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A B S T R A C T   

Carbohydrate is commonly used in aquatic organism as the cheapest energy source. However, most aquatic 
animals are low efficient in utilizing dietary carbohydrate for energy provision. Therefore, improving the uti
lization efficiency of high carbohydrate by aquatic organisms is important for sustainable aquaculture devel
opment. Alpha-lipoic acid (α-LA) is a cofactor of key enzymes involved in glucose metabolism. However, its role 
in regulation of carbohydrate metabolism in aquatic animals is currently unknown. This study investigated the 
effects of α-LA on growth, antioxidant status, hepatopancreas morphology, and carbohydrate metabolism of 
freshwater prawns Macrobrachium nipponense under two dietary carbohydrate levels. Six diets were formulated 
using casein and fish meal as the protein sources, fish oil and soybean oil as the lipid sources, and corn starch as 
the carbohydrate source, at two carbohydrate levels (15% and 30%) and three concentrations of α-LA supple
mentation (0, 700, and 1400 mg/kg). Each experimental diet was fed to juvenile prawns (mean weight 0.050 ±
0.003 g), twice daily to apparent satiation, in five replicates. In the 15% (low)-carbohydrate groups, weight gain 
was significantly reduced in prawns fed 1400 mg/kg α-LA compared with 0 or 700 mg/kg α-LA, but there was no 
significant effect in the 30% (high)-carbohydrate groups. Survival was significantly higher among prawns fed 
700 mg/kg α-LA compared with 0 or 1400 mg/kg α-LA regardless of the carbohydrate level. The levels of dietary 
carbohydrate and α-LA also significantly affected the activities of key enzymes involved in glycolysis and the 
citric acid cycle. The activities of hexokinase and pyruvate kinase activities were highest in prawns fed l400 mg/ 
kg α-LA, in both the low- and high-carbohydrate groups. Supplementation with 700 or 1400 mg/kg α-LA 
significantly increased the activities of 6-phosphofructokinase, pyruvate dehydrogenase, and succinate dehy
drogenase regardless of the carbohydrate level. The level of malondialdehyde decreased significantly with 
increased α-LA supplementation; in contrast, the levels of superoxide dismutase, glutathione peroxidase, and 
glutathione were significantly higher in prawns fed 700 or 1400 mg/kg α-LA when compare with those fed no 
α-LA supplement. Dietary α-LA did not affect the overall morphology of the hepatopancreas, but 1400 mg/kg 
α-LA reduced the number of B (blister-like) cells. Thus, 700 mg/kg α-LA supplementation under either dietary 
carbohydrate level could improve the antioxidant status, carbohydrate metabolism, and morphology of the 
hepatopancreas in juveniles of M. nipponense. We conclude that α-LA supplementation can be used to improve the 
efficiency of carbohydrate utilization when a 30% carbohydrate diet is used for this prawn.   

1. Introduction 

Carbohydrate is an important and cheap energy source in aquatic 

animal diets. It plays important roles in physiological metabolism, such 
as citric acid cycle, gluconeogenesis, chitin synthesis, and the formation 
of steroids and fatty acids in animals (Wigglesworth and Griffith, 1994). 
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Appropriate increases in the carbohydrate level in aquatic animal diets 
can spare dietary protein, save diet cost, decrease the excretion of 
ammonia and nitrogen, and alleviate water pollution (Alava and Pasc
ual, 1987; Rosas et al., 2000). However, aquatic animals have a limited 
ability to utilize carbohydrate (Holme et al., 2009; Shiau and Huang, 
1990). Consequently, feeding aquatic animals with high carbohydrate 
diets usually cause metabolic disorders (Ma et al., 2020; Song et al., 
2018). Therefore, improving the utilization efficiency of high carbohy
drate is important for sustainable aquaculture development. 

Alpha-lipoic acid (α-LA) is a cofactor of key enzymes (pyruvate de
hydrogenase complex and α-ketoglutarate dehydrogenase) involved in 
glucose metabolism, which catalyzes the process of oxidative decar
boxylation and plays an important role in energy metabolism of carbo
hydrate (Lobato et al., 2018). In higher animals, α-LA improved the 
ability of glucose uptake, utilization and insulin sensitivity (Lee et al., 
2005) and prevented the development of type 2 diabetes (Song et al., 
2004). Dietary α-LA also limited the adverse syndrome caused by dia
betes (Kowluru and Odenbach, 2004; Shay et al., 2009). Similarly, in 
vitro studies found that α-LA mainly participated in aerobic oxidation of 
mitochondria in cells and promoted tricarboxylic acid cycle (TCA) 
metabolism of carbohydrate (Ikuta et al., 2017). Moreover, α-LA has 
been indicated to inhibit anaerobic glycolysis of carbohydrate in various 
studies (Schwarts et al., 2017; Ikuta et al., 2017). Apart from carbohy
drate metabolic influence, α-LA is also a powerful non enzymatic anti
oxidant, scavenging free radicals and chelating heavy metal ions and 
thus maintaining the normal oxidation-antioxidant level in the body 
(Packer et al., 1995). This role has been confirmed in many studies for 
higher or lower animals (Somi et al., 2011; Guo et al., 2014; Monserrat 
et al., 2008; Shi et al., 2017; Xu et al., 2018, 2019). 

Studies involving dietary α-LA on aquatic animals mainly focused on 
its effects on growth, oxidative stress and lipid metabolism. In such 
studies, dietary α-LA positively modulated oxidative stress under hyp
oxia/reoxygenation conditions and was effective as a supplement 
against damage induced by hypoxia in Litopenaeus vannamei (Lobato 
et al., 2018). α-LA alleviated oxidative damage caused by lipid deposi
tion and improved the health status of Chinese mitten crab Eriocheir 
sinensis (Xu et al., 2018). However, studies on the regulation of α-LA on 
carbohydrate metabolism in aquatic animals are currently limited. The 
only study available in carp (Cyprinus carpio) showed that α-LA regu
lated the metabolism of lipid, protein and carbohydrate, and improved 
the utilization efficiency of carbohydrate (Santos et al., 2016). As 
mentioned above, α-LA can regulate glucose metabolism by regulating 
insulin secretion (Lee et al., 2005), so the effect of α-LA on glucose 
metabolism of fish might be closely related to the secretion of this 
hormone. However, the hormones involved in carbohydrate regulation 
in crustaceans are different from those in fish (Wang et al., 2016). More 
likely, the utilization and effects of α-LA might be different between fish 
and prawns, a knowledge currently missing in the scientific literature. 

