significantly reduce the relative expression of
A B C

FIGURE 2 | Effect of dietary nano-curcumin on lysozyme (A), peroxidase (B), and alkaline phosphatase (C) in the liver of largemouth bass. Values (mean ± standard
error of the mean, SEM) in bars that have the same letter are not significantly different (P > 0.05; Duncan’s test) between treatments (N = 6).
TABLE 5 | Antioxidant enzymes in serum of largemouth bass fed different experimental diets for 60 days.

Items/groups 0% 0.1% 0.2%

SOD (U mg prot-1) 33.79 ± 2.46 33.06 ± 3.83 38.38 ± 1.31
CAT (U mg prot-1) 76.97 ± 4.10 72.08 ± 6.56 81.43 ± 3.04
MDA (nmol mg prot-1) 12.41 ± 2.17 a 7.47 ± 1.05 ab 5.80 ± 1.68 b
June 2022 | Volume 9 |
The values (n = 6) are expressed as mean ± standard error. The mean values in same line with different superscripts are significantly different (p < 0.05).
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A B C

FIGURE 3 | Effect of dietary nano-curcumin on the liver histology (hematoxylin and eosin staining, original magnification ×400) of largemouth bass after 60 days. (A) Liver
from fish fed diet 0% nano-curcumin. (B) Liver from fish fed diet 0.1% nano-curcumin. (C) Liver from fish fed diet 0.2% nano-curcumin.
A B

D

E F

G

C

FIGURE 4 | Effect of dietary nano-curcumin on glucose transporter 2 (glut2) (A), glucokinase (gk) (B), phosphofructokinase liver type (pfk) (C), pyruvate kinase (pk) (D), glucose-6-
phosphatase catalytic subunit (G6pase) (E), fructose-bisphosphatase1 (fbp1) (F), and phosphoenolpyruvate carboxykinase (Pepck) (G) related gene mRNA levels in the liver of
largemouth bass. Values (mean ± standard error of the mean, SEM) in bars that have the same letter are not significantly different (P > 0.05; Duncan’s test) between treatments (N = 9).
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G6Pase, Fbp1, and PEPCK genes but significantly reduced the
content of liver glycogen compared with the control group.
These results were partially consistent with previous studies
that curcumin could downregulate G6Pase and PEPCK gene
expression in diabetic mice and inhibit gluconeogenesis in the
liver (Kim et al., 2009; Zhao et al., 2017). Additional studies
demonstrated that curcumin could inhibit glucose production in
isolated mouse hepatocytes (Fujiwara et al., 2008). Based on the
above results, we speculated that nano-curcumin could promote
glucose transport and glycolysis, which may be the principal
reason for the decrease in serum glucose and liver
glycogen content.

Previous studies have shown that excessive carbohydrate
intake can induce endoplasmic reticulum stress (ERS) in
largemouth bass, which is caused by the accumulation of a
large number of unfolded or misfolded proteins (Zhao et al.,
2021a). GRP78 is considered to be the marker protein of ERS
(Jiang et al., 2017). When the body is in the ERS state, the
overexpression of GRP78 can promote the dissociation and
activation of ATF6, IRE1, and protein kinase R (PKR)-like
endoplasmic reticulum kinase (PERK), while the dissociated
and activated PERK can promote the phosphorylation of
eIF2a (Bánhegyi et al., 2007). In mice and cell models,
curcumin has been proven to markedly alleviate ERS induced
by multiple factors, such as lipopolysaccharide (Zhang et al.,
2018, Xie X. et al., 2020), diabetes (Fan et al., 2013; Rashid et al.,
2017), and alcohol (Mohan et al., 2019; Wang et al., 2019).
Similarly, our study showed that dietary supplementation of
0.2% nano-curcumin significantly reduced the relative gene
Frontiers in Marine Science | www.frontiersin.org 8
expression of GRP78, IRE, eIF2a, and ATF6 in the liver of
largemouth bass, suggesting that nano-curcumin may alleviate
endoplasmic reticulum stress, which is induced by long-term
intake of carbohydrates. Due to the low number of studies on
nano-curcumin, further research is needed to confirm
our findings.
CONCLUSIONS

In conclusion, the study showed that dietary nano-curcumin had
no significant effect on the growth performance and approximate
components of largemouth bass, but the non-specific immunity
was improved by increasing the activities of mucosal immune
indexes. Adding 0.2% nano-curcumin to the diet can alleviate
oxidative stress and endoplasmic reticulum stress induced by
long-term carbohydrate intake diet, and at the same time, it can
reduce serum glucose levels by increasing the expression of liver
glucose transport and glycolysis genes, and improve
glucose homeostasis.
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