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This study investigated the effects of Rhodiola rosea extract supplementation on liver
morphology, antioxidant capacity, inflammatory response, insulin signaling pathway, and
glucose metabolism in Lateolabrax maculatus (9.37%0.14g). Three experimental diets were
prepared: a control group (20% carbohydrate), a high-carbohydrate (HC) group (30%
carbohydrate), and a high-carbohydrate with Rhodiola rosea extract (HCR) group (30%
carbohydrate + 120 mg/kg Rhodiola rosea extract). The HC group showed significant
increases in survival rate (SR), hepatosomatic index (HSI), triglyceride (TG), and liver
malondialdehyde (MDA) levels, along with increased liver vacuoles, blurred cell
boundaries, and larger lipid droplets. Additionally, the expression levels of Keap1, NF-kB,
IKKP, TNF-a, IL-8, IL-12p40, AKT2, SOCS3, GK, PEPCK, FBP, and GSK3B mRNA in
hepatic tissue were markedly higher than in the control group (p < 0.05). Conversely, liver
activities of T-AOC and CAT, and mRNA levels of CAT, HO-1, Nrf2, and TGF-3 were
significantly lower (p < 0.05). Compared to the HC group, the HCR group exhibited
significant increases in SGR, plasma indices of INS, LA, PA, and liver enzyme activities of
T-AOC and SOD (p < 0.05), as well as elevated mRNA levels of CAT, TGF-p, PI3Ka, PI3K,
GK, PK, and PFK in the liver (p < 0.05). Histological analysis revealed that hepatocytes in
the HCR group had a higher concentration of nuclei, and the size and quantity of lipid
droplets were reduced compared to the HC group. Furthermore, liver glycogen, plasma
indices of TG and ALT, and liver enzyme activities of PEPCK, HK, and CAT decreased in
the HCR group (p < 0.05). The expression levels of Keap1, IKKp, IL-8, IL-12p40, NF-kB,
IFN-y2, SOCS3, TNF-a, FBP, G6Pase, and GSK3 mRNA were also reduced in the HCR
group compared to the HC group (p < 0.05). In conclusion, Rhodiola rosea extract
supplementation at 120 mg/kg in high-carbohydrate diets can mitigate the adverse
effects of carbohydrate-rich diets on Lateolabrax maculatus by improving glucose
metabolism and enhancing defenses against oxidative stress and inflammation.

1. INTRODUCTION duce ammonia excretion and attenuate the harmful effects
of water pollution .4

There exist optimistic rationales that offer support for
the potential use of carbohydrates in fish. These reasons
are based on the fact that glucose has the ability to induce
the production of insulin. However, high-carbohydrate lev-
els have a negative impact on fish, particularly carnivorous
ones.> Based on prior research, trout fed a high-carbohy-

Carbohydrates serve as a vital source of energy and con-
tribute to the nutritional value of diets, so playing a crucial
role in their overall efficacy.! Carbohydrates are considered
to be the most economical and cheapest nutritional source
when compared to lipids and proteins.2>3 The optimization
of carbohydrate utilization has the ability to effectively re-
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drate diet showed sustained hyperglycemia.® The On-
corhynchus mykiss and Dicentrarchus labrax showed little in-
hibition of hepatic gluconeogenesis at the molecular and
enzyme activity levels when administered a high-carbohy-
drate diet.” Insulin has an influence on hepatic gluconeoge-
nesis in Seriola quinqueradiata and Pagrus major, resulting
in a notable decrease in blood glucose levels. Besides, the
glycolytic potential was increased by the administration of
insulin.8 The diminished capacity of fish to utilize carbohy-
drates may be linked to the suppression of insulin release
induced by several hormones, such as somatostatin.’

Rhodiola rosea extract, also known as Rhodiola rosea , has
a rich historical lineage as a revered botanical species with
medical properties. The use of this substance as a medici-
nal cure may be traced back to the historical period of the
Vikings.10 Rhodiola rosea extract has been associated with
a variety of pharmacological properties, including antiag-
ing, hepatoprotective, anti-inflammatory, and antioxidant
effects.11.12 Previous studies have found that Rhodiola rosea
extract is acknowledged as an important immune modu-
lator. It has the ability to prevent liver gluconeogenesis,
decrease adipogenesis and lipid peroxidation, enhance the
survival of islet B-cells, and exhibit anti-inflammatory ef-
fects.1314 Furthermore, it has been shown to upregulate
the levels of expression of the glutathione peroxidase (GPX)
and catalase (CAT) genes in Litopenaeus vannamei, indicat-
ing enhanced antioxidant capacity.!> Rhodiola rosea extract
improves glucose metabolism in mice and improves antiox-
idant capacity in Lateolabrax maculatus.16:17