The freshwater prawn, Macrobrachium nipponense, has become one of 
the main economic freshwater prawns in China due to its fast growth in 
short culture period (Ma et al., 2011). However, studies on the nutri
tional aspects of M. nipponense are currently limited. Previous studies 
concentrated on carbohydrate source and its appropriate level in 
M. nipponense (Ding et al., 2017; Kong et al., 2019) and replacement of 
fishmeal by soybean and cotton seed meals (Huang et al., 2018). In these 
studies, Ding et al. (2017) and Kong et al. (2019) indicated that 
M. nipponense has some moderate metabolic adaptations for using di
etary carbohydrate and fishmeal can be replaced in its diet by using 
soybean and cotton seed meals (Huang et al., 2018). Finding appropriate 
approaches to improve the utilization efficiency of carbohydrate in 
M. nipponense offers opportunity for improved health of the species, 
reduced energy sources from other nutrients for its sustainable pro
duction. It should be noted that although α-LA has not been reported to 
regulate carbohydrate metabolism in crustaceans, appropriate α-LA 
supplement to regulate energy metabolism has been studied (Xu et al., 
2018). Therefore, this study explored the effects of α-LA on growth 

performance, antioxidant status, hepatopancreas morphology and car
bohydrate metabolism in M. nipponense fed two dietary carbohydrate 
levels. 

2. Materials and methods 

2.1. Experimental diets 

Six experimental diets for M. nipponense were formulated with casein 
and fish meal as the protein sources, fish oil and soybean oil as the lipid 
sources, and corn starch as the carbohydrate source, at two carbohy
drate levels (15% and 30%), each supplemented with three concentra
tions of α-LA (0, 700, and 1400 mg/kg). The concentrations of α-LA used 
in this study was based on our previous studies (unpublished data). The 
three low-carbohydrate diets (15% carbohydrate) were LCLA1, LCLA2, 
and LCLA3; the three high-carbohydrate diets (30% carbohydrate) were 
HCLA1, HCLA2, and HCLA3 group (Table 1). After 8 weeks of feeding, 
the growth performance, antioxidant indexes, and activities of key en
zymes of the glycolysis pathway and citric acid cycle of the prawns were 
evaluated. 

All dry ingredients of the diets were passed through a 212-μm mesh 
before being thoroughly mixed with distilled water. This mixture was 
extruded through a 1.5-mm die with a pelleting machine, and then dried 
in a forced-air oven at 40 ◦C and stored at − 20 ◦C until use. 

2.2. Experimental animals and feeding trial 

Prawns, with normal-looking and without evidence of any disease, 
were purchased from Huzhou Bangda Ecological Agriculture Co. Ltd. in 
Zhejiang Province, China. Prior to the feeding trial, prawns were fed a 
commercial diet (39% protein) for 1 week to acclimate to the experi
mental conditions. At the beginning of the experiment, healthy prawns 
(initial weight 0.050 ± 0.003 g) were randomly distributed in 30 tanks 
(six groups) of 300-L volume. Five replicates were used for each group, 
and each tank held 50 prawns. Prawns were fed twice daily to apparent 
satiation, and the feeding trial lasted 8 weeks. To reduce animal 
cannibalization, some nylon fishing nets were placed as artificial shelter 
in each tank. During the experimental period, water-quality parameters 
were monitored to maintain a temperature of 25–28 ◦C, dissolved oxy
gen of >6.5 mg L− 1, and ammonia and nitrate levels of <0.1 mg L− 1, 
under a natural daylight cycle. One-third of the water in each tank was 
replaced daily. 

2.3. Hepatopancreas sample collection 

Prawns were deprived of food for 24 h prior to sampling. The prawns 
in each tank were counted and weighed to determine growth perfor
mance. The hepatopancreas were dissected from the cephalothorax; 
some of these were fixed in Bouin’s solution for 24 h before histological 
analysis, and some were stored at − 80 ◦C for the analyses of enzyme 
activities. 

2.4. Growth performance of prawns and proximate composition of the 
diets 

Weight gain, specific growth rate, and survival rate of the 
M. nipponense were calculated as in the earlier study (Ding et al., 2017). 
Determinations of the moisture, crude lipid, and crude protein contents 
of the diets were conducted using standard procedures (AOAC, 2005). 
Moisture content was determined by oven-drying at 105 ◦C to a constant 
weight. Crude protein was measured by the combustion method, using 
an FP-2000 nitrogen analyzer (Leco Corp., St. Joseph, MI, USA). Crude 
lipid was determined by ether extraction using a Soxtec System (Soxtec 
Avanti 2055; Foss Tecator, Höganäs, Sweden). 
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2.5. Carbohydrate metabolism enzyme activities 

The hepatopancreas enzyme activities of hexokinase (HK; EC 
2.7.1.1), pyruvate kinase (PK; EC 2.7.1.40), 6-phosphofructokinase 
(PFK; EC 2.7.1.11), pyruvate dehydrogenase (PDH; EC 4.1.1.1), and 
succinate dehydrogenase (SDH; EC 1.3.5.1) were determined by using 
kits purchased from Suzhou Comin Biotechnology Co. Ltd. (Suzhou, 
China) based on manufacturer’s instructions. The idea of making the 
determinations with these techniques was as described by Li et al. 
(2013) and Wang et al. (2017), and the absorbance values were read 
with a Multiskan Spectrum purchased from Thermo (Multiskan GO 
1510). 

2.6. Morphology of the hepatopancreas and antioxidant enzyme activities 

For analysis of the tissue morphology, the fixed hepatopancreas of 
M. nipponense were dehydrated in ascending concentrations of alcohol. 
Dehydrated tissues were embedded in paraffin and the blocks were cut 
into continuous 5-μm sections. To reveal changes in the hepatopancreas, 
the 5-μm sections were stained with hematoxylin and eosin, and then 
examined with CaseViewer software (3DHISTECH Ltd., Budapest, 
Hungary). 

