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ARTICLE INFO ABSTRACT

Keywords: Dietary carbohydrates are widely used in aquafeeds as cheap energy source and improve quality of feeds.
Carbohydrate Cofnple"ity However, comprehensive assessment of the effects of dietary carbohydrate complexity on fish metabolism and
Glucose metabolism liver health is currently lacking. This study investigated the effect of replacing 50% of starch by using sucrose,

Lipid metabolism
Liver health
Nile tilapia

fructose and glucose. Four isonitrogenic (400 g/kg protein) and isolipidic (60 g/kg fat) feeds containing starch
(polysaccharide), sucrose (disaccharide) and fructose and glucose (monosaccharides) were fed to three replicates
of 4.5 + 0.30 g Nile tilapia (Oreochromis niloticus) for eight weeks. Afterwards, growth performance, feed uti-
lization efficiency, glucose and lipid metabolism and liver health were evaluated. The results showed that the
Nile tilapia fed on monosaccharide diets had significantly lower growth and feed utilization efficiency than those
fed on disaccharide and polysaccharide diets. The Nile tilapia fed on monosaccharide diets reduced significantly
lipid deposition, hepatosomatic index (HSI), serum alanine transaminase (ALT) and aspartate aminotransferase
(AST) and expression of lipid metabolism genes than those fed on polysaccharide diet. The Nile tilapia fed on
disaccharide diet increased significantly the serum insulin, muscle glycogen, and muscle glycogen synthase (gs)
gene expression compared with those fed on polysaccharide diet. Interestingly, the Nile tilapia fed on mono-
saccharide diets reduced significantly the glycogen content while they increased insulin, glucose and the
expression of liver gluconeogenesis genes such as glucose-6-phosphatase (gépase) and phosphoenolpyruvate
carboxykinase (pepck) than those fed on polysaccharide diet. Contrary, the Nile tilapia fed on disaccharide diet
downregulated liver glucose catabolism and lowered serum triglyceride (TG) levels than those fed on poly-
saccharide but enhanced muscle peroxisome proliferator activated receptor alpha (ppara) and carnitine palmi-
toyltransferase 1a (cptla) gene expression, liver gluconeogenesis and pentose phosphate pathways. These results
indicate that Nile tilapia utilizes better dietary polysaccharides and disaccharides than monosaccharides. Feeding
Nile tilapia on monosaccharide diets caused insulin resistance and glucose metabolism disorders manifested by
hyperinsulinism and hyperglycemia, respectively. The carbohydrate complexity affects the nutritional meta-
bolism and liver health of fish.

1. Introduction carbohydrates are an economical and ideal dietary energy source, the
ability of fish to utilize carbohydrates varies among species depending

Carbohydrate is an essential nutrient for animals. Proper levels of on feeding habits, dietary carbohydrate level and complexity (Kamalam
carbohydrates in the diet of farmed fish promote protein sparing effect et al., 2017). Carbohydrates are a family of compounds composed of
for energy requirement (Hemer et al., 2002; Stone, 2003) and improve mainly three classes, ranging from monosaccharides and disaccharides
the quality of extruded feed pellets (Honorato et al., 2010). Although to more complex and longer polysaccharide molecules (Niaz et al.,

* Correspondence to: Z. Y. Du; School of Life Sciences, East China Normal University, 500 Dong Chuan Road, Shanghai 200241, PR China.
** Correspondence to: T. Han; Department of Aquaculture, Zhejiang Ocean University, Zhoushan 316000, China.
E-mail addresses: hantao@zjou.edu.cn (T. Han), zydu@bio.ecnu.edu.cn (Z.-Y. Du).

https://doi.org/10.1016/j.aquaculture.2021.737857
Received 28 August 2021; Received in revised form 21 November 2021; Accepted 21 December 2021

Available online 27 December 2021
0044-8486/© 2021 Elsevier B.V. All rights reserved.


mailto:hantao@zjou.edu.cn
mailto:zydu@bio.ecnu.edu.cn
www.sciencedirect.com/science/journal/00448486
https://www.elsevier.com/locate/aquaculture
https://doi.org/10.1016/j.aquaculture.2021.737857
https://doi.org/10.1016/j.aquaculture.2021.737857
https://doi.org/10.1016/j.aquaculture.2021.737857
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaculture.2021.737857&domain=pdf

W.-H. Zhou et al.

Table 1
Formulation and proximate composition (dry matter basis) of the experimental
diets.

Ingredients (%) Starch Sucrose Fructose Glucose
Casein 320 320 320 320
Gelatin 80 80 80 80
Soybean oil 60 60 60 60
Corn starch 300 150 150 150
Sucrose 150
Fructose 150
Glucose 150
Vitamin premix! 12 12 12 12
Mineral premix* 12 12 12 12
Ca(H2P0O4)2 10 10 10 10
CMC 30 30 30 30
Cellulose 169.75  169.75 169.75 169.75
DMPT 1 1 1 1
Choline chloride 5 5 5 5
BHT 0.25 0.25 0.25 0.25
Total 1000 1000 1000 1000
Proximate composition (g / kg dry

matter)
Crude protein (%) 383 384 388 380
Crude lipid (%) 76 72 74 71
Moisture (%) 89 90 89 88

1 Mineral premix (g/kg): 314.0 g CaCOs; 469.3 KHoPOy; 147.4 g MgS04-7H,0;
49.8 g NaCl; 10.9 g Fe (II) gluconate; 3.12 g MnSO4-H20; 4.67 g ZnSO4-7H,0;
0.62 g CuSO4-5H,0; 0.16 g KJ; 0.08 g CoCl,-6H>0; 0.06 g NH, molybdate; 0.02 g
NaSeOs.

2 Vitamin premix (mg or IU/kg): 500,000 I.U. (international units) Vitamin A;
50,000 1.U. Vitamin D3; 2500 mg Vitamin E; 1000 mg Vitamin K3; 5000 mg
Vitamin B1; 5000 mg Vitamin B2; 5000 mg Vitamin B6; 5000 pg Vitamin B12;
25,000 mg Inositol; 10,000 mg Pantothenic acid; 100,000 mg Cholin; 25,000 mg
Niacin; 1000 mg Folic acid; 250 mg Biotin; 10,000 mg Vitamin C.