Lateolabrax maculatus, often known as spotted sea bass,
belongs to the family Moronidae in the order Perciformes.!8
Importantly, the species exhibits distinctive black dots that
are visibly present on its lateral body surface. L. maculatus
exhibits a geographical distribution that extends from the
Bohai Sea to the Indo-China Peninsula.l® The annual pro-
duction of L. maculatus in China is approximately 220,000
tons.20 Our research group has conducted consecutive
studies on this species under high-carbohydrate stress: in
2023, we focused on intestinal health, investigated how
different concentrations of Rhodiola rosea extract (30-120
mg/kg) affect intestinal digestive enzyme activities, barrier
function-related genes, and gut microbiota composition,
and identified 60 mg/kg as the optimal dose for improving
intestinal homeostasis.1” In 2024, we shifted to exploring
the intestinal inflammatory response and confirmed that
60 mg/kg Rhodiola rosea extract significantly downregu-
lated pro-inflammatory genes while upregulating anti-in-
flammatory factors, thereby alleviating intestinal inflam-
mation induced by high-carbohydrate diets.

However, these prior studies had two limitations: first,
they focused solely on intestinal-related indices and did
not involve liver metabolism or insulin signaling pathways;
second, the optimal dose for intestinal health (60 mg/kg)
was not evaluated for its effects on hepatic function.2!
Based on these gaps, the aim of this study was to assess the
impact of various levels of Rhodiola rosea extract (with a fo-
cus on verifying the comprehensive efficacy of 120 mg/kg)
upon the antioxidant capacity, immunological response,
and insulin signaling pathways in juvenile L. maculatus that
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were fed a carbohydrate-rich diet, while also comparing it
with the 60 mg/kg dose to clarify organ-specific dose ef-
fects.

2. MATERIALS AND METHODS

2.1. FEEDING PROTOCOLS

The Rhodiola rosea extract, sourced from Xi’an Lancao
Biotechnology Co., Ltd., contained a salidroside concentra-
tion of 10%. Three experimental diets were prepared, com-
prising a control group (20% carbohydrate), the HC group
(30% carbohydrate), and the HC group enhanced with Rho-
diola rosea extract (120 mg/kg) (Table 1). This Rhodiola
rosea extract dosage was selected based on its efficacy in
hepatic protection, while our prior study identified 60 mg/
kg as optimal for intestinal health, reflecting organ-specific
responsiveness.2! Cornstarch is the primary source of car-
bohydrates, while the key sources of protein are casein
and fish meals. In addition, fish oil is the main source of
fat. In this study, the diets were prepared based on the
method outlined in our previous work.1” In summary, the
dry components were thoroughly mixed manually prior to
their incorporation with water and oils. Next, the dough
was formed using mechanized pelletizing machinery (F-26,
South China University of Technology, Guangzhou, China)
into spherical pellets with a diameter of 2.5 mm. After that,
diets were air-dried and stored in bags at -20°C until they
were used.

2.2. FEEDING MANAGEMENT

The Shenzhen Long Qi Zhuang Industrial Development Co.,
Ltd. (Shenzhen, China) provided all of the experimental L.
maculatus that was used. Before starting the official exper-
iment, the fish had a 14-day acclimatization phase in poly-
thene cages, during which they were provided with com-
mercial meals sourced from Guangdong Yuequn Marine Life
Research and Development Co., Ltd., located in Jieyang,
China. Subsequently, a total of 225 adolescent individuals
with a body weight close to the average (9.37+0.14g) were
selected in a random and equitable manner. These individ-
uals were then uniformly distributed among three cages of
1.0 m x 1.0 m x 1.5 m, with every treatment being replicated
three times. The fish were provided

with food twice a day, at 6:00 and 18:00 hours, for 56
days until they seemed satiated. The pH of water ranges
from 7.63-8.44 and the temperature range was
28.2°C-32.3°C. Salinity was within a range of 20%o to 25%o,
and the concentration of dissolved oxygen exceeded 5.1
mg/L for the duration of the study.

2.3. SAMPLING

The fish had a 24-hour fast after the feeding experiment,
and then MS-222 was used to anesthetize them (Sigma, St.
Louis, MO, USA. Subsequently, the livers of seven fish from
each cage were sampled and stored in RNase-free 1.5mL
centrifuge tubes. Subsequently, the tubes were rapidly cry-
opreserved in liquid nitrogen and kept at -80°C for the
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Table 1. Formulation and nutrient compositions of experimental diets (%).