To determine the antioxidant enzyme activities, samples of hepato
pancreas were homogenized with 0.86% (w/v) precooled saline solution 
(0.86 g of sodium chloride was added to 100 mL distilled water, pH 7.0). 
The homogenates were centrifuged at 1500g (5415R, Eppendorf, Ger
many) for 20 min and the supernatants were collected. Superoxide 
dismutase (SOD) and glutathione peroxidase (GSH-Px) activities, and 
reduced glutathione (GSH) and the malondialdehyde (MDA) content in 
the hepatopancreas were determined using commercially available kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The idea 
of making the determinations with these techniques was as described by 
Liu et al. (2020), and Thermo Multiskan Spectrum was used to perform 
the absorbance readings. 

2.7. Statistical analyses 

Statistical analyses were performed with SPSS 17.0 (SPSS Inc., Chi
cago, IL, USA). Data are reported as mean ± standard deviation (SD). 
Data were analyzed by two-way analysis of variance (ANOVA) to 
determine whether there was any significant interaction between the 
concentration of dietary α-LA and the carbohydrate level. At the same 
carbohydrate level, one-way analysis of variance (ANOVA) was used to 
assess differences among groups fed diets with different concentrations 
of α-LA, after tests of normality and homogeneity of variance. When the 
means of each treatment significantly differed, Turkey’s multiple-range 
test was used to compare means among these treatments. For the same 
α-LA concentration, an independent-samples t-test was used to deter
mine whether there were statistically significant differences between 
groups fed the low-carbohydrate and high-carbohydrate diets. A P-value 
less than 0.05 was considered significant; P < 0.01 was considered 
extremely significant. 

3. Results 

3.1. Growth performance of prawns 

The prawns fed on the 1400 mg/kg LA diet decreased significantly 
the weight gain (Fig. 1A) and specific growth rate (Fig. 1B) compared to 
those fed on 0 and 700 mg/kg α-LA diets (P < 0.05). Feeding the prawns 
with α-LA at high carbohydrate diet had no significant effect on the 
weight gain and specific growth rate. The prawns fed the 700 mg/kg LA 
at low and high carbohydrate diets increased significantly the survival 
rate than those fed on 0 and 1400 mg/kg α-LA diets (P < 0.05) (Fig. 1C). 
Comparing groups given the same α-LA supplementation, survival was 
significantly less in groups fed a high-carbohydrate diet (P < 0.05). The 
carbohydrate and α-LA levels interacted significantly to affect weight 
gain and specific growth rate but not survival rate. 

3.2. Activities of enzymes of carbohydrate metabolism 

Significant interactions between the carbohydrate level and α-LA 

Table 1 
Ingredients and proximate compositions of the experimental diets (%, dry weight).  

Ingredients 15% carbohydrate 30% carbohydrate 

0 
LCLA1 

700 
LCLA2 

1400 
LCLA3 

0 
HCLA1 

700 
HCLA2 

1400 
HCLA3 

Casein 33 33 33 33 33 33 
Fish meal 20 20 20 20 20 20 
corn starch 15 15 15 30 30 30 
α-lipoic acid 0 0.07 0.14 0 0.07 0.14 
Fish oil: Soybean oil (2:1) 3.5 3.5 3.5 3.5 3.5 3.5 
Soybean lecithin 0.5 0.5 0.5 0.5 0.5 0.5 
Cholesterol 0.5 0.5 0.5 0.5 0.5 0.5 
Vitamin premixa 2 2 2 2 2 2 
Mineral premixb 3 3 3 3 3 3 
Attractantc 3 3 3 3 3 3 
Choline chloride 0.5 0.5 0.5 0.5 0.5 0.5 
Cellulose 20 19.93 19.86 5 4.93 4.86 
Sodium carboxymethylcellulose 2 2 2 2 2 2 
Total 100 100 100 100 100 100  

Proximate composition 
Dry matter 82.26 82.07 82.37 81.45 81.99 82.20 
Crude protein 38.51 38.65 38.51 38.51 38.29 38.25 
Crude lipid 7.26 7.62 7.73 7.21 7.62 7.69 
Crude ash 11.24 11.13 10.94 11.09 11.02 12.66  

a Vitamin mixture (mg 100 g− 1mixture): vitamin A 420000 IU, vitamin C 6000 mg, α-tocopherol acetate 2000 mg, vitamin D3 120,000 IU, vitamin K 1000 mg, 
vitamin B1 750 mg, vitamin B2 1000 mg, vitamin B6 1600 mg, vitamin B12 2 mg, niacin 5000 mg, folic acid 400 mg, inositol 6000 mg, biotin 10 mg, calcium pan
tothenic 3500 mg. 

b Mineral mixture (mg g− 1 mixture): KCL 28; MgSO4⋅ 7 H2O 100; NaH2PO4 215; KH2PO4 100; Ca(H2PO4)⋅ 2 H2O 265; CaCO3 105; C6H10CaO6⋅ 5 H2O 165; FeC6H5O7⋅ 
5 H2O 12; ZnSO4⋅ 7 H2O 4.76; MnSO4⋅ H2O 1.07; AlCL3⋅ 6 H2O 0.15;CuCl2⋅ 2 H2O 0.24; CoCl2⋅ 6 H2O 1.4; KI 0.23; α-cellulose 2.15. 

c Attractant: alanine 0.6%, glycine 0.6%, glutamic acid 0.6%, betaine 1.2%. 
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concentration were found for the activities of PFK, PK and PDH (P <
0.01) (Fig. 2). The activities of HK and PK were highest in prawns fed 
l400 mg/kg α-LA, in both the low- and high-carbohydrate groups. 
Among the low-carbohydrate groups, PFK activity was significantly 
higher in prawns fed 700 mg/kg α-LA compared with the other two 
concentrations; among the high-carbohydrate groups, the PFK activity 
was highest in prawns fed 1400 mg/kg α-LA (P < 0.05). Supplementa
tion with 700 or 1400 mg/kg α-LA significantly increased the PDH and 
SDH activities regardless of the dietary carbohydrate level (P < 0.05). 
Thus, irrespective of the concentration of α-LA supplementation, a high- 
carbohydrate diet significantly induced the activities of HK, PFK, and 
PDH when compared with the effects of a low-carbohydrate diet (P <
0.05). However, the activity of PK was significantly higher in prawns fed 
a high-carbohydrate diet, but only at 1400 mg/kg α-LA (P < 0.05). 