2020). Among them, starch is a polysaccharide formed by
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polymerization of glucose molecules and is currently the most widely
used carbohydrate source for fish feeds (Limbu et al., 2020). Sucrose is a
disaccharide consisting of two monosaccharides, glucose and fructose,
and is also one of the most common carbohydrate sources in aquafeeds
(Erfanullah and Jafri, 1995). Feeding fish with diets containing various
classes of carbohydrates is expected to affect the nutritional physiology
in the body.

Most results show that fish are better at utilizing complex and higher
molecular weight carbohydrates than simple ones, especially omnivo-
rous and carnivorous fish such as carp (Cyprinus carpio) and red sea
bream (Pagrus major) (Furuichi and Yone, 1982), channel catfish (Icta-
lurus punctatus) (Wilson and Poe, 1987) and jundia (Rhamdia quelen)
(Correia et al., 2019). However, some studies in various fish species also
found decrease in growth rate with increasing molecular weight of
carbohydrates such as in chinook salmon (Oncorhynchus tshawytscha)
(Buhler and Halver, 1961), rainbow trout (Oncorhynchus mykiss) (Ber-
got, 1979) and gilthead sea bream (Sparus aurata) (Enes et al., 2008).
This might be due to the fact that, simple carbohydrates are more easily
digested and absorbed by the intestinal tract without the need for large
amounts of digestive enzymes compared to complex carbohydrates
(Wilson, 1994; Krogdahl et al., 2005). Commonly, the apparent di-
gestibility and intestinal uptake decrease with increasing complexities of
dietary carbohydrates (glucose > dextrin > starch) in fish (Kamalam
et al., 2017), which is the main reason for rapid rise in blood sugar after
consumption of simple carbohydrates. Simultaneously, the rapid in-
crease in blood sugar caused by consumption of simple carbohydrates
may lead to persistent hyperglycemia if it cannot be used by the body in
time (Moon, 2001).

The structural complexity of carbohydrates is closely related to blood
sugar, so it is also likely to have an impact on the nutritional metabolism
and health of fish. In fact, long-term hyperglycemia usually leads to a
series of negative effects (Blaslov et al., 2018). Accordingly, many

Table 2
Primer sequences accession numbers for real-time PCR analysis.

Metabolism Pathway Gene Forward primer (5' to 3") Reverse primer (5' to 3") GenBank NO

Glycolysis GK GACATGAGGACATTGACAAGGGAA CTTGATGGCGTCTCTGAGTAAACC XM_003451020.2
PK CAGCATAATCTGCACCATCGGT ATGAGAGAAGTTAAGACGGGCGA XM_005472621.3
PFK AACCTGTGTGTGATTGGAGGTGAT CGTGATCTTACCGGCTTTAACAAG XM_003441476.2

Gluconeogenesis PEPCK TGGAAGAACAAACCTTGGCG TGGGTCAATAATGGGACACTGTCT XM_003448375
G6Pase AGACCTTATTGGTGGGTTCACGA CTGAAGGACTTCCTGGTCCAGTTT XM_003448671.4

Pentose phosphate pathway G6PD ACGGACGAAGAACAGATGGG CCGTCTCTGAACAACCACCA XM_003448158.5

Glycogen synthesis GS CCTCACTCTGCGCTGTTATTC CAGCGGCATGCCTTCAGTTT XM_013276796.3

TCA PDH ATGAGCGATCCTGGCGTTAG AAGGGGTTGGGTGGGTTATG XM_003446838.5
IDH ACGCATCGCTGAGTACGCCTT AGACCGTCTGACATCCGCATGA XM_003437590.5
Cs AGCACCACAGTTTACCAG AGTGTTGACAAACCCAGA XM_003438897

Fatty acid oxidation
CPT1a TTTCCAGGCCTCCTTACCCA TTGTACTGCTCATTGTCCAGCAGA XM_003440552
ACO AGTCCCACTGTGAGCTCCATCAA CAGACCATGGCAGTTTCCAAGA KF918710

Fatty acid synthesis ACCa TAGCTGAAGAGGAGGGTGCAAGA AACCTCTGGATTGGCTTGAACA XM_005471970
FAS TCATCCAGCAGTTCACTGGCATT TGATTAGGTCCACGGCCACA GU433188

Insulin signal pathway IR GTTCGGTGTTGTGTTGTGGG TCTAGGTCAAACTCCCCCGT JN967750.1
GLUT2 CATTGGCATTCTAATCAGCCAGGT TTGTAATATTGCTGGCGCTCCA XM_003442884.5
GLUT4 GCAGGAGGAAAGCCATGCTTATA ATCATTTCAAAGGAGCGGCAGA XM_003458705.4

Transcriptional regulation factor PPAR« GTTCCTCAAGAGTCTCCGCC AAAGAGCTAGGTCGCTGTCG KF871430
SREBP1C TGCAGCAGAGAGACTGTATCCGA ACTGCCCTGAATGTGTTCAGACA XM_005457771
CHREBP CTGGAAGTTCTGGATCTATCATCA CACCTTGGGTTACAGCGAGT XR_003221896.1

Reference gene p-actin AGCCTTCCTTCCTTGGTATGGAAT TGTTGGCGTACAGGTCCTTACG KJ126772.1
EFla ATCAAGAAGATCGGCTACAACCCT ATCCCTTGAACCAGCTCATCTTGT KJ123689.1

Glycolysis: Glucokinase (GK); Phosphofructokinase (PFK); Pyruvate kinase (PK).

Gluconeogenesis: Phosphoenolpyruvate carboxykinase (PEPCK); Glucose-6-phosphatase (G6Pase).

Pentose phosphate pathway: glucose 6-phosphate dehydrogenase (G6PD).
glycogen synthesis: Glycogen synthase (GS).
Insulin signal pathway: Insulin receptor (IR); Glucose transporter 2 (GLUT2, liver); Glucose transport 4 (GLUT4, muscle).