Items (%) Diets

Control HC HCR
Fish meal 40 40 40
Casein 20 20 20
Cornstarch 20 30 30
Microcrystalline cellulose 10.5 0.5 0.5
Fish oil 6.5 6.5 6.5
Vitamin premix? 0.5 0.5 0.5
Mineral premixP 0.5 0.5 0.5
Choline chloride 0.5 0.5 0.5
Soy lecithin 1 1 1
Betaine 0.2 0.2 0.2
Antioxidant 0.1 0.1 0.1
Carboxymethyl-cellulose 0.2 0.2 0.2
Rosenroot 0 0 0.12
Proximate analysis
Dry matter 94.3 94.3 94.3
Crude protein 429 43.0 43.0
Crude lipid 115 115 115
Crude ash 7.4 75 75
Nitrogen-free extract 20.4 30.2 30.2
Energy 18.2 19.9 19.9

2 Vitamin premix (mg/kg diet): VB125, VB245, VB120.1, VK3 10, VC 2000, inositol 800, nicotinic acid 200, folic acid 1.2, biotin 32, VD35, VE 120, ethoxyquin 150, pantothenic acid

500, avicel 14.52.

b Mineral premix (mg/kg diet): NaF 4, KI 1.6, CoCl,+6H,0 (1%) 100, CuSO,+5H,0 20, FeS0,+H,0 160, Zn$0,+H,0 100, MnSO,+H,0 120, MgSO,7H,0 2,400, Ca(H,P0,),*H,0 6,000,

NacCl 200.

purpose of assessing enzyme activity and gene expression.
Blood was collected from the tail vein and placed into a
1.0 mL centrifuge tube. Liver samples were obtained by
randomly sampling three fish from each cage. These sam-
ples were quickly preserved into fish liver slices in neutral-
buffered formalin.

2.4. PLASMA AND LIVER BIOCHEMICAL INDICES

The Huawei Delong DR-200BS Enzyme Labeling Analyzer
was used to conduct an enzyme-linked immunosorbent test
(ELISA) to ascertain the levels of plasma lactate (LA), in-
sulin (INS) and pyruvate (PA). The measurements of alanine
aminotransferase (ALT), triglycerides (TG), and total cho-
lesterol (TC) were conducted using an automated biochem-
ical analyzer, the Myriad BS-420 Automatic Biochemical
Instrument. The levels of liver lipid peroxidation product,
total antioxidant capacity (T-AOC), superoxide dismutase
(SOD), catalase (CAT), phosphoenolpyruvate carboxykinase
(PEPCK), and hexokinase (HK) were assessed using com-
mercially available assay kits (refer to our previous paper
for the reagent kit company and reagent model).1”

2.5. LIVER HISTOLOGY AND ELECTRON MICROSCOPY

The liver tissues were fixed in 10% neutral-buffered forma-
lin, subsequently processed through a graded ethanol se-
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ries for dehydration, and finally encapsulated in paraffin.
Hematoxylin and eosin (H&E) was used to stain 4 ym sec-
tions. Oil Red O stain and electron microscopy were carried
out as documented in prior studies .22-24

2.6. REAL-TIME POLYMERASE CHAIN REACTION

RNA was isolated from L. maculatus liver tissue using the
Foregene RNA kit. The purity of the extracted RNA was as-
sessed with 1% agarose gel electrophoresis, and the RNA
concentration was measured with the Nanodrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA). The RNA
was reverse transcribed into cDNA using the HiScript™
c¢DNA Synthesis Kit for gPCR (MIKX). After that, it was
kept at -20°C. A 10 pL mixture made up the real-time
polymerase chain reaction (PCR) amplification apparatus.
Please refer to our previous article for specific experimental
methods.17 Table 2 details the B-actin gene utilized as a
standard and the primer sequences for the target gene.

2.7. STATISTICAL ANALYSIS

Before doing the study, we assessed the normality of ho-
mogeneity and the distribution of variance. The statistical
analysis was conducted using IBM SPSS Statistics 26.0 soft-
ware, developed by IBM Corporation in Somers, NY, USA.
A one-way analysis of variance (ANOVA) and a Tukey test
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Table 2. Primers used in the present study.

