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Abstract Lipoic acid (LA) is an antioxidant that also

favors glucose uptake inmammals. Until now, there are

no studies evaluating the potential effect of this

molecule on glycemic control in fish. It was evaluated

LA effects on glucose uptake in common carpCyprinus

carpio fed with carbohydrate diets from two carbohy-

drate sources: glucose (GLU) and starch (STA), and

supplemented or not with LA, being the diets:

?GLU/-LA (GLU); ?GLU/?LA (GLU ? LA);

?STA/-LA (STA); and ?STA/?LA (STA ? LA).

Carp juveniles (6.5 ± 0.1 g) were fed with each diet

ad libitum 4 times a day, during 68 days. Muscle

glycogen concentration was higher (p\ 0.05) in GLU

and GLU ? LA than in STA and STA ? LA groups.

On fish fed with starch, muscle cholesterol and triglyc-

eride concentrations were higher (p\ 0.05) in fish fed

diets supplementedwithLA.Muscle protein levelswere

higher in fish fed with LA, independent of the diet

carbohydrate source. Lipid peroxidation was signifi-

cantly reduced (p\ 0.05) in fish muscle on fish fed the

STA ? LA diets when compared with the STA diet.

Our findings indicate that LA modulates lipid, proteins

and carbohydrate metabolism together with the well-

known antioxidant effect. Also, LA showed to enhance

starch utilization taking into account muscle cholesterol

and triglyceride levels.

Keywords Lipoic acid � Carbohydrate metabolism �
Starch � Glucose � Fish � Muscle metabolites

Introduction

During the last decade, human diet showed an

increased consumption of simple carbohydrates, while

consumption of complex carbohydrates has decreased

(Henry et al. 1991). Robert et al. (2008) reported that

rats fed with potato, a source of complex carbohydrate

and antioxidant molecules, had enhanced the antiox-

idant defenses and improved lipid metabolism, when

compared with rats fed with sucrose, a simple sugar. In

humans or in laboratory animals, diets with high levels

of monosaccharides (glucose, fructose) or disaccha-

rides (sucrose) have been associated with several

metabolic disorders (Henry et al. 1991; Busserolles

et al. 2002; Robert et al. 2008). One of the most
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PO Box 474, Rio Grande, RS 96200-970, Brazil

e-mail: josemmonserrat@gmail.com

S. Caldas � E. G. Primel

Escola de Quı́mica e Alimentos (EQA), FURG,

Rio Grande, RS, Brazil

M. B. Tesser

Instituto de Oceanografia (IO), FURG, Rio Grande, RS,

Brazil

123

Fish Physiol Biochem (2016) 42:1699–1707

DOI 10.1007/s10695-016-0250-2

http://orcid.org/0000-0002-9463-3049
http://crossmark.crossref.org/dialog/?doi=10.1007/s10695-016-0250-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10695-016-0250-2&amp;domain=pdf


important of these metabolic disorders is diabetes,

which is characterized by a poor ability to control

blood glucose homeostasis, thus resulting in persistent

hyperglycemia (Brownlee 2001; Rains and Jain 2011).

This disease is due to decreased insulin secretions or

increased insulin resistance. Although diabetes is

associated to mammals, fish have a similar persistent

hyperglycemia after a meal and the reasons of this

remain under debate (Moon 2001; Polakof et al. 2010).

It is known that fish show plasma insulin levels similar

or higher than those observed in mammals (Mommsen

and Plisetskaya 1991). Also, unlike mammals, insulin-

like growth factor-I (IGF-I) receptors are more

abundant than insulin receptors in all fish tissues

studied (Párrizas et al. 1995) and IGF-I appears to be

more relevant than insulin on regulation of carbohy-

drate metabolism in fish (Castillo et al. 2004). Further,

fish have more skeletal muscle GLUT4 (glucose

facilitative transporter type 4) on plasma membrane

than mammals when both cells were exposed to

insulin (Dı́az et al. 2007). From the above, it seems

that fish have a signaling cascade of carbohydrate

metabolism different from mammals, and it is still

difficult to understand the poor glucose utilization

observed in this group of animals.