Fatty acid oxidation: Carnitine palmitoyltransferase Ia (CPTIa); Acyl-coenzyme A oxidase (ACO).

Tricarboxylic acid cycle (TCA): Citrate synthase (CS); Isocitrate dehydrogenase (IDH); pyruvate dehydrogenase (PDH).
Transcriptional regulation factor: Peroxisome proliferator activated receptor alpha (PPARa); Sterol regulatory element binding transcription factor 1 (SREBP1C);
Carbohydrate-responsive element-binding protein (CHREBP).
Reference gene: ongationfactorl-alpha (EF1la); p-actin
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Fig. 1. The growth, feed and protein deposition parameters of Nile tilapia. (A) survival rate, * represents a significant difference from the starch group (P < 0.05) (B)
weight gain, (C) the length of body, (D) feed intake, (E) feed efficiency ratio, (F) protein efficiency ratio, (G) crude protein content of whole body, (H) crude protein
content of muscle, and (I) condition factor. Values are mean + S.E.M for three replicates (nine fish used for body composition analysis). Bars with different letters

show significant difference (P < 0.05).

studies have shown that long-term intake of high fructose syrup (glucose
and fructose) causes the development of human metabolic syndrome
such as obesity, fatty liver and type 2 diabetes (Hodge et al., 2018;
Goncalves et al., 2020). Although fish generally have higher plasma
insulin levels compared with mammals (Moon, 2001), they have lower
insulin sensitivity and are considered to be glucose intolerant (Moon,
2001). Therefore, fish are actually more prone to hyperglycemia than
mammals, which is also considered to be related to many fish metabolic
diseases (Goessling and Sadler, 2015; Prisingkorn et al., 2017). Conse-
quently, hyperglycemia has been reported to cause lipid deposition in
fish (Luo et al., 2020), leading to oxidative stress and increased mortality
(Xu et al., 2019). However, until now, most studies on utilization of
carbohydrates with different complexity in fish focus mainly on starch
and its effect on digestion, growth performance, activities of some
glucose metabolism-related enzymes, and insulin regulation(Tian et al.,
2000; Tian et al., 2010; Yi et al., 2015; Kamalam et al., 2017). There is
still a lack of comprehensive evaluation on the effects of dietary car-
bohydrate complexity on fish metabolism and liver health.

Nile tilapia is a warm water omnivorous fish, and has been widely
cultivated because of its fast growth rate, high fillet yield, and strong
disease resistance (Wang et al., 2005; Zhu et al., 2020). Nile tilapia can
use up to 40% of digestible dietary carbohydrates (Wang et al., 2005),
therefore, it could be used as an ideal fish model to investigate effects of
dietary carbohydrate for long-term studies. Starch and sucrose have
been widely used as carbohydrate sources in aquatic feeds. Meanwhile,

glucose and fructose are the basic components of starch and sucrose.
Therefore, in the present study, we used Nile tilapia to explore the effects
of carbohydrates with different complexity (starch, sucrose, glucose and
fructose) on growth performance, feed utilization efficiency, body
composition, liver damage, and glucose and lipid metabolism. This work
is important to understand the nutritional metabolic consequences of
carbohydrate complexity in fish, and is helpful to improve fish feed
formulation.

2. Materials and methods
2.1. Ethical statement

Procedures used in this study were approved by the Committee on
the Ethics of Animal Experiments of East China Normal University
(F20190101). All experiments were conducted in accordance with the
principles of the Laboratory Animal Management guidelines of China.

2.2. Feed ingredients and formulation

To explore the utilization of different types of carbohydrate diets by
Nile tilapia, four purified isonitrogen (400 g/kg protein) and isolipidic
(60 g/kg fat) feeds were formulated containing starch (polysaccharide),
sucrose (disaccharide) and fructose and glucose (monosaccharides). In
all diets, casein and gelatin were used as protein sources and soybean oil
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Fig. 2. The somatic parameters and liver damage of Nile tilapia. (A) viscerosomatic index, (B) digestive somatic index, (C) hepatosomatic index, (D) serum alanine
transaminase activity (ALT), (E) serum aspartate transaminase activity (AST), and (F) i, ii, iii and iv are the liver H & E stained sections for fed on starch, sucrose,
fructose and glucose diets, respectively. Values are mean + SEM for ten fish. Bars with different letters show significant difference (P < 0.05).

was used as lipid source. The starch diet (corn starch) was formulated to
contain optimal levels of lipid, protein and carbohydrate to satisfy the
Nile tilapia nutritional requirements. Afterwards, 50% of corn starch
was replaced by using sucrose, glucose and fructose (Table 1). During
the feed preparation, individual ingredients were completely mixed by
hand followed by feed mixer according to formulations. Subsequent, oil
and water were added to form a dough, which was then processed into
pellets (2.0 and 2.5 mm diameter) by using a feed pelleting machine
(Sun Yat-sen University, Guangzhou, China). The feeds were then dried
naturally in the air. After drying, the feeds were stored at —30 °C until
used for feeding Nile tilapia during the study.

2.3. Experimental fish management procedures

One thousand Nile tilapia (approximately 2 g) used in this experi-
ment were purchased from Longhu Aquaculture Farm (Guangzhou,
China). The fish were acclimated in five 500 L tanks for 15 days under
conditions suitable for growth and survival of Nile tilapia. During the
acclimatization period, all fish were fed by using a commercial feed
(33% protein and 5% lipid, Wuxi, China). After acclimatization, 360
Nile tilapia (4.5 + 0.30 g) were randomly selected and divided into four
treatments (90 fish per treatment, each three replicates). The fish in each
tank were reared by using a 200 L tank supplied with clean de-
chlorinated freshwater. The fish in each tank were fed on the four
diets three times per day at a feeding rate of 4% for eight weeks. The fish
in each tank were weighted every two weeks and the amount of feed
given was adjusted accordingly. The fish were reared on a 12 h:12 h
light: dark photoperiod. The water temperature was maintained at 28 +
1.5 °C while the water pH and total ammonia nitrogen levels ranged

from 7.8 to 8.2 and 0.05 to 0.08 mg/L, respectively.