Gene Forward sequence (5’-3) Reverse sequence (5’-3) Purpose

CAT GGACCTGACGGGCAACAAC AACACTCGCCATCGGCATT RT-qPCR
GPX TCCGCCAAGGGACTCGTTAT TTCCTTCTGACAGGGCTCCA RT-gPCR
HO-1 CAGCGAGGGTCTGTCGTTCTT TTCGGGTATCTGGAGCGTCTT RT-gPCR
Nrf2 CTACAGCTCGACGAAGAAACGG GGACATCATGGGTGCTGAAACA RT-qPCR
keap1 TACAACCCTGAGAAGGACGAGTG GGAGTTGGCTGACTGATAGGCCGGT RT-qPCR
NF-«kB CCGACAGACGTTCACAGACAG TTCCTCTGCACCTCCTCCTT RT-qPCR
IKKB ACGGGATTTCGCCCTTTCTT GGCGTAGCGTCAGGGTCTTT RT-qPCR
TNF-a AAGGCGAGATTGTGAAAGACCA TGAAACACCGCACCCAGATAAA RT-qPCR
IL-8 TGATGTTTGGGACCCTGCTT CTTGCCAGGCCAGCTATGAC RT-qPCR
1L-12p40 TGGTGGAGGAGATGGATGGAG GTGAGGGAGATGCGGTGTTGT RT-qPCR
IFN-y2 AGGGTTTACTATGGCAAGGAAGG CAGGAGGATCAGGACTACGACAA RT-qgPCR
TGF-B CTTGCTTCCCGCTTCATCACT TCGGCTTATGTATCCACTTCCAG RT-qPCR
AKT1 ATGTGGTGATTGTCAAGGAGGGA GCAGGCAGCGGATGATAAATG RT-gPCR
AKT2 AGCCTCCCACCACTCAACAACT GGATCACTTTACCAAACGTCCCT RT-qPCR
PI3Ka CTCTACCTCCAAAGCCACCCA AGAAGCCGTACTTCCCATCCC RT-qPCR
PI3KB ATCAATGAATGGCTGGGCATAA CCGTAACCTGTGGCCGTCTT RT-gPCR
IRA TGGACCGAGCCCACATACTTC TTGGCGATACCCTCGTAGACC RT-qPCR
IRB TACGCCCTGGTCTCCCTTTC TTGGTTGCGCTCCTTGGTT RT-gPCR
SOCS3 ATGAGCAGCAGCCTCTTGGAC ACTGCGGGTGTTCCCTTTACT RT-qPCR
GLUT2 GGAAGAGGCAGACAAGGAGGC TGGGACCAGGACCAATCTCAA RT-qPCR
GK TGACAAGGGTATCCTGCTCAACT TTCCAACAATCATCCCAACTTCA RT-qPCR
PFK GGCAAACCCATCTCCTCAACT GTCCCTGAGCGAGTGCTAACC RT-gPCR
PK GCTCGACTACAAGAACATTACCAAA GTCCTGGATGTCCTTATCTGAAACA RT-gPCR
Gb6Pase CTCCTTCGCTGTCGGCTTCT CTGCTGCTCTTCTTGGTCTCG RT-qPCR
PEPCK GGCAGATCGTCTCATTCGGTAG TGCCTTGGTCGTCAAACTTCAT RT-qPCR
FBP TGACGAACCTGCTCAACTCCA ACTGCCATACAGCGCATAACC RT-gPCR
GSK3pB GAGATAAGGATGGCAGCAAGGTA CTCTGTAGACAGTCTCGGGAACG RT-qPCR
B-actin CAACTGGGATGACATGGAGAAG TTGGCTTTGGGGTTCAGG RT-qPCR

were both used to determine the statistical significance (p <
0.05). The data is represented as means + S.E.M.

3. RESULTS

3.1. GROWTH PERFORMANCE

No significant differences in FCR, WGR, CF, VSI, CI, VAI
were found among treatments (p > 0.05). Compared with
the control group, SR and HSI were significantly increased
in the HC group (p < 0.05), but SGR and liver glycogen
showed no significant differences (p > 0.05). SGR was sig-
nificantly higher in the groups supplemented with 120 mg/
kg dietary Rhodiola rosea extract than in the 30% carbohy-
drate group, the opposite pattern was seen in SR and liver
glycogen (p < 0.05) (Table 3).
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3.2. PLASMA BIOCHEMICAL ANALYSIS

No significant difference in TC was found among treat-
ments (p > 0.05). Unlike the controlled group, TG was sig-
nificantly increased in the HC group (p < 0.05), however
INS, LA, PA, and ALT showed no significant differences (p
> 0.05). TG and ALT were significantly lower in the groups
supplemented with 120 mg/kg dietary Rhodiola rosea ex-
tract than in the HC group, but the INS, LA, and PA were
significantly increased (p < 0.05) (Table 4).

3.3. HISTOLOGICAL ANALYSES

There was shrinkage and darkening of liver cells (Fig. 1)
in the HC group (B) compared to the control group (A), as
well as an increase in liver vacuoles, blurring of cell bound-
aries, and a decrease in the number of nuclei. The con-
sistency and abundance of nuclear density in hepatocytes
were higher in the HCR group (C) than in the HC group
(B). The lipid droplets were more numerous and larger in
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Table 3. Effects of dietary Rhodiola rosea extract on the growth performance of L. maculatus fed high-

carbohydrate diets.

Items Groups
Control HC HCR

Initial weight (g) 9.40+0.10 9.40+0.10 9.30+£0.06
Final weight (g) 71.67+0.96 67.43+0.99 72.13+2.70
Survival rate (SR,%) 93.33+1.33b 100.00 £0.002 85.33+1.33¢
weight gain rate (WGR)(%) 640.93+19.96 597.50+7.45 659.53+19.80
Specific growth rate (SGR % /d) 3.58+0.053 3.47+0.02P 3.62+0.052
Feed conversion ratio (FCR) 1.04+0.01 1.07 £0.04 0.96 +0.04
Condition factor (CF,%) 1.89+0.07 2.01+0.05 1.74+0.18
Viscerasomatic index (VSI,%) 8.89+0.26 9.23+0.39 9.20+0.48
Hepatosomatic index (HSI,%) 0.72+0.04P 1.07+0.052 0.95+0.082
Carcass index (Cl,%) 65.52+1.24 69.38+1.26 65.45+1.74
Visceral adipose index (VAI, %) 4.80+0.55 5.31+0.63 5.16+0.54
Liver glycogen (mg/g) 12.38+0.132 13.42+0.652 9.85+0.03bP

Note: All data were expressed as mean = S.E.M (n=3). Different superscript letters mean the significant difference (P < 0.05).