3.3. MDA content and antioxidant enzyme activities 

Two-factor analysis showed that the concentration of α-LA had main 
effects on MDA, GSH, and SOD (P < 0.01). In the low-carbohydrate 
groups, the MDA level of prawns decreased significantly with an in
crease in dietary α-LA (P < 0.05); SOD activity was significantly higher 
in prawns fed 700 mg/kg α-LA than in prawns fed 0 or 1400 mg/kg α-LA 
(P < 0.05); and a higher GSH level was also observed in prawns fed 700 
mg/kg α-LA. In the high-carbohydrate groups, the MDA level likewise 
decreased significantly with an increase in dietary α-LA (P < 0.05); SOD 
activity was significantly higher in prawns fed 1400 mg/kg α-LA than in 
prawns fed 0 or 700 mg/kg α-LA (P < 0.05); GSH-Px activity was 
significantly higher in prawns fed 700 or 1400 mg/kg α-LA than that of 
prawns fed no α-LA supplement (P < 0.05); and the highest GSH level 
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Fig. 1. Growth performance of freshwater prawns Macrobrachium nipponense in relation to the concentration of α-lipoic acid supplementation under two dietary 
carbohydrate levels (low = 15%; high = 30%). Data are presented as mean ± SD. Columns with different superscripts are significantly different at P < 0.05: 
lowercase denotes significant differences among groups fed the low-carbohydrate diet; capital letters denote significant differences among groups fed the high- 
carbohydrate diet. 
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Fig. 2. Carbohydrate metabolism enzyme activities in the hepatopancreas of freshwater prawns Macrobrachium nipponense in relation to the concentration of α-lipoic 
acid supplementation under two dietary carbohydrate levels. Data are presented as mean ± SD. Columns with different superscripts are significantly different at P <
0.05: lowercase denotes significant differences among groups fed the low-carbohydrate diet; capital letters denote significant differences among groups fed the high- 
carbohydrate diet. HK, hexokinase; PFK, 6-phosphofructokinase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase; SDH, succinate dehydrogenase. 
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was obtained in prawns fed 1400 mg/kg α-LA. The dietary carbohydrate 
level mainly affected the levels of MDA and GSH (P < 0.01). There was 
significant interaction between the carbohydrate and α-LA levels and 
lipid oxidation and antioxidant enzyme activities (P < 0.01) (Fig. 3). 

3.4. Hepatopancreas morphology 

The hepatopancreas of the prawns fed low (Fig. 4a) and high car
bohydrate (Fig. 4d) supplemented with 0 mg/kg LA had less blister cells 
(B-cells) than those fed low (Fig. 4b) and high carbohydrate (Fig. 4e) 
diets supplemented with 700 mg/kg LA, respectively. Feeding the 
prawns with low (Fig. 4c) and high carbohydrate (Fig. 4f) diets sup
plemented with 1400 mg/kg LA decreased the number of B-cells in the 
hepatopancreas. 

4. Discussion 

In the present study, we found that dietary α-LA decreased the 
growth rate of M. nipponense fed a low-carbohydrate diet. Significant 

growth-inhibition effects of lipoic acid were also observed in juvenile 
grass carp Ctenopharyngodon idellus (Huang et al., 2019) and Plata 
pompano Trachinotus marginatus (Kütter et al., 2012). Growth inhibition 
from dietary α-LA in animals occurs because α-LA can play a substantial 
role in the regulation of food intake by suppressing appetite and 
elevating energy metabolism (Kim et al., 2008; Seo et al., 2012). In the 
present study, the prawns had reduced their appetite and food intake 
after feeding the diets supplemented with high α-LA, which indicated 
low concentration of α-LA may be more adequate for the growth of 
prawns. The poor appetite and decreased body weight may be attributed 
to the changes of peripheral appetite regulating factors as described in 
grass carp (Huang et al., 2019). The high levels of α-LA may also induce 
cellular stress that increased the energy spend of M. nipponense, thereby 
affecting the growth of the prawns. However, some studies have found 
that a suitable concentration of dietary α-LA promoted better growth. 
For example, Xu et al. (2019) found that α-LA supplementation at 700 or 
1400 mg/kg significantly improved the growth performance of juvenile 
Chinese mitten crab Eriocheir sinensis. Zhang et al. (2010) similarly 
found that weight gain in juvenile abalone Haliotis discus hannai 
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Fig. 3. Antioxidant capacity in the hepatopancreas of freshwater prawns Macrobrachium nipponense in relation to the concentration of α-lipoic acid supplementation 
under two dietary carbohydrate levels. Data are presented as mean ± SD. Columns with different superscripts are significantly different at P < 0.05: lowercase 
denotes significant differences among groups fed the low-carbohydrate diet; capital letters denote significant differences among groups fed the high-carbohydrate 
diet. MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; GSH-Px, glutathione peroxidase. 
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increased with dietary α-LA, and the rate peaked at 800 mg/kg dietary 
α-LA. In general, these results suggest that the effect of α-LA on growth 
performance depend on species and dose used. Interestingly, Santos 
et al. (2016) found 1000 mg/kg α-LA had positive effects on common 
carp growth fed with glucose diets, but decreased weight gain on fed 
with starch diets. In our study, we also found that feeding the prawns 
with α-LA at high carbohydrate diet had no significant effect on the 
growth of M. nipponense. That is to say, dietary ingredients can affect 
growth regulation of α-LA to animals. 