It is well established that hyperglycemia induces

oxidative stress in several animals. A pro-oxidant

environment may be achieved either directly, by

generation of reactive oxygen species (ROS), espe-

cially through mitochondrial superoxide overproduc-

tion, or indirectly through the polyol pathway, by

formation of advanced glycation end products (AGE),

and activation of protein kinase C (Brownlee 2001). It

has been questioned for long time whether oxidative

stress has a primary role in insulin signaling cascade,

resulting in insulin resistance (Baynes and Thorpe

1999; Rains and Jain 2011). Baynes and Thorpe

(1999) further questioned whether researches should

focus on the application of antioxidant therapy or on

the steps that generate chronically poor glycemic

control. In this context, it is interesting to consider

molecules that can simultaneously perform a glycemic

and an antioxidant control.

Lipoic acid (1,2-dithiolane-3-pentanoic acid; LA)

has been considered as ‘‘universal antioxidant,’’ since

it meets all criteria considered in the evaluation of the

antioxidant potential of a compound (Packer et al.

1995). LA and its reduced form, dihydrolipoic acid

(DHLA), form a redox DHLA/LA couple with a very

low redox potential (E0 = -0.32 V). For comparison,

reduced glutathione (GSH)/glutathione disulfide

(GSSG) couple has an E0 = -0.24 V. Thus, the

DHLA/LA couple is capable of reducing GSSG to

GSH, but the inverse is not possible (Packer et al.

1995). In fish, LA improves glutamate–cysteine ligase

(GCL) and glutathione-S-transferase (GST) activities

in brain and liver, pointing to an enhanced capacity to

synthesize reduced glutathione (GCL is the rate-

limiting enzyme) and cellular detoxification (Monser-

rat et al. 2008; Kütter et al. 2014). Also in fish, LA was

shown to reduce muscle lipid peroxidation (Kütter

et al. 2012), and to reverse ascorbic acid depletion in

liver and gill (Park et al. 2006).

Moreover, LA is a cofactor of mitochondrial

enzymes involved in nutrient metabolism and in the

tricarboxylic acid cycle (Packer et al. 1995). Addi-

tionally, since 1970, several studies indicate that LA

stimulates glucose uptake (Haugaard and Haugaard

1970; Ziegler et al. 1995; Estrada et al. 1996;

Henriksen et al. 1997; Yaworsky et al. 2000; Coleman

et al. 2001; Shay et al. 2009). The signaling pathway

where LA acts is still unclear, but in mammal

adipocytes were verified that LA improved glucose

uptake through rapid translocation of glucose trans-

porters (GLUT1 and GLUT4) from cytosol to plasma

membrane, thus mimicking some actions of insulin

(Yaworsky et al. 2000). To our knowledge, there are

not studies evaluating the effects of LA on glucose

uptake in fish.

One of the worldwide aquaculture concerns is the

replacement of fish meal by sustainable ingredients on

aquafeeds, due to their environmental and economic

impacts (FAO 2014). Often, dietary fish meal is

replaced with plant feedstuffs that are rich in carbo-

hydrates (Salze et al. 2010; Bauer et al. 2012).

Although fish do not use carbohydrates efficiently

(Wilson 1994; Moon 2001), dietary carbohydrates

may have protein-sparing effects, minimizing the use

of protein for energy purposes and for glucogenesis,

thus increasing feed efficiency and reducing nitrogen

release to the environment (Wilson 1994; Erfanullah

and Jafri 1995; Hemre et al. 2002; Zamora-Sillero

et al. 2013). Therefore, improving the use of carbo-

hydrates on aquafeeds is an important goal for

aquaculture practices. In this study, it was evaluated

the effects of dietary LA supplementation on carbo-

hydrate diets on common carp growth performance,

antioxidant status and muscle metabolites.
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Materials and methods

Diet formulation

Diets were formulated to contain 30 % carbohydrate,

35 % crude protein brute and 10 % crude lipid, and to

include or not 0.1 % of synthetic (±) a-lipoic acid.