2.4. Determination of growth performance, survival and feed utilization
efficiency

At the end of the rearing period, fish were fasted for 24 h prior to
sampling. The fish were then anesthetized by using 7 g/L of MS-222
(tricaine methanesulfonate; Sigma, USA). Afterwards, all fish in each
treatment were counted to assess survival rate (SR) and then weighed to
determine final weight for calculation of weight gain (WG). The amount
of feed given and the number of fish were used to calculate feed intake
(FI). The feed conversion ratio (FCR) was calculated based on the feed
intake (FI) and the biomass of live and dead fish. The weight of fish
gained and the amount of protein consumed were used to calculate
protein efficiency ratio (PER). The WG, SR, FI, PER and FCR were
calculated by using the following formulaes:

Final fish weight (g) — Initial fish weight (g)

WG (%) = Initial fish weight (g) x 100

_ Final number of fish

SR (%) % 100

" TInitial number of fish

Total feed consumption (g)
Total number of fish

FI (g/fish) =

Total feed intake in each tank (g)

FCR =
[(Final tank biomass + dead fish) — Initial tank biomass | (g)
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Fig. 3. The glucose metabolism parameters of Nile tilapia. (A) serum insulin, (B) serum glucose, (C) serum pyruvate, (D) serum lactic acid, (E) liver glycogen, (F)
liver pyruvate, (G) liver lactic acid, (H) muscle glycogen, (I) muscle pyruvate, and (J) muscle lactic acid. Values are mean + SEM for nine fish. Bars with different

letters show significant difference (P < 0.05).

_ Total weight gain (g)
" Total protein intake (g)

2.5. Collection of blood and calculation of organ indices

A sample of ten fish per treatment were randomly collected and
anesthetized as above for blood sampling. Before blood collection, the
fish were individually measured to determine their weight and body
length for calculation of condition factor (CF). After weight measure-
ment, blood was drawn from the caudal vein by using heparinized 2 mL
syringes (Klmedical, China). The blood obtained was immediately
centrifuged at 3000 rpm at 4 °C for 10 min. The serum obtained was
placed into polypropylene tubes and was immediately stored at —20 °C
until needed for analysis. After drawing blood, the fish were individually
dissected to obtain viscera, liver, intraperitoneal fat and intestine. The
obtained viscera, liver, intraperitoneal fat and intestine were weighted
for calculation of viscera somatic index (VSI), hepatosomatic index
(HSI), intraperitoneal fat ratio (IPF) and digestive somatic index (DSI)
(Du et al., 2006; Xu et al., 2020). The liver and muscle tissues were
immediately frozen in liquid nitrogen and stored at —80 °C for further
analysis. The VSI, HSI, IPF, DSI and CF were calculated as follows:

Viscera weight (g)

VSI (%) = ———————="—-x 100

(%) = Fish body weight (g) x

Liver weight (g)

HSI (%) = ————————>—~x 100

(%) = Fish body weight (g) x
IPF (%) — Intraperitoneal fat weight (g) % 100

Fish body weight (g)

DSI (%) — Intestine weight (g) « 100

Fish body weight (g)

Final fish weight (g)

100
Final fish length (cm?) x

CF (%) =

2.6. Tissue and serum biochemical analysis

The liver and muscle tissues from nine fish per treatment were
randomly collected for tissue biochemical analysis. The tissues were
measured and homogenized by adding saline water (1:9, mg/v) and then
centrifuged at 2500 rpm for 10 min. The resulting supernatant was
pipetted and placed into polypropylene tubes and stored at —80 °C until
needed for biochemical analysis. The triglyceride (TG), non-esterified
fatty acid (NFFA) and pyruvate content in serum, liver and muscle
were determined by using specific commercial assay kits (Jiancheng
Biotech Co., China) according to manufacturer's instructions. The
glycogen contents in the liver and muscle were measured by using a
specific commercial kit (Jiancheng Biotech Co., China) by following
manufacturer's protocols. The serum insulin level was measured by
Enzyme Linked Immunosorbent Assay (ELISA) kit (Hengyuan Biotech
Co., China) according to manufacturer's instructions. Glucose, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels in
the serum were measured by using specific commercial kits (Jiancheng
Biotech Co., China) based on relevant kit protocols.

2.7. Proximate analysis of whole fish and muscle

Nine fish per treatment were randomly selected for proximate
analysis. The crude protein of whole fish body and muscle were deter-
mined by Kjeltec™ 8200 (FOSS, Sweden) (Zhang et al., 2019). The crude
lipid of whole body was analyzed according to the methods of
chloroform-methanol (1:2, v:v) extraction (Bustin et al., 2009).
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Fig. 4. The mRNA expression of glucose metabolism genes and related heat maps in Nile tilapia. The insulin signal pathway (ir), glucose transport (glut2), glucose
catabolism (gk, pfk and pk), tricarboxylic acid cycle (pdh, cs and idh), pentose phosphate pathway (gépdh), gluconeogenesis (pepck and gépase) and glycogen synthesis
(gs) related genes in the liver (A) and the corresponding heat map (C). The ir, glut4, pfk, pk, pdh, cs, idh and gs genes in the muscle (B) and the corresponding heat map
(D). Values are mean + SEM for nine fish. Bars with different letters show significant difference (P < 0.05).

2.8. Histological observation of liver

Six liver tissues from each treatment were randomly sampled and cut
into 2 mm pieces. The tissues were dehydrated in a series of ethanol
before embedded in paraffin and sliced into 4 pm thick sections. All
sections were stained with hematoxylin and eosin (H & E), microscop-
ically examined, and photographed on a Nikon Microscope Eclipse Ni
(Nikon Corporation, Tokyo, Japan). In addition, oil red O staining was
used to label liver lipid droplets. Six fresh liver tissues (cut into 2 mm
thick) were collected from each treatment and immediately frozen in
liquid nitrogen. The frozen liver tissues were then sliced into 9 pm thick
sections with a cryostat microtome and fixed in 4% formaldehyde for 10
min, then stained with oil red O, and finally prepared for optical
microscopy.