A high-carbohydrate diet inhibited the growth of M. nipponense, 
which corresponds to the results of an earlier study of this species (Ding 
et al., 2017). When the dietary carbohydrate level exceeds the optimum, 
the excess may decrease the ability of the animal to digest, absorb and 
assimilate the carbohydrate ingredient (Xiao et al., 2014). Furthermore, 
excess dietary carbohydrate cannot be used as an energy source, led to a 
low protein efficiency and was converted to lipid accumulated in the 
body (Rosas et al., 2000; Zhan et al., 2020). Interestingly, α-LA sup
plementation did not decrease the growth rate of prawns fed the high 
(30%)-carbohydrate diet in the present study. Body weight is 

determined by the balance between food intake and energy expenditure 
(Kim et al., 2004). Although dietary α-LA increased energy expenditure, 
the energy provided by a high-carbohydrate feed likely countered the 
enhanced expenditure. This can be seen from the significantly elevated 
activities of the enzymes involved in glycolysis and the respiratory chain 
assessed in prawns fed an α-LA supplement. Hexokinase (HK), pyruvate 
kinase (PK), and 6-phosphofructokinase (PFK) are rate-limiting enzymes 
in glycolysis (Nelson and Cox, 2004), so the increased activities of these 
enzymes indicated glycolysis was upregulated by dietary carbohydrate 
or α-LA, and more pyruvate was later provided for energy metabolism. 
Pyruvate dehydrogenase complex (PDH) is a mitochondrial matrix 
multienzyme complex that provides the link between glycolysis and the 
TCA cycle by catalyzing the conversion of pyruvate into acetyl-CoA 
(Kantor et al., 2001). Increased pyruvate oxidation and PDH complex 
activation were also found in rat hepatocytes after therapeutically 
relevant doses of α-LA for 3 h (Walgren et al., 2004). The increased PDH 
indicated lactate formation was prevented and more flow of acetyl-CoA 
into the citric acid cycle for aerobic metabolism (Feuerecker et al., 
2012). This also can be confirmed from the increased activity of 

Fig. 4. The hepatopancreas morphology of the freshwater prawn, Macrobrachium nipponense fed on low and high carbohydrate levels supplemented with α-lipoic 
acid. Hepatopancreas from prawns fed on low carbohydrate supplemented with 0, 700 and 1400 mg/kg are represented by a, b and c, respectively. Hepatopancreas 
from prawns fed on high carbohydrate supplemented with 0, 700 and 1400 mg/kg are represented by d, e and f, respectively. R-cell represents resorptive cell and B- 
cell represents blister cell. 
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succinate dehydrogenase (SDH) with dietary α-LA, a key enzyme of the 
respiratory chain which is located in the inner mitochondrial mem
brane, and it is reported to be of critical functional importance when the 
energy request is high (Tondo et al., 2015). Moreover, a high- 
carbohydrate diet significantly decreased SDH activity yet the higher 
concentrations of α-LA counteracted the negative effect from high car
bohydrate intake. Whereas a high-carbohydrate diet caused slower 
growth and decreased respiratory chain activity in this freshwater 
prawn, high α-LA supplementation counteracted the negative effects. 
The data indicate that lipoic acid stimulated glucose metabolism, which 
is supported by numerous investigators who report that α-LA in the 
medium stimulated glucose metabolism in different cell models (Ikuta 
et al., 2017; Schwarts et al., 2017). 

In addition to regulating glucose metabolism, α-LA also affected the 
survival, antioxidant capacity, and histological morphology of the 
hepatopancreas of M. nipponense under both low- and high-dietary car
bohydrate levels. When no α-LA was added, the survival rate decreased 
among prawns fed high carbohydrate, which might be related to stress 
induced by the high glucose load. This can be verified from the higher 
MDA content, a widely used biomarker for lipid peroxidation (Sies, 
1991), in the high-carbohydrate groups. However, with supplementa
tion at 700 mg/kg α-LA, the stress was alleviated and the survival rate of 
prawns increased, which might have been an outcome of improved 
antioxidant capacity (except for increased glucose metabolism, dis
cussed above) from the α-LA supplementation. GSH is a non-enzymatic 
antioxidant molecule, which can directly or indirectly scavenge ROS 
(Espinosa-Diez et al., 2015). Consequently, the supplementation of the 
carbohydrate diet with 700 mg/kg LA decreased the MDA content 
accompanied by a significant increase of GSH level in the hepatopan
creas of prawns regardless carbohydrate level, due to increased anti
oxidant capacity in prawns. SOD is the first enzyme to respond against 
reactive oxygen species (ROS), which catalyzes dismutation of super
oxide radicals to hydrogen peroxide, and hydrogen peroxide is then 
transformed into water by GSH-Px (Livingstone, 2003). The increased 
activities of SOD and GSH-Px indicated ROS and hydrogen peroxide 
were generated for the prawns. However, from the decreased MDA 
content after α-LA supplementation, it seems that the α-LA indued some 
stress but the α-LA was enough to cope with this situation. Similarly, 
appropriate addition of α-LA in the diet of E. sinensis could activate the 
enzymatic and non-enzymatic antioxidant systems and improve the 
antioxidant capacity of the crabs (Xu et al., 2018); furthermore, sup
plementation with α-LA in feed for Litopenaeus vannamei positively 
modulated lipid peroxidation and antioxidant capacity upon exposure to 
hypoxia and reoxygenation (Lobato et al., 2018). These results suggest 
that, supplementing prawn diet with 700 mg/kg LA reduces oxidative 
stress by increasing antioxidant capacity. 

Interestingly, the highest concentration of α-LA (1400 mg/kg) like
wise improved the activities of antioxidant enzymes in M. nipponense, 
but not their survival rate. It is reported that α-lipoic acid could exert 
both pro- and antioxidant effects depending on the underlying physio
logic and metabolic state of animals (Bhatti et al., 2005). α-lipoic acid 
and its major metabolite have also been shown to stimulate superoxide 
anion production in rat liver mitochondria and submitochondrial par
ticles and in cultured 3 T3-L1 adipocytes in response to high glucose 
stimuli (Moini et al., 2002). So, it cannot exclude the possibility that 
1400 mg/kg α-LA may act as a pro-oxidant, causing deleterious effects to 
the health of prawns and its survival rate. 

Furthermore, the prawns fed on diet supplemented with 1400 mg/kg 
LA had reduced number of B cells. B (blister-like) cells are relatively 
large cells responsible for the synthesis of digestive enzymes (Pourmo
zaffar et al., 2019). An increase in hepatopancreatic B cells was observed 
at low salinities in L. vannamei (Li et al., 2008). Such an increase was 
suggested to facilitate the synthesis and excretion of the digestive en
zymes, which enabled the shrimp to derive more energy from the feed 
(Li et al., 2008). Therefore, the increase of hepatopancreatic B cells in 
prawns fed 700 mg/kg α-LA indicated more digestive enzymes were 

synthesized and excreted. However, 1400 mg/kg α-LA decreased syn
thesis of the digestive enzymes in M. nipponense, which resulted in less 
energy obtained from feed. The less energy obtained and more energy 
expenditure in prawns fed 1400 mg/kg α-LA resulted in energy imbal
ance. This also might be one of the reasons for low survival rate of the 
prawns fed the diet supplemented with 1400 mg/kg LA as reported 
previously in crabs (Lu et al., 2016). Reduced B cells in hepatopancreas 
of L. vannamei fed on organic acid was suggested as a reason for possible 
reduced reliance on digestive enzymes in the digestion process (Romano 
et al., 2015). Whether high levels of α-LA reduced reliance on digestive 
enzymes in M. nipponense needs further investigation. 