Thus, four experimental diets were defined: ?glu-

cose/-LA (GLU); ?glucose/?LA (GLU ? LA);

?starch/-LA (STA); and?starch/?LA (STA ? LA).

The carbohydrate level was chosen to induce a hyper-

glycemic condition in experimental fish at each meal

(Takeuchi et al. 2002; Tan et al. 2009). Two different

carbohydrate sources (glucose and starch) were chosen

to analyze differences on carbohydrate complexity. The

nominal concentration of LA employed (1000 mg/kg of

diet) was based on the study of Kütter et al. (2012).

Dietary composition and proximate analysis is pre-

sented in Table 1. Dry ingredients were thoroughly

mixed, 30 % water was added, and the mixture was

extruded with a meat grinder to form 3-mm-diameter

pellets. Pellets were then dried at 60 �C for 24 h and

stored in hermetic plastic bags at -18 �C until use.

Proximate composition of the diets was analyzed

following procedures described in AOAC (1995): dry

matter after drying at 105 �C until constant weight; ash

by incineration in a muffle furnace at 450 �C for 6 h;

protein content (N 9 6.25) by theKjeldahlmethod; and

lipid by petroleum ether extraction. Effective LA

concentration in ration was measured using liquid

chromatography with mass spectrometric detection,

using the samemethodology of previous studies (Kütter

et al. 2012; Martins et al. 2014).

Fish and experimental design

The experiment was performed at the Marine Aquacul-

ture Station of the Federal University of Rio Grande

(FURG) in Rio Grande do Sul State, Brazil. All

procedures and protocols were performed in accordance

with the guidelines for animal uses and approved by the

Animal Ethic Committee of FURG (CEUA, protocol

number Pq031/2014). One hundred and sixty-eight

(168) common carp Cyprinus carpio (Teleostei: Cypri-

nidae) juveniles were purchased from local fish farm,

and after transportation to the experimental facilities,

fish were acclimated into 1000-L tank connected to a

recirculation water system for 1 week. The system was

equipped with a biofilter, submersible heaters and a

magnetic water pump (1950 L/h). During this period,

fish were fed twice a day ad libitum with a commercial

diet (28 % of protein and 5 % of lipid, manufactured by

SUPRA, Carazinho, RS, Brasil). Photoperiod was 14 h

light:10 h dark, and water quality parameters were

routinely monitored to assure safety level to this species

during acclimation. After acclimation, 14 fish were

stocked into each 12 polystyrene tanks (300 L useful

water volume) after fishwereweighted (6.48 ± 0.13 g)

and randomly distributed. These 12 tanks were sorted to

contemplate the four treatments (GLU; GLU ? LA;

STA; STA ? LA) in triplicate (14 fish/tank). The

growth period lasted 68 days, and fish were daily fed

to apparent visual satiety four times a day at 08:30;

11:00; 14:30; 17:00. The photoperiodwasmaintained in

14 h light:10 h dark, temperature averaged

25.5 ± 2.3 �C, pH 7.4 ± 0.3 and dissolved oxygen

6.6 ± 0.8 mg/L. Ammonium (NH3\ 0.014 ppt) and

nitrate (NO2\ 0.15 mg/L) were kept within safe

margins for the species.

Growth and feed utilization parameters

The following formulas were used to assess growth

and feed utilization parameters:

Weight gain %ð Þ ¼ 100

� final weight � initial weightð Þ= initial weightð Þ;

Specific growth rate SGRð Þ %=dayð Þ ¼ 100

� Ln final weightð Þ � Ln initial weightð Þ½ �=
� experimental daysð Þ;

Mean fish mass ¼
�
final fish wet weight� final fish number

þinitial fish wet weight� initial fish number
�
=2;

Feed intake FIð Þ ¼ 100

� mean dry feed fed daily/mean fish massð Þ;

Feed conversion ratio FCRð Þ
¼ dry feed fedð Þ= wet weight gainð Þ;

Protein efficiency ratio PERð Þ
¼

�
final weight � initial weightÞ

= mass of protein fed
��
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Sample collection

At the end of the growth trial, fish were fasted for 24 h

for gut clearance and then six random fish from each

treatment were euthanized with an overdose of

benzocaine (200 ppm). Fish were then dissected and

muscle was collected and rapidly stored into liquid

nitrogen before being kept at -80 �C until analysis.