Survival rate (SR, %) = terminal number/initial mantissa x 100

Weight gain rate (WGR, %) = (final weight (g) - initial weight (g))/initial weight (g)x 100
Specific growth rate (SGR, %-d"1) = (In final weight - In initial weight)/days x 100

Feed conversion ratio (FCR) = feed intake (g)/(final weight (g) - initial weight (g)x 100
Condition factor (CF) = body weight (g) x 100/body length (cm3)

Hepatosomatic index (HSI) = liver weight/body weight x 100

Carcass index (CI, %) = carcass weight/body weight x 100

Viscerosomatic index (VSI) = visceral weight/body weight x 100

Visceral adipose index (VAI, %) = (visceral adipose weight (g)/whole body weight (g) x 100

Table 4. Effects of dietary Rhodiola rosea extract on plasma biochemical indices of L. maculatus fed high-

carbohydrate diets.

Items Groups
Control HC HCR

INS (ulU/ml) 13.260.45bP 13.04 +0.83P 16.25 +0.302
LD (mmol/L) 1.11+0.02b 1.55+0.13P 2.39+0.192
PA (mmol/L) 0.12 +0.00° 0.13 +0.00P 0.19 +0.002
TC (mmol/L) 5.71+0.23 5.77+0.24 6.18+0.07
TG (mmol/L) 5.25+0.06P 6.14+0.202 5.58+0.07P
ALT (U/L) 6.92+0.262 10.98 +1.312 6.27+0.50P

Note: All data were expressed as mean * S.E.M (n=3). Different superscript letters mean the significant difference (P < 0.05).

the HC group (E) than in the control group (D). When com-
pared to the HC group (E), the lipid droplets in the HCR
group (F) became smaller and fewer in number (Fig. 1). As
shown in Fig. 2, there was a large increase in the number of
lipid droplets observed in the HC group (B) compared to the
control group (A). Decrease in the number of lipid droplets
and smaller lipid droplet morphology in the HCR group (C)
compared to the HC group (B).

3.4. LIVER ENZYME ACTIVITY ANALYSIS

There were no significant variations in the activity of HK
and PEPCK among the control and HC groups (p > 0.05).
The activity of HK and PEPCK in the HCR group was lower
than that observed in group HC (p < 0.05) (Table 5).
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Liver T-AOC and CAT activity were lower in the control
group compared to the HC group, but MDA showed an op-
posite trend (p < 0.05). T-AOC and SOD activity in the
liver were higher in the HCR group compared to the HC
group, however, CAT activity was lower (p<0.05). MDA lev-
els showed no significant change (p > 0.05) (Table 6).

3.5. GENE EXPRESSION ASSOCIATED WITH GLUCOSE
METABOLISM IN THE LIVER

In relation to the control group, the relative expression of
GK, PEPCK, FBP (fructose 1, 6-bisphosptase), and GSK3f3
(Glycogen synthase kinase-3[) in the liver of the HC group
increased (p < 0.05), while the relative expression of PK
(pyruvate kinase), PFK (phosphofructokinase), G6Pase (glu-
cose-6-phosphatase), and GLUTZ2 (glucose transporter 2)
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Cantrol

Figure 1. Effects of dietary Rhodiola rosea extract on micrographs of liver in Lateolabrax maculatus fed high-
carbohydrate diets (x40).

Notes: (A-C) H&E staining of liver sections. Red arrows indicate cell nuclei, and black arrows indicate lipid droplets. Scale bar: 50 pm. (D-F) Oil Red O staining of liver sections. Red
arrows indicate cell nuclei, and black arrows indicate lipid droplets. Scale bar: 50 pm.

Control HC HCR

Figure 2. Effects of diet Rhodiola rosea extracton liver electron micrographs in Lateolabrax maculatus fed diets
high in carbohydrates.

Notes: N = Nucleus, L = Lipid droplets.

Table 5. Effects of dietary Rhodiola rosea extract on glucose metabolism enzyme activities in the liver of L.
maculatus fed high-carbohydrate diets.

Groups
Items

Control HC HCR
HK (U/mg.protein) 0.42+0.002 0.43+0.012 0.34+0.01P
PEPCK (U/mg.protein) 11.74+0.512 12.90+0.572 8.46+0.42P

Note: All data were expressed as mean * S.E.M (n=3). Different superscript letters mean the significant difference (P < 0.05).

remained unchanged (p > 0.05). Compared with the HC relative expression of FBP, G6Pase, GSK3f3 in the liver of the
group, the relative expression of GK, PK, and PFK in the HCR group were decreased (p < 0.05). The relative expres-
liver of the HCR group increased (p < 0.05). However, the
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Table 6. Effects of dietary Rhodiola rosea extract on antioxidant activities in the liver of L. maculatus fed high-

carbohydrate diets.