5. Conclusions 

In conclusion, the growth of M. nipponense was inhibited by dietaryα- 
LA at low carbohydrate level, but not at high carbohydrate level. Dietary 
α-LA promoted glycolysis in the TCA cycle and aerobic oxidation of 
mitochondria, improving carbohydrate metabolism regardless of dietary 
carbohydrate levels. Supplementing the carbohydrate diets with 700 
mg/kg α-LA reduced oxidative stress by increasing antioxidant capacity. 
In addition, dietary 1400 mg/kg α-LA reduced the number of B cells, 
resulting in loss of energy homeostasis and low survival rate. Thus, 
supplementing the diets of prawns fed carbohydrate with 700 mg/kg 
α-LA improves antioxidant status, carbohydrate metabolism and the 
structure of hepatopancreas. We recommend supplementing α-LA to the 
diet of M. nipponense when 30% carbohydrate is used in order to improve 
feed utilization efficiency. 
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Cadenas, S., Lamas, S., 2015. Antioxidant responses and cellular adjustments to 
oxidative stress. Redox Biol. 6, 183–197. 

Feuerecker, B., Pirsig, S., Seidl, C., Aichler, M., Feuchtinger, A., Bruchelt, G., 
Senekowitsch-Schmidtke, R., 2012. Lipoic acid inhibits cell proliferation of tumor 
cells in vitro and in vivo. Cancer Biol. Ther. 13 (14), 1425–1435. 

Guo, Z.Y., Li, J.L., Zhang, L., Jiang, Y., Gao, F., Zhou, G.H., 2014. Effects of alpha-lipoic 
acid supplementation in different stages on growth performance, antioxidant 
capacity and meat quality in broiler chickens. Br. Poult. Sci. 55, 635–643. 

Holme, M.H., Zeng, C.S., Southgate, P.C., 2009. A review of recent progress toward 
development of a formulated microbound diet for mud crab, Scylla serrata, larvae 
and their nutritional requirements. Aquaculture 286, 164–175. 

Huang, C.C., Sun, J., Ji, H., Oku, H., Chang, Z.G., Tian, J.J., Yu, E.M., Xie, J., 2019. 
Influence of dietary alpha-lipoic acid and lipid level on the growth performance, 
food intake and gene expression of peripheral appetite regulating factors in juvenile 
grass carp (Ctenopharyngodon idellus). Aquaculture 505, 412–422. 

Huang, Y.J., Zhang, N.N., Fan, W.J., Cui, Y.Y., Limbu, S.M., Qiao, F., Zhao, Y.L., Chen, L. 
Q., Du, Z.Y., Li, D.L., 2018. Soybean and cottonseed meals are good candidates for 
fishmeal replacement in the diet of juvenile Macrobrachium nipponense. Aquac. Int. 
26, 309–324. 

Z. Ding et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0005
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0005
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0010
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0010
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0015
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0015
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0015
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0020
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0020
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0020
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0025
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0025
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0025
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0030
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0030
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0030
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0035
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0035
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0035
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0040
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0040
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0040
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0045
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0045
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0045
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0045
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0050
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0050
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0050
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0050


Aquaculture 546 (2022) 737314

9

Ikuta, N., Chikamoto, K., Asano, Y., Yasui, Y., Yokokawa, H., Terao, K., Rimbach, G., 
Matsuqo, S., 2017. Time course effect of R-alpha-lipoic acid on cellular 
metabolomics in cultured hepatoma cells. J. Med. Food 20 (3), 211–222. 

Kantor, P.F., Lopaschuk, G.D., Opie, L.H., 2001. Chapter32- myocardial energy 
metabolism. In: Heart Physiology and Pathophysiology, 4th ed., pp. 543–569. 

Kim, E., Park, D.W., Choi, S.H., Kim, J.J., Cho, H.S., 2008. A preliminary investigation of 
alpha-lipoic acid treatment of antipsychotic drug-induced weight gain in patients 
with schizophrenia. J. Clin. Psychopharmacol. 28, 138–146. 

Kim, M.S., Park, J.Y., Namkoong, C., Jang, P.G., Ryu, J.W., Song, H.S., Yun, J.Y., 
Namgoong, I.S., Ha, J., Park, I.S., Lee, I.K., Viollet, B., Youn, J.H., Lee, H.K., Lee, K. 
U., 2004. Anti-obesity effects of alpha-lipoic acid mediated by suppression of 
hypothalamic AMP-activated protein kinase. Nat. Med. 10 (7), 727–733. 

Kong, Y.Q., Ding, Z.L., Zhang, Y.X., Zhou, P.X., Wu, C.B., Zhu, M.H., Ye, J.Y., 2019. Types 
of carbohydrate in feed affect the growth performance, antioxidant capacity, 
immunity, and activity of digestive and carbohydrate metabolism enzymes in 
juvenile Macrobrachium nipponense. Aquaculture 512, 734282. 

Kowluru, R.A., Odenbach, S., 2004. Effect of long-term administration of alpha-lipoic 
acid on retinal capillary cell death and the development of retinopathy in diabetic 
rats. Diabetes 53, 3233–3238. 

Kütter, M.T., Monserrat, J.M., Primel, E.G., Caldas, S.S., Tesser, M.B., 2012. Effects of 
dietary α-lipoic acid on growth, body composition and antioxidant status in the Plata 
pompano Trachinotus marginatus (Pisces, Carangidae). Aquaculture 368-369, 29–35. 

Lee, W.J., Song, K.H., Koh, E.H., Won, J.C., Kim, H.S., Park, H.S., Kim, M.S., Kim, S.W., 
Lee, K.U., Park, J.Y., 2005. Alpha-lipoic acid increases insulin sensitivity by 
activating AMPK in skeletal muscle. Biochem. Bioph. Res. Co. 332 (3), 885–891. 