Hematocrit, glycated hemoglobin and muscle

metabolites

Red blood cells content was determined after cen-

trifugation according to Lund et al. (2000). The blood

concentration of glycated hemoglobin (Hb1Ac) was

measured using a commercial colorimetric kit (Glico-

hemoglobina, Katal, Belo Horizonte, MG, Brazil).

Muscle samples were homogenized according to

Laiz-Carrión et al. (2012) as modified by Zamora-

Sillero et al. (2013). Muscle triglyceride and choles-

terol were measured with commercial kits (Triglicer-

ides Enzimático Lı́quido and Colesterol Enzimático

Lı́quido, both from Doles, Goiânia, GO, Brazil).

Muscle glycogen was assessed as described by Carr

and Neff (1984) modified by Nery and Santos (1993),

using amyloglucosidase from Aspergillus niger

(Sigma-Aldrich Co.) to hydrolyze glycogen into

glucose. The resultant glucose was measured with a

commercial kit (Glicose Enzimática, Doles, Goiânia,

GO, Brazil).

Table 1 Ingredient composition and proximate analysis of experimental diets formulated

Dietary treatments

GLU GLU ? LA STA STA ? LA

Ingredients (% dry weight basis)

Fish meala 50.0 50.0 50.0 50.0

Oil fishb 4.5 4.5 4.5 4.5

Glucosec 30.0 30.0 – –

Crude starchc – – 30.0 30.0

Cellulosec 12.5 12.4 12.5 12.4

Mineral and vitamin premixd 1.0 1.0 1.0 1.0

CMCe 2.0 2.0 2.0 2.0

Lipoic acidf – 0.1 – 0.1

Proximate analysis (% dry weight basis)

Dry matter 97.3 96.6 97.8 97.5

Crude protein 33.0 33.5 31.0 31.8

Crude fat 16.1 15.9 16.4 16.1

Ash 7.5 7.3 7.7 7.6

GLU fish fed with glucose-supplemented diets, GLU ? LA fish fed with glucose- and lipoic acid-supplemented diets, STA fish fed

with starch-supplemented diets, STA ? LA fish fed with starch and lipoic acid-supplemented diets
a Leal Santos, Rio Grande, RS, Brazil
b Campestre, São Paulo, Brazil
c Vetec, Rio de Janeiro, Brazil
d Premix M. Cassab, São Paulo, Brazil [vitamin A (500,000 Ul/kg), vitamin D3 (250,000 Ul/kg), vitamin E (5000 mg/kg), vitamin

K3 (500 mg/kg), vitamin B1 (1000 mg/kg), vitamin B2 (1000 mg/kg), vitamin B6 (1000 mg/kg), vitamin B12 (2000 mcg/kg), niacin

(2500 mg/kg), calcium pantothenate (4000 mg/kg), folic acid (500 mg/kg), biotin (10 mg/kg), vitamin C (10,000 mg/kg), choline

(100,000 mg/kg), and inositol (1000 mg/kg). Trace elements: selenium (30 mg/kg), iron (5000 mg/kg), copper (1000 mg/kg),

manganese (5000 mg/kg), zinc (9000 mg/kg), cobalt (50 mg/kg), and iodine (200 mg/kg)]
e CMC (Carboxymethylcellulose), Vetec, Rio de Janeiro, Brazil
f Sigma-Aldrich, USA
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Determination of oxidative damage

Muscle tissues were homogenized as described by

Amado et al. (2011). Lipid peroxidation on muscle

was determined by a fluorometric method (520 and

580 nm for excitation and emission wavelength,

respectively), according to Oakes and Van der Kraak

(2003) and adapted to a microplate reader according to

Da Rocha et al. (2009). The method measures the

concentration of thiobarbituric acid-reactive sub-

stances (TBARS) using tetramethoxypropane (TMP,

Acros Organics) as a standard.