Groups
Items

Control HC HCR
T-AOC (U/mg.protein) 0.24+0.01P 0.18+0.01¢ 0.65+0.002
SOD (U/mg.protein) 4.37+0.01 4.13+0.07° 6.64+0.172
CAT (U/mg.protein) 2.56+0.042 2.24+0.03P 1.67+0.08¢
MDA(U/mg.protein) 0.27+0.01P 0.35+0.012 0.32+0.06?

Note: All data were expressed as mean = S.E.M (n=3). Different superscript letters mean the significant difference (P < 0.05).

sion of PEPCK and GLUTZ2 showed no significant change (p
> 0.05) (Fig. 3).

3.6. GENE EXPRESSION ASSOCIATED WITH INSULIN
SIGNALLING PATHWAYS IN THE LIVER

Relative to the control group, the relative expression of
AKT?2 (protein kinase Bf§), SOCS3 (Suppressor of cytokine
signalling 3) in the liver of the HC group increased (p <
0.05), while the relative expression of AKT1 (protein kinase
Ba), PI3Ka (Phosphatidylinositol-3-kinase o), PI3Kf
(Phosphatidylinositol-3-kinase ), IRA (insulin receptor
subtype A), IRB (insulin receptor subtype B) were no signif-
icant difference (p > 0.05). In comparison to the HC group,
the expression of PI3Ka, PI3KB in the liver of the HCR
group was increased (p < 0.05). But the relative expression
of SOCS3 was decreased (p < 0.05). The relative expressions
of AKT1, AKT2, IRA, and IRB showed no significant differ-
ence (p > 0.05) (Fig. 4).

3.7. GENE EXPRESSION ASSOCIATED WITH
ANTIOXIDANT ACTIVITY IN THE LIVER

There was no significant difference in GPX (glutathione
peroxidase) gene expression between treatments (p > 0.05)
(Fig. 5). In comparison to the control group, the expression
of CAT, HO-1 (heme oxygenase-1) and Nrf2 (nuclear factor
erythroid 2-related factor 2) in the liver decreased in the
HC group (p < 0.05), but the relative expression of Keapl
(Kelch-like ECH-associated protein 1) in liver was opposite
(p < 0.05). Compared to the HC group, the relative expres-
sion of CAT in the liver was increased in HCR group (p <
0.05), but the relative expression of Keapl in liver was op-
posite (p < 0.05). The relative expression of HO-1 and Nrf2
in the liver increased but there was no significant difference

(p > 0.05) (Fig. 5).

3.8. GENE EXPRESSION ASSOCIATED WITH IMMUNE
FUNCTION IN THE LIVER

Relative to the control group, the relative expression of IL-8
(Interleukin-8), NF-kB (nuclear factor-«B), IKKf (IkBki-
naseB), TNF-a (tumor necrosis factor ) and IL-12p40 (In-
terleukin-12p40) in the liver of the HC group increased (p
< 0.05), but the expression level of TGF-f (transforming
growth factor B) in the liver was in contrast (p < 0.05). The
relative level of IFN-y2 (interferon-y2) in the liver showed
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no significant difference (p > 0.05). Relative expression of
IKK, IL-8, IL-12p40, NF-kB, TNF-a, and IFN-y2 in hepatic
tissue was lower in the HCR group than in the HC group (p
< 0.05), while TGF-f3 expression was higher (p < 0.05) (Fig.
6).

4. DISCUSSION

In the present investigation, the inclusion of microcrys-
talline cellulose at a concentration of 10.5% was imple-
mented in the diets as a means of supplementing the re-
quired carbohydrate amounts, and it was expected that the
growing performance of the fish would not be adversely im-
pacted.1725 SGR was significantly lower in the 30% car-
bohydrate group than in the 20% carbohydrate group and
higher in the groups supplemented with 120 mg/kg dietary
Rhodiola rosea extract than in the 30% carbohydrate group,
which indicated that the growth of L. maculatus was found
to be adversely impacted by high-carbohydrate intake,
whereas the inclusion of Rhodiola rosea extract resulted
in enhanced growth performance. Previous research has
demonstrated that the growth of fish can be significantly
enhanced with the administration of feeding immunostim-
ulants, such as berberine and emodin.26:27 The accumula-
tion of glycogen in excess of normal levels may induce he-
patic injury in fish.28 Based on this study, taking Rhodiola
rosea extract supplements led to a reduction in liver glyco-
gen and a reduction in the liver damage that high-carbohy-
drate intake in L. maculatus caused.