2.9. Gene expression analysis by quantitative real time polymerase
reaction (qPCR)

Total RNA was extracted from the frozen liver and muscle tissues
(approximately 50 to 100 mg) by using Trizol reagent according to the
manufacture's protocol. The quantity and quality of the isolated RNA
was assessed by the 260/280 nm absorbance ratio by using NANODROP
2000 Spectrophotometer (Thermo, USA). RNA samples were treated by
RNase-Free DNase prior to quantitative real-time polymerase reaction
(qPCR) (Takara Co. Ltd., Japan) to avoid genomic DNA amplification.
The cDNAs of the total RNA were synthesized using a RT reagent Kit (No.

R323-01, Vazyme Biotech Co, Nanjing, China). The cDNA was unified
based on the concentration determined before qPCR. The mean of the
reference genes; elongation factor 1o (EFla) and f-actin (B-actin) was
used to normalize the expression level of the target genes. The primers
designed for qPCR are listed in Table 2. The qPCR reaction solution
consisted of 5 pL of 2 x ultra SYBR mixture, 0.25 pL of 10 mM forward
and reverse primers, 2 pL of cDNA template and 2.5 pL of ddH30, under
the following reaction conditions: 95 °C for 10 min followed by 40 cycles
consisting of 95 °C for 15 s, 60 °C for 10 s and 72 °C for 15 s carried out
on a CFX Connect Real-Time System (Bio-Rad, USA). Melting curves
were monitored (95 °C for 5 s, 65 °C for 1 min, temperature gradient
0.11 °C/s from 65 °C to 97 °C) to confirm the specificity of the ampli-
fication reaction, at the end of the last amplification cycle. The cDNA
expression of genes was estimated by using the comparative (242
method (Livak and Schmittgen, 2001).

2.10. Statistical analyses

Data were tested for normality by using the Shapiro-Wilk test and
homogeneity of variance by using Levene's test. Data were analyzed by
using one-way analysis of variance (ANOVA) to compare the measured
parameters for the different carbohydrate complexity diets. Duncan's
test was used for the multiple comparisons, after ANOVA showed sig-
nificant differences. All analyses were conducted by using the IBM SPSS
Statistics 20 (IBM, Michigan Avenue, Chicago, IL, USA). Results with P
< 0.05 were considered statistically different. All results are presented
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as means =+ standard error of the mean (SEM).
3. Results

3.1. Effects of carbohydrates with different complexity on survival rate,
growth and feed performance and protein deposition in Nile tilapia

Feeding the Nile tilapia with fructose and glucose (monosaccharide
diet) decreased survival rates compared to those fed on starch (poly-
saccharide) and sucrose (disaccharide) (Fig. 1A). The Nile tilapia fed on
fructose and glucose diets significantly reduced significantly the WG
than those fed on starch and sucrose diets (P < 0.05; Fig. 1B). Moreover,
the Nile tilapia fed on glucose had lower WG than those fed on sucrose
diet (P < 0.05). However, the Nile tilapia fed on sucrose and starch diet
had statistically comparable WG (P > 0.05). The Nile tilapia fed on the
glucose diet had significantly lower total length (Fig. 1C), FI (Fig. 1D),
PER (Fig. 1E) but had higher FCR (Fig. 1F) than those fed on starch and
sucrose diets (P < 0.05). The fish fed on sucrose and fructose diets had
no significant differences in body length (Fig. 1C), PER (Fig. 1G), and
crude protein content of whole body (Fig. 1H) and muscles (Fig. 1I)
compared to those fed on starch diet (P > 0.05). The Nile tilapia fed on
fructose and glucose diets had significantly lower FI (Fig. 1E) and higher
FCR (Fig. 1F) than those fed on the starch diet (P < 0.05). There was no
significant difference in CF (Fig. 1I) of Nile tilapia in all treatment
groups (P > 0.05). Taken together, Nile tilapia fed on monosaccharide
diets had lower growth performance, survival rate and feed utilization

than those fed on disaccharide and polysaccharide.

3.2. Effects of carbohydrates with different complexity on organ indexes
and liver health

The Nile tilapia fed glucose diet had significantly higher VSI (Fig. 2A)
and DSI (Fig. 2B) than those fed on fructose, sucrose and starch diets (P
< 0.05) but not starch diet for VSI (P > 0.05). The fish fed on starch,
sucrose and fructose diets had statistically similar VSI and DSI (P >
0.05). The Nile tilapia fed on glucose diet had significantly lower HSI
than those fed of the remain starch, sucrose and fructose (Fig. 2C; P <
0.05). However, feeding the fish starch, sucrose and fructose diets did
not affect significantly HIS (P > 0.05). Moreover, serum AST (Fig. 2E)
and ALT (Fig. 2F) activities, which are the classic biomarkers of liver
damage, were significantly reduced in Nile tilapia fed on sucrose, fruc-
tose and glucose diets compared with those fed on starch diet (P < 0.05),
with the three diets attaining statistically comparable levels (P > 0.05).
Similarly, liver H & E stained sections did not show obvious liver injury-
related characteristics in all treatments (Fig. 2G). These results indicate
that, the monosaccharide and disaccharide carbohydrates relieved the
liver damage in Nile tilapia compared with polysaccharide.