Li, E., Chen, L., Zeng, C., Yu, N., Xiong, Z., Chen, X., Qin, J.G., 2008. Comparison of 
digestive and antioxidant enzymes activities, haemolymph oxyhemocyanin contents 
and hepatopancreas histology of white shrimp, Litopenaeus vannamei, at various 
salinities. Aquaculture 274, 80–86. 

Li, Y.G., Ji, D.F., Zhong, S., Lv, Z.Q., Lin, T.B., 2013. Cooperative anti-diabetic effects of 
Deoxynojirimycin-polysaccharide by inhibiting glucose absorption and modulating 
glucose metabolism in Streptozotocin-induced diabetic mice. PLoS One 8 (6), 
e65892. 

Liu, J.D., Liu, W.B., Zhang, D.D., Xu, C.Y., Zhang, C.Y., Zheng, X.C., Chi, C., 2020. 
Dietary reduced glutathione supplementation can improve growth, antioxidant 
capacity, and immunity on Chinese mitten crab, Eriocheir sinensis. Fish Shellfish 
Immunol. 100, 300–308. 

Livingstone, D.R., 2003. Oxidative stress in aquatic organisms in relation to pollution and 
aquaculture. Rev. Med. Vet. 154 (6), 427–430. 

Lobato, R.O., Cruz, L.C., Josende, M.E., Tavares, P.B., Wasielesky, W., Maciel, F.E., 
Ventura-Lima, J., 2018. Lipoic acid modulates energetic metabolism and antioxidant 
defense systems in Litopenaeus vannamei under hypoxia/reoxygenation conditions. 
Aquaculture 497, 396–404. 

Lu, Y.L., Zhang, D., Wang, F., Dong., S.L., 2016. Hypothermal effects on survival, energy 
homeostasis and expression of energy-related genes of swimming crabs Portunus 
trituberculatus during air exposure. J. Therm. Biol. 60: 33–40. 

Ma, K., Feng, J., Lin, J., Li, J., 2011. The complete mitochondrial genome of 
Macrobrachium nipponense. Gene 487, 160–165. 

Ma, Q., Hu, C.T., Yue, J.J., Luo, Y., Qiao, F., Chen, L.Q., Zhang, M.L., Du, Z.Y., 2020. 
High-carbohydrate diet promotes the adaptation to acute hypoxia in zebrafish. Fish 
Physiol. Biochem. 46 (2), 665–679. 

Moini, H., Packer, L., Saris, N.E., 2002. Antioxidant and prooxidant activities of alpha- 
lipoic acid and dihydrolipoic acid. Toxicol. Appl. Pharmacol. 182, 84–90. 

Monserrat, J.M., Ventura-Lima, J., Ferreira, J.L.R., Acosta, D., Garcia, M.L., Ramos, P.B., 
Moraes, T.B., Santos, L.C., Amado, L.L., 2008. Modulation of antioxidant and 
detoxification responses mediated by lipoic acid in the fish Corydoras paleatus 
(Callichthyidae). Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 148, 287–292. 

Nelson, D.L., Cox, M.M., 2004. Lehninger Principles of Biochemistry, Fourth edition. W. 
H. Freeman, New York.  

Packer, L., Wiltf, E.H., Tritschler, H.J., 1995. Alpha-lipoic acid as a biological 
antioxidant. Free Radical Bio. Med. 19, 227–250. 

Pourmozaffar, S., Hajimoradloo, A., Paknejad, H., Rameshi, H., 2019. Effect of dietary 
supplementation with apple cider vinegar and propionic acid on hemolymph 
chemistry, intestinal microbiota and histological structure of hepatopancreas in 
white shrimp, Litopenaeus vannamei. Fish Shellfish Immunol. 86, 900–905. 

Romano, N., Koh, C.B., Ng, W.K., 2015. Dietary microencapsulated organic acids blend 
enhances growth, phosphorus utilization, immune response, hepatopancreatic 

integrity and resistance against Vibrio harveyi in white shrimp, Litopenaeus vannamei. 
Aquaculture 435, 228–236. 

Rosas, C., Cuzon, G., Gaxiola, G., Arena, L., Lemaire, P., Soyez, C., Van Wormhoudt, A., 
2000. Influence of dietary carbohydrate on the metabolism of juvenile Litopenaeus 
stylirostris. J. Exp. Mar. Biol. Ecol. 249, 181–198. 

Santos, R.A., Caldas, S., Primel, E.G., Tesser, M.B., Monserrat, J.M., 2016. Effects of 
lipoic acid on growth and biochemical responses of common carp fed with 
carbohydrate diets. Fish Physiol. Biochem. 42, 1699–1707. 

Schwarts, L., Seyfried, T., Alfarouk, O., Moreira, J.D.V., Fais, S., 2017. Out of Warburg 
effect: an effective cancer treatment targeting the tumor specific metabolism and 
dysregulated pH. Semin. Cancer Biol. 43, 134–138. 

Seo, E.Y., Ha, A.W., Kim, W.K., 2012. Alpha-Lipoic acid reduced weight gain and 
improved the lipid profile in rats fed with high fat diet. Nutr. Res. Pract. 6, 195–200. 

Shay, K.P., Moreau, R.F., Smith, E.J., Smith, A.R., Hagen, T.M., 2009. Alpha-lipoic acid 
as a dietary supplement: molecular mechanisms and therapeutic potential. Biochim. 
Biophys. Acta 1790 (10), 1149–1460. 

Shi, X.C., Jin, A., Sun, J., Yang, Z., Tian, J.J., Ji, H., Yu, H.B., Li, Y., Zhou, J.S., Du, Z.Y., 
Chen, L.Q., 2017. A-lipoic acid ameliorates n-3 highly unsaturated fatty acids 
induced lipid peroxidation via regulating antioxidant defenses in grass carp 
(Ctenopharyngodon idellus). Fish Shellfish Immunol. 67, 359–367. 

Shiau, S.Y., Huang, S.L., 1990. Influence of varying energy levels with two protein 
concentrations in diets for hybrid tilapia (Oreochromis niloticus × O. aureus) reared in 
seawater. Aquaculture 91, 143–152. 

Sies, H., 1991. Role of reactive oxygen species in biological processes. Klin. Wochenschr. 
69 (21− 23), 965–968. 