Statistical analysis

All data are presented as mean ± standard deviation.

Differences between the four treatments defined in

‘‘Diet formulation’’ section were determined by one-

way analysis of variance after accessing normality by

Shapiro–Wills test and for homogeneity of variance by

the Levene’s test (Zar 1984). Differences between

means were determined by the Newman–Keuls post

hoc test. The significance level adopted in all tests was

5 % (a = 0.05).

Results

The mean measured concentration of lipoic acid (LA)

in the diet supplemented with LA was 385.6 ±

71.82 mg LA/kg. At the end of trial, body weight

and FCR were significantly different among carbohy-

drates groups, being higher (p\ 0.05) on fish fed with

starch (Table 2). Considering growth parameters,

STA ? LA showed a lower final weight, SGR and

weight gain (p\ 0.05) than the STA. The average

values of final weight, weight gain, SGR, feed intake,

FCR and PER are presented in Table 2.

Hematrocrit and glycated hemoglobin (HbA1c)

presented no differences among treatments, with the

only exception of GLU group, which presented a

significantly lower red cell volume (p\ 0.05)

(Table 3). Regarding muscle metabolites (Table 3),

glycogen concentration was higher in fish fed with

glucose but no effect due to LA. Mainly on fish fed

with starch, LA showed a significant increase

(p\ 0.05) in muscle cholesterol and triglyceride

concentrations. LA treatment, both in GLU and STA

groups, increased significantly (p\ 0.05) the levels of

muscle protein.

Levels of lipid peroxidation (TBARS) in muscle

were significantly reduced (p\ 0.05) in fish from

STA ? LA when compared with STA (Fig. 1).

Discussion

Cyprinids are the most cultivated teleost fish around

the world, frequently through familiar aquaculture

under semi-intensive pond culture (Kaushik 1995;

FAO 2014). One of the reasons of its success is due to

the feeding habits of this group that tolerates relatively

Table 2 Growth parameters and feed efficiency of common carp fed with carbohydrate diets with or not lipoic acid supplementation

during 68 days

Dietary treatments

GLU GLU ? LA STA STA ? LA

Initial weight (g) 6.5 ± 0.11a 6.5 ± 0.11a 6.4 ± 0.2a 6.5 ± 0.1a

Final weight (g) 8.4 ± 0.3a 9.5 ± 0.4a 44.0 ± 1.3b 34.5 ± 3.5c

Weight gain (%) 28.6 ± 4.4a 46.8 ± 4.1b 585.8 ± 26.5c 431.7 ± 54.0c

SGR (% day-1) 0.37 ± 0.05a 0.56 ± 0.04a 2.79 ± 0.06b 2.41 ± 0.14c

Feed intake (% day-1) 5.61 ± 0.14a 6.96 ± 0.19a 4.69 ± 0.09b 4.98 ± 0.17c

FCR 15.78 ± 1.79a 12.85 ± 0.71a 2.17 ± 0.05b 2.54 ± 0.16b

PER 0.20 ± 0.02a 0.23 ± 0.01a 1.49 ± 0.03b 1.25 ± 0.08c

Data are shown as mean ± standard error of the mean (SEM)

SGR specific growth rate, FCR feed conversation ratio, PER protein efficiency rate, GLU fish fed with glucose-supplemented diets,

GLU ? LA fish fed with glucose- and lipoic acid-supplemented diets, STA fish fed with starch-supplemented diets, STA ? LA fish fed

with starch- and lipoic acid-supplemented diets

Different letters in the same row indicate significantly (p\ 0.05) different values among groups
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higher quantities of carbohydrates, resulting in the use

of low-cost artificial diets. Ufodike and Matty (1983)

showed both rice starch and tapioca starch at levels of

45 % which are well utilized by common carp.