3.3. Effects of carbohydrates with different complexity on glucose
metabolism related parameters

The Nile tilapia fed on starch diet decreased significantly the serum
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insulin (Fig. 3A) and glucose (Fig. 3B) levels than those fed on sucrose
(except for serum glucose), fructose and glucose diets (P < 0.05).
Similarly, fish fed on fructose diet had lower insulin level than those fed
on sucrose and glucose diets (Fig. 3A), while those fed on sucrose had
lower glucose than those fed on fructose and glucose diets (Fig. 3B).
Equally, the fish fed on glucose diet had lower glucose level than those
fed on fructose (Fig. 3B). The fish fed on fructose and glucose diets had
significantly lower serum pyruvate (Fig. 3C), liver glycogen (Fig. 3D),
liver pyruvate (Fig. 3E) and muscle glycogen (Fig. 3F) than those fed on
starch and sucrose diets (P < 0.05). In most of these parameters, fish fed
on fructose and glucose diets and those fed on starch and the sucrose
diets had statistically comparable levels (P > 0.05) except for a signifi-
cantly lower level of muscle glycogen for fish fed on starch than sucrose
diet (Fig. 3F). The Nile tilapia fed on starch diet had significantly higher
lactic acid levels in the serum (Fig. 3G), liver (Fig. 3H) and muscle
(Fig. 3I) than those fed on fructose and glucose diets (P < 0.05) and
sucrose for liver lactic acid. The fish fed on the fructose diet had lower
lactic acid level in the muscle (Fig. 3I) than those fed on starch and
sucrose diets (P < 0.05), while the latter had statistically similar levels
similar to those fed on fructose and glucose (P > 0.05). Feeding Nile
tilapia with the diets with different carbohydrate complexity did not
affect muscle pyruvate content (P > 0.05; Fig. 3J). In general, the car-
bohydrate metabolism between fish fed on sucrose and starch diets were
similar, while the fish fed on the two monosaccharides showed lower
levels than those fed on starch diet.

3.4. Effects of carbohydrates with different complexity on mRNA
expression of genes related to glucose metabolism

The relative mRNA expression of genes involved in insulin signal
pathway (ir), glucose transport (glut2/4), glucose catabolism (gk, pfk and

pk), tricarboxylic acid cycle (pdh, cs and idh), pentose phosphate
pathway (g6pdh), gluconeogenesis (pepck and gé6bpase) and glycogen
synthesis (gs) in the liver are shown in Fig. 4A, while those in the muscle
are depicted in Fig. 4B. The Nile tilapia fed on sucrose diet did not affect
the mRNA expression of glut2, pk, pdh, cs, idh and gs in the liver
compared with those fed on starch diet (Fig. 4A; P > 0.05). However,
they reduced the mRNA expression of ir, gk and pfk (P < 0.05) and
significantly increased the expression of gépdh, pepck and gépase in liver
(P < 0.05) compared with those fed on starch diet. The Nile tilapia fed
on fructose diet down-regulated significantly the mRNA expression of ir,
glut2, gk, pfk, pk, pdh, and idh genes in the liver, while the pepck and
gbpase genes were significantly up-regulated compared with those fed
on starch diet (Fig. 4A; P < 0.05). The fish fed on glucose diet down-
regulated significantly the mRNA expression of ir, pfk, pdh, and idh
genes, while up-regulated significantly the expression of pepck gene than
those fed on starch diet (P < 0.05; Fig. 4A). Feeding Nile tilapia with
glucose and starch diets did not affect the mRNA expression levels of
glut2, gk, pk, cs, gbpdh, gépase and gs genes in the liver (Fig. 4A; P >
0.05).

In the muscle, the Nile tilapia fed on fructose and glucose diets down-
regulated significantly the mRNA expression of ir, glut4, pfk, pdh, cs, idh
and gs genes than those fed on starch and sucrose diets (Fig. 4B; P <
0.05). The Nile tilapia fed on sucrose diet did not affect significantly the
mRNA expression of most genes (ir, glut4, pfk, pdh, cs and idh) (Fig. 4B; P
> 0.05), except pk and gs genes, which were notably up-regulated
compared with those fed on the starch diet (Fig. 4B; P < 0.05).

The expression profiles of glucose metabolism genes in liver (Fig. 4C)
and muscle (Fig. 4D) are summarized by using heat maps. In general, the
Nile tilapia fed on monosaccharide diets suppressed the expression of
genes related to glucose catabolism and promoted the expression of
gluconeogenic genes compared with those fed on polysaccharide diet,
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whereas the disaccharide diet and the polysaccharide diet had essen-
tially similar glucose catabolic gene expression profiles, the disaccharide
diet caused higher expression of hepatic gluconeogenic genes and
pentose phosphate pathway genes. (Fig. 4C and Fig. 4D).

3.5. Effects of carbohydrates with different complexity on lipid
metabolism related parameters

The Nile tilapia fed on sucrose and starch diets had higher whole fish
crude lipid (Fig. 5A), IPF (Fig. 5B), serum NEFA (Fig. 5D) and liver TG
(Fig. 5F) than those fed on fructose and glucose diets (P < 0.05), except
for muscle TG in the fructose, which was not significantly different from
either the starch or the sucrose. On one hand, most of these parameters
were similar between fish fed on sucrose and starch diets, and those fed
on fructose and glucose, on the other hand except IPF, which was
significantly higher for fish fed on fructose than glucose (P < 0.05;
Fig. 5B). The Nile tilapia fed on starch diet had significantly higher
serum TG than those fed on sucrose, fructose and glucose (P < 0.05;
Fig. 5C). Feeding Nile tilapia with the diets with different carbohydrate
complexity did not affect muscle TG content (P > 0.05; Fig. 5E). The Oil
red O staining showed smaller volume and reduced number of lipid
droplets for Nile tilapia fed on fructose and glucose diets than those fed
on starch and sucrose diets consistent to the results on TG content in the
liver. Overall, feeding Nile tilapia with starch or sucrose diets did not
affect the lipid deposition pattern, while feeding them with the two
monosaccharide diets reduced significantly the lipid in whole body and

serum.

3.6. Effects of carbohydrates with different complexity on mRNA
expression of lipid metabolism related genes

The relative mRNA expression of key genes related to lipid oxidation
(ppara, cptla and aco) and lipid synthesis (chrebp, srebp1c, acca and fas)
of Nile tilapia are shown in Fig. 6A for liver and Fig. 6B for muscle tis-
sues. The Nile tilapia fed on the starch diet up-regulated the mRNA
expression profile of lipid metabolism genes (ppara, cptla, chrebp, acca
and fas) (P < 0.05) in the liver than those fed on sucrose, fructose and
glucose, except for aco gene, which had no statistical difference among
the four diets (P > 0.05). The fish fed on fructose had higher and lower
mRNA expression of cptla and fas genes, respectively than those fed on
glucose diet (P > 0.05).