The blood indicator is a significant biomarker used in
the assessment of an organism’s overall health.20 Based
on previous studies, Rhodiola rosea extract decreased car-
bohydrate-induced insulin resistance in mice. The plasma
INS increased in the present study, indicating that Rhodiola
rosea extract L supplementation enhances insulin secretion.
Similar to the study of Rhodiola rosea extract L, expanding
islet size increases the proportion of beta cells.2% PA is pro-
duced by the glycolysis cycle and may be converted to LA
.30 In this study, the Rhodiola rosea extract supplements in-
creased PA and LA, which suggests that Rhodiola rosea ex-
tract improved glucose metabolism. Fenugreek and Rhodi-
ola rosea extract are both phytotherapeutic agents. It has
been shown that fenugreek seeds have the ability to effec-
tively regulate and maintain stable levels of plasma lipids
in rats, and Rhodiola rosea extract could improve lipid me-
tabolism and anti-cellulite.31:32The current study observed
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Figure 3. Effects of dietary Rhodiola rosea extract on the relative expression of glucose metabolism genes in the

liver of L. maculatus.

Notes: (A) GK, (B) PK, (C) PFK, (D) FBP, (E) PEPCK, (F) Gépase, (G) GSK3p, (H) GLUTZ. The different shoulder standards of the peers in the table indicate significant differences (P <

0.05). Data are expressed as means * SEM (n = 3).

a reduction in plasma TG levels after supplementation with
Rhodiola rosea extract. This finding suggests that Rhodiola
rosea extract may possess the potential to enhance lipid
metabolism.

MDA is used as a biomarker to measure lipid peroxi-
dation and oxidative stress. Additionally, it has biotoxic
properties.33 In this study, the MDA increased in the HC
group compared with the control group, which showed that
the high-carbohydrate diet may lead to the peroxidation of
liver lipids. T-AOC, SOD, and CAT are the three main an-
tioxidant enzymes in the organism.34 In the present study,
the activity of T-AOC, SOD, and CAT both tend to decrease
in the HC group compared with the control group. However,
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with supplementation with Rhodiola rosea extract, T-AOC
and SOD activity increased in the HCR group when com-
pared to the HC group. The result suggests that Rhodiola
rosea extract protects the L. maculatus liver from the harm-
ful effects of high-carbohydrate intake by increasing its an-
tioxidant activity.

According to studies, fish liver’s histological morphology
may be used as a reliable predictor of their nutritional state,
metabolism, and liver health .35In the present study, high-
carbohydrate intake increases the size of lipid droplets in L.
maculatus liver and increases the number of lipid droplets.
The findings of this study align with those in Megalobrama
amblycephala.24 However, with Rhodiola rosea extract sup-
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plementation, the lipid droplets are reduced in size and
number, the enlargement of nucleus and the hepatocytes
become regular and abundant. This study showed the he-
patoprotective properties of Rhodiola rosea extract on the
liver. ALT levels are an essential marker of liver damage.36
Earlier research has demonstrated that intake of Rhodiola
rosea extract has been associated with enhanced hepatic
function, as seen by a reduction in plasma transaminase
levels.37 Similar to this, in our investigation, Rhodiola rosea
extract supplementation resulted in a hepatoprotective ef-
fect by reducing plasma ALT.

Glucose metabolism, antioxidants, and inflammation are
all related.38According to studies, a diet high in carbohy-
drates reduces the capacity of the organism to produce an-
tioxidants, which can lead to inflammation.3% The two key
pathways in the metabolism of carbohydrates are glycol-
ysis and gluconeogenesis. The main enzymes involved in
glycolysis are HK, GK, PK, and PFK, whereas the key en-
zymes in gluconeogenesis are FBP, PEPCK, and G6pase.*0
In this research, high-carbohydrate elevated the levels of
GK. Similar to findings in Cyprinus carpio.*! And the high-
carbohydrate diet used in this research increased the ex-
pression of FBP and PEPCK, which suggested that high-car-
bohydrates promote gluconeogenesis. which is in line with
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the prior discoveries of Sparus aurata.*2Rhodiola rosea ex-
tract has been shown to inhibit gluconeogenesis.*3 Adding
Rhodiola rosea extract for the diet, the activity of HK and
PEPCK decreased. Differently, the level of GK, PK, and PFK
increased, but the expression of FBP and Gé6pase decreased.
Adding Rhodiola rosea extract to a high-carbohydrate diet
decreased gluconeogenesis and glycolysis at the level of en-
zyme activity. Conversely, at the gene level, Rhodiola rosea
extract increased gluconeogenesis and inhibited glycoly-
sis. The findings of this study indicate that the addition
of Rhodiola rosea extract to a diet high in carbohydrates
inhibits the mechanism of gluconeogenesis. GSK-3 plays
an important role as an enzyme in liver glucose metabo-
lism, including in the regulation of liver glycogen produc-
tion, leading to its reduction.44 This research suggests that
the expression of GSK-3f3 was higher in the HC group com-
pared to the control group, however, there was no statisti-
cally significant change in liver glycogen levels, indicating
that a diet rich in carbohydrates disrupted glucose utiliza-
tion. GSK-3 expression increased in the HCR group after
Rhodiola rosea extract supplementation, which is compat-
ible with the present study’s findings of reduced hepatic
glycogen.
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In the normal insulin signalling pathway in the liver,
insulin activates the kinase AKT2 and decreases the ex-
pression of genes involved in gluconeogenesis.#4 As one of
the three AKT isozymes, AKT2 is essential for maintaining
glucose homeostasis in zebrafish.44 In this research, both
the HC and HCR groups demonstrated an upregulation of
AKT2 expression compared to the control group, with the
HCR group exhibiting the highest insulin levels. Similar to
insulin changes, AKT2-null zebrafish have decreased lev-
els.44 PI3K is an IRS-1 downstream gene that is essential for
insulin metabolic action.4> The phosphorylation of AKT,
mediated by insulin, is contingent upon the presence and
activity of PI3Ka. Previous research that investigated the
pathways of insulin-induced PI3K activation discovered
that high glucose levels only occur when both PI3Ka and
PI3Kp are inhibited.#¢ According to our findings, adminis-
tering Rhodiola rosea extract as a supplement affects the
expression of PI3Ka and PI3KB. This finding suggests that
Rhodiola rosea extract in a high-carbohydrate diet did not
contribute to L. maculatus’s hyperglycemia. SOCS3 prevents
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the binding of IRS to PI3K, and the loss of SOCS3 results in
an increase in insulin signaling effects. In the current re-
search, the expression of SOCS3 increased in the HCR group
relative to the HC group. This suggests that supplement-
ing a carbohydrate-rich diet with Rhodiola rosea extract im-
proves the insulin signalling pathway in L. maculatus.