Moreover, Murai et al. (1983) reported that the

increase in the feeding frequency (from 2 to 6 meals

per day) of juvenile common carp improved the

utilization of glucose, dextrose, maltose or starch, at

30 % level. This study was carried with a diet

containing 30 % of starch or glucose, and the fish

were fed four times a day. Thus, it was expected that

juvenile carp accepted well-trial conditions in present

study. During the experiment, differences in growing

were evident in fish fed with different carbohydrates

sources. At the end of the experiment, fish fed starch

grew approximately fourfold than those fed glucose.

Reflex of this, other growth parameters (SGR, FCR

and PER) were different between fish fed with glucose

and fish fed with starch. Differences on growth

between carbohydrate types have already been

observed for herbivorous, omnivorous and carnivo-

rous fish (Furuichi and Yone 1982; Furuichi et al.

1986; Erfanullah and Jafri 1995; Lee et al. 2003).

However, the growth of fish fed glucose was much

lower than starch group, although co-treatment with

lipoic acid induced a significant weight gain (Table 2),

even when the starch groups presented a clear better

performance. High level of glycosuria 6 h after meal

was found in 100 % of yellowtail, a carnivorous fish,

when fed with a high level of glucose (20 %; Furuichi

et al. 1986). Furuichi et al. (1986) suggested that

glucose is absorbed without great interactions with the

cells and this molecule is excreted before rise of

hepatic enzyme activities related to carbohydrate

metabolism, and thus fish fed with glucose show a

slow growth. Ours findings seem to corroborate this

assertion.

To our knowledge, the study of Zamora-Sillero

et al. (2013) was the first that reported levels of

glycated hemoglobin in fish. In present study, values

were around 59 %, not much higher than the almost

47 % found by Zamora-Sillero et al. (2013). Those

values are higher than the observed in humans without

diabetes (4–5.9 %) or in people with poorly controlled

diabetes (8.0 %; Silink and Mbanya 2007). However,

there were no differences between treatments neither

in the present nor in Zamora-Sillero et al. (2013)

studies.

In muscle tissue, animals can synthesize reserve

metabolites such as glycogen, cholesterol and triglyc-

eride. In addition, unlike glycogen, large quantities of

lipids may be stored to be used as fuel, and this pattern

was similar in the present study. Muscle glycogen

concentration was not affected by LA treatment

although it was higher in glucose group (Table 3).

This last result fits closely to those presented by Li

Table 3 Muscle metabolites and blood parameters of common carp fed with carbohydrate diets with or not lipoic acid supple-

mentation during 68 days

Dietary treatments

GLU GLU ? LA STA STA ? LA

Muscle metabolites

Glucose 0.68 ± 0.17a 0.65 ± 0.15a 0.63 ± 0.23a 0.55 ± 0.27a

Glycogen 8.20 ± 2.95a 6.72 ± 3.68a 4.10 ± 1.78b 3.25 ± 1.99b

Triglyceride 2.26 ± 0.16a 2.53 ± 0.09ab 3.33 ± 0.47ab 5.01 ± 0.72b

Cholesterol 0.14 ± 0.04a 0.27 ± 0.05b 1.12 ± 0.28c 3.24 ± 0.94d

Total protein 80.9 ± 9.3a 108.4 ± 6.8b 82.2 ± 11.8a 108.3 ± 16.3b

Blood parameters

Hematocrit 28.2 ± 7.2a 31.6 ± 2.1ab 38.0 ± 7.2b 36.8 ± 4.4b

HbA1c (%) ND ND 59.7 ± 7.2a 58.9 ± 4.1a

Data are shown as means ± standard deviations and are expressed mg/g of tissue

GLU fish fed with glucose-supplemented diets, GLU ? LA fish fed with glucose-and lipoic acid-supplemented diets, STA fish fed

with starch-supplemented diets, STA ? LA fish fed with starch- and lipoic acid-supplemented diets, ND not determined

Different letters in the same row indicate significantly (p\ 0.05) different values among groups
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et al. (2016). These authors fed during 60 days

juvenile C. carpio with low (25 %, L) or high

(50 %, H) levels of glucose (G) or starch (S), and

their main results showed that:

1. The highest liver enzyme activity of glucokinase

(GK) was observed in HG group, indicating a

sustainable capacity to convert excess of glucose

in reserve molecules as glycogen. In fact, glyco-

gen levels were higher in HGwhen comparedwith

starch groups (HS and LS), as we observed in

present study (Table 3).