Somi, M.H., Hajipour, B., Abad, G.D.A., Hemmati, M.R., Ghabili, K., Khodadadi, A., 
Vatankhah, A.M., 2011. Protective role of lipoic acid on methotrexate induced 
intestinal damage in rabbit model. J. Gastroenterol. 30, 38–40. 

Song, K.H., Lee, W.J., Koh, J.M., Kim, H.S., Youn, J.Y., Park, H.S., Koh, E.H., Kim, M.S., 
Youn, J.H., Lee, K.U., 2004. α-Lipoic acid prevents diabetes mellitus in diabetes- 
prone obese rats. Biochem. Bioph. Res. Co. 326 (1), 197–202. 

Song, M.Q., Shi, C.M., Lin, S.M., Chen, Y.J., Shen, H.M., Luo, L., 2018. Effect of starch 
sources on growth, hepatic glucose metabolism and antioxidant capacity in juvenile 
largemouth bass, Micropterus salmoides. Aquaculture 490, 355–361. 

Tondo, M., Marin-Valencia, I., Ma, Q., Pascual, J.M., 2015. Chapter 25 - Pyruvate 
dehydrogenase, pyruvate carboxylase, krebs cycle and mitochondrial transport 
disorders Rosenberg’s molecular and genetic basis of neurological and psychiatric 
disease, 5th ed., pp. 291–297 

Walgren, J.L., Amani, Z., McMillan, J.M., Locher, M., Buse, M.G., 2004. Effect of R(+)α- 
lipoic acid on pyruvate metabolism and fatty acid oxidation in rat hepatocytes. 
Metabolism 53 (2), 165–173. 

Wang, X.D., Li, E.C., Chen, L.Q., 2016. A review of carbohydrate nutrition and 
metabolism in crustaceans. N. Am. J. Aquacult 78, 178–187. 

Wang, Z.Q., Ren, X.Y., Gao, B.Q., Yu, X., Zhang, X.H., Zhang, J., Liu, P., 2017. 
Comparison of carbohydrate metabolism key enzymes in different generations of 
growth-selected Portunus trituberculatus families. Aquaculture 477, 6–14. 

Wigglesworth, J.M., Griffith, D.R.W., 1994. Carbohydrate digestion in Penaeus monodon. 
Mar. Biol. 120, 571–578. 

Xiao, X.C., Han, D., Zhu, X.M., Yang, Y.X., Xie, S.Q., Huang, Y., 2014. Effect of dietary 
cornstarch levels on growth performance, enzyme activity and hepatopancreas 
histology of juvenile red swamp crayfish, Procambarus clarkii (Girard). Aquaculture 
426-427, 112–119. 

Xu, C., Li, E.C., Liu, S., Huang, Z.P., Qin, J.G., Chen, L.Q., 2018. Effect of α-lipoic acid on 
growth performance, body composition, antioxidant status and lipid catabolism of 
juvenile Chinese mitten crab Eriocheir sinensis fed different lipid percentage. 
Aquaculture 484, 286–292. 

Xu, C., Wang, X.D., Han, F.L., Qi, C.L., Li, E.C., Guo, J.L., Qin, J.G., Chen, L.Q., 2019. 
α-Lipoic acid regulate growth, antioxidant status and lipid metabolism of Chinese 
mitten crab Eriocheir sinensis: optimum supplement level and metabonomics 
response. Aquaculture 506, 94–103. 

Zhan, Q., Han, T., Li, X., Wang, J., Yang, Y., Yu, X., Zheng, P., Liu, T., Xu, H., Wang, C., 
2020. Effects of dietary carbohydrate levels on growth, body composition, and gene 
expression of key enzymes involved in hepatopancreas metabolism in mud crab 
Scylla paramamosain. Aquaculture 529, 735638. 

Zhang, W., Chen, Q.Y., Mai, K.S., Xu, W., Wang, X.J., Liufu, Z.G., 2010. Effects of dietary 
α-lipoic acid on the growth and antioxidative responses of juvenile abalone Haliotis 
discus hannai Ino. Aquac. Res. 41, e781–e787. 

Z. Ding et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0055
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0055
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0055
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0060
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0060
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0065
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0065
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0065
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0070
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0070
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0070
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0070
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0075
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0075
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0075
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0075
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0080
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0080
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0080
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0085
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0085
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0085
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0090
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0090
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0090
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0095
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0095
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0095
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0095
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0100
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0100
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0100
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0100
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0105
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0105
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0105
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0105
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0110
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0110
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0115
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0115
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0115
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0115
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0120
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0120
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0125
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0125
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0125
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0130
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0130
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0135
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0135
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0135
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0135
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0140
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0140
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0145
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0145
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0150
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0150
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0150
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0150
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0155
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0155
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0155
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0155
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0160
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0160
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0160
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0165
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0165
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0165
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0170
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0170
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0170
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0175
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0175
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0180
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0180
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0180
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0185
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0185
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0185
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0185
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0190
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0190
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0190
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0195
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0195
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0200
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0200
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0200
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0205
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0205
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0205
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0210
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0210
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0210
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0215
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0215
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0215
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0215
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0220
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0220
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0220
http://refhub.elsevier.com/S0044-8486(21)00977-7/optM0PDVDu7g7
http://refhub.elsevier.com/S0044-8486(21)00977-7/optM0PDVDu7g7
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0225
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0225
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0225
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0230
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0230
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0235
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0235
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0235
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0235
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0240
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0240
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0240
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0240
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0245
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0245
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0245
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0245
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0250
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0250
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0250
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0250
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0255
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0255
http://refhub.elsevier.com/S0044-8486(21)00977-7/rf0255

	Modulation of growth, antioxidant status, hepatopancreas morphology, and carbohydrate metabolism mediated by alpha-lipoic a ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental diets
	2.2 Experimental animals and feeding trial
	2.3 Hepatopancreas sample collection
	2.4 Growth performance of prawns and proximate composition of the diets
	2.5 Carbohydrate metabolism enzyme activities
	2.6 Morphology of the hepatopancreas and antioxidant enzyme activities
	2.7 Statistical analyses

	3 Results
	3.1 Growth performance of prawns
	3.2 Activities of enzymes of carbohydrate metabolism
	3.3 MDA content and antioxidant enzyme activities
	3.4 Hepatopancreas morphology

	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