Similar to the liver, the Nile tilapia fed on fructose and glucose also
reduced significantly the mRNA expression of lipid metabolism-related
genes in the muscle compared with those fed on starch and sucrose
diets (P < 0.05), except srebplc gene, which was not significantly
different in fish fed on monosaccharide diets from sucrose diet (P >
0.05). In contrast, the expression of lipid oxidation-related genes in the
muscle (ppara and cptla) were significantly higher in fish fed on sucrose
than starch diet (P < 0.05). With exception of ppara and cptla, most
genes had statistically comparable expression levels for fish fed on starch
and sucrose and those fed on fructose and glucose in the muscle (P >
0.05).
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The expression profiles of genes related to lipid metabolism in the
liver and muscle in Nile tilapia were presented in the form of heat maps
(Fig. 6C and D). The expression levels of lipid metabolism genes in the
Nile tilapia fed on fructose and glucose diets were substantially lower
than those fed on starch and sucrose diets both in the liver and muscle.
However, the Nile tilapia fed on sucrose diet significantly increased the
mRNA expression of genes related to lipid catabolism in the muscle.
These results indicate that, feeding Nile tilapia with monosaccharide
diets reduced the lipid metabolism genes expression compared to those
fed on disaccharide and polysaccharide diets.

4. Discussion

The results of this study indicate that the dietary carbohydrate
complexity significantly affects Nile tilapia growth performance, sur-
vival and feed utilization. In the present study, poor weight gain was
evident in the Nile tilapia fed on fructose and glucose diets, accompa-
nied by the reduced feed intake and feed efficiency. This was especially
apparent in the Nile tilapia fed on glucose diet, which had the lowest
protein deposition level. The effect of dietary monosaccharides on the
growth performance of Nile tilapia in this study is consistent with the
previous results in many fish. In fact, studies in blunt snout bream
(Megalobrama amblycephala) (Ren et al., 2015), GIFT tilapia (Oreochro-
mis niloticus) (Qiang et al., 2016), gibel carp (Carassius auratus gibelio)
(Tan et al., 2006), gilthead sea bream (S. aurata) (Enes et al., 2010),
cobia (Rachycentron canadum) (Cui et al., 2010), and Chinese long snout
catfish (Leiocassis longirostris) (Tan et al., 2006) all indicated that dietary
monosaccharide can significantly inhibit growth performance compared
with dietary polysaccharide. This shows that Nile tilapia has poor uti-
lization ability of dietary monosaccharides like the above fish.

However, the low growth performance, survival rate and feed utili-
zation of Nile tilapia in monosaccharide diets may be related to the
glucose metabolism disorder. In the present study, the dietary mono-
saccharide diets caused a significant increase in serum insulin levels in
fish than those fed on starch, accompanied by obvious hyperglycemia,
suggesting that dietary monosaccharides induced insulin resistance
(Saini, 2010). These results suggest that simple carbohydrates are easier
to absorb than complex carbohydrates ones and are more likely to cause
hyperglycemia (Luo and Xiaojun., 2010). Many studies have also shown
that persistent hyperglycemia can significantly contribute to metabolic
disorders and lead to metabolic syndrome (Perseghin, 2009; Wang et al.,
2018). Moreover, fish fed on dietary monosaccharides down-regulated
most genes related to glucose catabolism than those fed on starch diet,
indicating that glucose catabolism was weakened. Furthermore, fish fed
on the monosaccharide diets increased the expression of gépase and
pepck genes than those fed on starch diet, reflecting enhanced gluco-
neogenesis. Therefore, decreased utilization and increased production of
glucose further promoted the occurrence of hyperglycemia (Chen et al.,
2019), which aggravated glucose metabolism disorders leading to
reduced growth of Nile tilapia.

Unexpectedly, although dietary fructose and glucose caused obvious
glucose metabolism disorders, they did not lead to liver damage, but
instead reduced the levels of liver damage-related indicators. However,
this “damage relief” may not be a normal state. Generally, serum AST
and ALT are important and sensitive indicators for evaluating liver
injury (Kim et al., 2008; Wu et al., 2017). Moreover, HSI is also an
important liver injury diagnosis marker and an indicator of liver health
(Saxena et al.,, 2010; Amaya and Nickell, 2015). Commonly, liver
damage is usually accompanied by an increase in liver weight and HSI
(Tag, 2015). In present study, the HSI and AST and ALT in the serum
were significantly reduced in the Nile tilapia fed on fructose and glucose
diets than starch diet. Besides, no obvious damage characteristics were
observed in the H & E section of the liver, suggesting that the replacing
50% of starch by using simple carbohydrates does not cause damage to
the liver of Nile tilapia. In addition, glycogen and TG contents in the
liver were also significantly decreased in fish fed on fructose and glucose
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diets, which may also be one of the important reasons for the decline in
HSI. Consistently, studies in Jade Perch (Scortum barcoo) (Alkhafaji
et al., 2017), juvenile flounder (Paralichthys olivaceus) (Lee et al., 2003)
and gibel carp (C. auratus gibelio) (Tan et al., 2006) also reported in-
crease in glycogen in the liver accompanied with higher HSL. It is well
known that excessive accumulation of TG in the liver causes liver stea-
tosis, leading to severe liver damage (Quiroga and Lehner, 2018). The
comprehensive causes of fatty liver in fish have been previously sum-
marized (Du, 2014). Overall, the reduction in liver injury marker levels
of Nile tilapia fed monosaccharide diets in this study were mainly
related to the reduced accumulation of nutrients (TG and glycogen) in
the liver. These results reflect a close relationship between nutrient
metabolism and liver damage. At the same time, we hypothesize that the
main reason for retarded growth in Nile tilapia fed on monosaccharides
is not liver damage.