CAT is a crucial enzyme involved in the first response
to counteract oxidative stress. CAT is a terminal oxidase
whose primary job is to avoid excessive blood H,0, levels
after liver damage.#’ Inhibiting oxidative stress and pro-
moting the expression of many antioxidant genes, includ-
ing CAT, are two functions of Nrf2. And it could regulate
the expression of antioxidant genes such as CAT, GPX, and
HO-1. In this study, the expression of CAT, HO-1 and Nrf2
decreased, and Keap1 increased in the HC group compared
with the control group. However, after supplementation
with Rhodiola rosea extract into a high-carbohydrate diet,
the expression of CAT, HO- 1, and Nrf2 increased, and Keap 1
decreased. According to previous studies, Keap1 can reduce
the activity of Nrf2, and a decreased expression of Keapl
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can improve the ability of antioxidants.4® This result in-
dicates that including Rhodiola rosea extract into a diet
high in carbohydrates may lead to the activation of the
Nrf2/HO-1 pathway, resulting in the reduction of oxidative
stress. Similarly, in the case of Stevia rebaudiana Bertoni,
also a plant, it was discovered that it induces an increase in
HO-1 mRNA expression in the liver of mice.4? And berber-
ine, as a natural supplement, also, by activating the
Nrf2/HO-1 pathway, improved liver damage in rats .4 Pre-
vious studies have discovered that Nrf2 activity may be reg-
ulated by PI3K/AKT.50 Drawing on the findings of this ex-
periment and prior research, we hypothesize that Rhodiola
rosea extract may enhance the hepatic antioxidant capacity
of L. maculatus, with gene expression indicating a poten-
tial role of the PI3K/AKT/Nrf2/HO-1pathway. However, this
mechanistic link requires further validation through func-
tional assays, such as those employing pathway-specific in-
hibitors or activators.

Inflammation is encouraged by an imbalance between
free radicals and antioxidants.>1:52 An essential function of
NF-KB is to control inflammation.53 Moreover, IKKf acti-
vation is necessary for NF-kB activation.>4 Increased tran-
scription of pro-inflammatory cytokine genes, which in-
clude TNF-a and IL-8 is caused by activation of NF-kB.
Consequently inflammation. IFN-y2 and IL-12p40 are pro-
inflammatory cytokines as well.39 TGF-B is an anti-inflam-
matory cytokine, it can inhibit the inflammatory re-
sponse.3S In this study, the expression of NF-«B, IKKp, IL-8,
IFN-y2, TNF-q, and IL-12p40 increased, and the expression
of TNF-a reduced in the HC group relative to the control
group. This suggests that high-carbohydrate diets cause an

Israeli Journal of Aquaculture - Bamidgeh

inflammatory response in the liver. However, the trend is
reversed after supplementation with Rhodiola rosea extract
in a high-carb diet. So, in a high-carb diet, Rhodiola rosea
extract includes the capacity to be anti-inflammatory in the
liver of L. maculatus.

In conclusion, supplementing high-carbohydrate diets
with Rhodiola rosea extract (120 mg/kg) may alleviate the
detrimental impacts of such diets on fish by optimizing glu-
cose metabolism and bolstering antioxidant and anti-in-
flammatory responses.
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