2. Carps fed with HS showed significant higher

weight gain (%) than HG group, a result very

similar to that observed in our study (Table 2).

3. Carps fed with HS showed a significant higher

PER (protein efficiency ratio) than that HG group,

again a result similar to our data (Table 2).

Furthermore, there were differences on fat storage

in accordance with the presence or not of LA in both

carbohydrate groups. In both GLU and STA groups,

LA showed to increase cholesterol levels, and the

group STA ? LA presented the highest levels of

triglycerides (Table 3), suggesting that LA induces fat

synthesis. Products of glucose oxidation are precursors

of lipogenesis, and this is an indirect evidence that LA

improves glucose uptake in muscle of common carp. It

is important to remember that both triglycerides and

cholesterol syntheses are regulated by hormonal

control. Insulin stimulates the conversion of

carbohydrate to triglycerides and also promotes cova-

lent modification of Hydroxy-metyl-glutaryl-CoA

(HMG-CoA) reductase, thus, activating this enzyme

and favor cholesterol synthesis. The present results

regarding muscle metabolites indicate that LA triggers

effects similar to those of insulin.

The literature reports that dietary carbohydrates

also induce protein-sparing effects in fish comparing

different levels of these macronutrients (Erfanullah

and Jafri 1995; Sá et al. 2008; Satpathy and Ray 2009;

Zamora-Sillero et al. 2013). In this study, it was

expected that LA could induce a protein-sparing effect

in fish fed with carbohydrate diet due to its effects on

glucose metabolism (Coleman et al. 2001; Shay et al.

2009). In fact, this happened since protein concentra-

tion rose on muscle, suggesting that carbohydrates are

utilized as energy source. However, more studies are

needed to solve the apparent contradiction of LA

inducing lipogenesis and increasing protein concen-

tration without any improvement on growth.

Regarding lipid peroxidation, an event of oxidative

damage, reduced TBARS on muscle were observed on

fish fed STA ? LA when compared with STA group.

It is important to remember that fish fed starch grew

approximately fourfold than those fed glucose. Con-

sequently, fish fed starch were submitted to more pro-

oxidant environmental due to higher metabolism in

comparison with fish fed glucose. Thus, LA was

effective to reduce oxidative damage on muscle in fish

fed starch. Previously, LA was registered to diminish

lipid peroxidation on muscle of fish Trachinotus

marginatus (Kütter et al. 2012) when they were fed

with LA supplemented on meal during 42 days. As a

consequence, LA long-term administration reduces

lipid damage induced by reactive species in fish

muscle.

Conclusions

Results above suggest that LA improves glycemic

control in fish, supporting the idea that LA could be a

promising molecule on aquafeeds. Moreover, the

improvement on carbohydrate metabolism was paral-

leled by ameliorated oxidative stress in fish fed with

starch. In this way, it can be considered that LA

possesses not only an antioxidant role but also is

important in fish metabolic regulations.

Fig. 1 Muscle concentration of thiobarbituric acid-reactive

substances (TBARS, expressed as nmol of TMP equivalents/mg

of wet tissue) of C. carpio after fed with carbohydrate diet from

different sources, glucose (GLU) and starch (STA) supple-

mented with lipoic acid (?LA) or not during 68 days. Bars are

shown as means ± standard deviations. Asterisk indicates

significant (p\ 0.05) differences of STA group with all other

treatments. TMP tetramethoxypropane, the standard employed

in TBARS measurements
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