In fact, studies in mammals have shown that elevated glucose levels
suppress appetite, cause satiety and reduce food intake (Chapman et al.,
1998; Gielkens et al., 1998). Indeed, the Nile tilapia fed on glucose and
fructose diets had elevated glucose levels in the serum and reduced feed
intake in the present study. Therefore, the decreased growth perfor-
mance of Nile tilapia fed on the monosaccharide diets is primarily due to
decreased feed intake and glucose metabolism disorders caused by hy-
perglycemia. The decreased liver damage markers in the Nile tilapia fed
on monosaccharide diets were related to the decline in lipid and
glycogen deposition in the liver caused by the decreased feed intake.

Similar to dietary monosaccharides, many fish do not utilize dietary
sucrose very well. Studies conducted on large yellow croaker (Pseudo-
sciaena crocea) (Yi et al., 2015), jundia (R. quelen) (Correia et al., 2019)
and channel catfish (I. punctatus) (Wilson and Poe, 1987), reported that
dietary sucrose also reduced significantly WG, specific growth rate
(SGR), feed efficiency (FE) and PER compared with dietary poly-
saccharides. Interestingly, the Nile tilapia fed on sucrose diet had no
significant differences in growth performance and feeding compared
with those fed on dietary starch, suggesting that Nile tilapia can adapt to
dietary sucrose through homeostasis regulation mechanisms.

In the present study, the Nile tilapia fed on dietary sucrose and starch
had different glucose and lipid metabolism patterns. The fish fed on
sucrose diet reduced the expression of key genes involved in glucose
catabolism such as gk and pfk in the liver than those fed on the starch
diet, indicating glycolysis in the liver was decreased. On the other hand,
fish fed on dietary sucrose reduced the lactic acid content (a gluconeo-
genesis substrate) in the liver and up-regulated the expression of key
gluconeogenesis genes such as gépase and pepck compared to starch diet,
suggesting enhanced gluconeogenesis. In fact, dietary sucrose did not
cause higher glucose levels in the serum than dietary starch, which may
be related to the liver pentose phosphate pathway and muscle glucose
metabolism. The pentose phosphate pathway is an important pathway
for glucose catabolism, due to its physiological significance for main-
taining the redox state, biosynthesis process and proliferation of cells
(Tozzi et al., 2006; Riganti et al., 2012; Adams et al., 2019), it is also
considered to be one of the important pathways of glucose utilization in
fish (Hutchins et al., 1998). In the present study, dietary sucrose up-
regulated the expression of gépdh, a key gene of the pentose phos-
phate pathway. Studies in GIFT tilapia (O. niloticus) also found that
g6pdh plays a significant role in the maintenance of endocrine status and
hepatic glucose metabolism. (Qiang et al., 2014, 2016). It should be
noted that dietary sucrose caused more glycogen accumulation,
accompanied by a significant up-regulation of gs gene in the muscle than
dietary starch. Moreover, the fish fed on sucrose diet up-regulated pk
gene expression than those fed on starch diet in the muscles, indicating
promoted glycolysis. Because a previous study at biochemical levels
have proved that increased pk activity depends on ongoing mRNA
synthesis and de novo protein synthesis mediated by increased enzyme
content (Traxinger and Marshall, 1992). Similarly, studies in gilthead
sea bream (S. aurata) (Couto et al., 2008), blunt snout bream
(M. amblycephala) (Ren et al., 2015) and southern catfish (Silurus
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meridionalis) (Luo and Xie, 2010) found that the increase in pk activity
plays an important role in promoting fish carbohydrate utilization.
Therefore, unlike dietary starch, dietary sucrose may promote liver
pentose phosphate pathway, muscle glycogen accumulation and muscle
glycolysis, thereby maintaining glucose metabolism balance in Nile
tilapia.

Lipid metabolism is an important process for maintaining energy
homeostasis of living organisms including Nile tilapia. The metabolites
of glucose and lipids are dynamically transported between and within
cells, and then converted into other molecules (Chen et al., 2019). In the
present study, the Nile tilapia fed on sucrose and starch diets also had
different lipid metabolism characteristics. The key genes involved in
lipid anabolism and catabolism in the liver of Nile tilapia fed on sucrose
diet were down-regulated compared with those fed dietary starch.
However, the Nile tilapia fed on sucrose diet significantly up-regulated
the expression of ppara and cptlb, key genes for lipid catabolism in
muscle, but did not alter the expression of the lipid de novo synthesis
genes acca and fas, compared with those fed on starch diet. Actually,
except for the significant reduction of TG levels in the serum, the Nile
tilapia fed on sucrose and starch diets had no much differences on lipid
deposition levels in other tissues. These results suggest that, the fish fed
on sucrose diet enhanced muscle lipid utilization compared with those
fed on starch diet and these lipids were likely to be derived from serum.
Therefore, it is also implied that different lipid storage organs may
communicate closely with each other through blood circulation, thus
maintaining the dynamic balance of lipid levels in the body. Further-
more, the fish fed on sucrose and starch diets did not affect the
expression of key genes (pdh, cs and idh) involved in the tricarboxylic
acid cycle in the liver and muscle. In general, although dietary sucrose
affected the glucose and lipid metabolism pattern of Nile tilapia
compared with dietary starch, it had no effect on body energy supply,
suggesting that the glucose and lipid metabolism jointly maintain body
energy homeostasis. Accordingly, the Nile tilapia fed on starch and su-
crose diets showed similar growth performance. This shows the ability of
Nile tilapia to adapt to utilize dietary carbohydrates. Finally, the main
metabolic characteristics of Nile tilapia fed on sucrose, fructose and
glucose diets versus starch diet were summarized in Fig. 7.

In conclusion, this study found that carbohydrate complexity affects
significantly fish metabolism and liver health due to variations in ab-
sorption and carbohydrate utilization. Nile tilapia utilizes better poly-
saccharide and disaccharide than monosaccharides. Nile tilapia farmers
can formulate feeds with polysaccharide and disaccharide for improved
feed utilization and growth of fish.
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