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The effects of feeding 
and starvation on antioxidant 
defence, fatty acid composition 
and lipid peroxidation in reared 
Oncorhynchus mykiss fry
Hatayi Zengin 

The effects of feeding and starvation have been studied with respect to oxidative stress and enzymatic 
antioxidant activities in the whole body of 4 cm rainbow trout fry Oncorhynchus mykiss (Walbaum 
1792). The experiment was conducted for 28 days. The selected biomarkers for the study were 
determined, including non-enzymic scavengers glutathione (GSH), oxidized glutathione (GSSG) and 
malondialdehyde (MDA) contents and a number of enzymes are known to have major antioxidant 
activity, such as activities of süperoksit dismutaz (SOD), catalase (CAT), glutatyon peroksidaz 
(GSHpx), glutatyon Redüktaz (GR) and Glutatyon-S-Transferaz (GST). There is an endogenous cellular 
glutathione pool which consists of two forms of glutathione, i.e. the GSH and the GSSG. Oxidative 
damage was measured by the formation of MDA as an indication of lipid peroxidation. The activities 
of SOD in 14th and 28th day and the activity of CAT in 14th day were increased significantly during 
the 28 days of starvation. GSHpx and GR activities in starved fry decreased significantly in 28th day. 
GST activity in all starved fry showed the most significant increases the period of 28 days starving. 
The highest ΣSFA (Total Saturated Fatty Acid) content was obtained from 28 day starved fry. In 
starved fry, there was an apparent preference in utilization of C18:1n-9 than in the fed fry. In both 
starved and fed fry, C16:1n-7 was preferentially kept during the same period. Fry kept 28 days under 
starvation conditions exhausted C15:0, C17:0, C18:3n-6, C22:0, C24:0. They utilized less C20:5n-3 acid 
and conserved strongly C22:6n-3 acid. Concentrations of C20:5n-3, C22:5n-3, C22:6n-3 and total n-3 
fatty acids significantly increased and C18:3n-3 significantly decreased in the whole body of starved 
fry during starvation period. A significant increase in the concentrations of C22:5n-3 and C22:6n-3 was 
determined in the fed fries in the last 2 weeks. Fat-soluble vitamins, cholesterol, stigmasterol and 
β-sitosterol levels were also determined in the same period of O. mykiss fry.

As it is in mammals, antioxidant defense mechanisms of fish is also composed of enzyme systems and antioxi-
dant substances with a low molecular weight1. Such defense mechanisms include direct or indirect interactions 
between the enzymes and free-radical scavenging substances again with a low molecular weight. Similar with 
the antioxidants, scavenging substances also react against reactive oxygen species and oxidative degradation 
reactions like lipid peroxidation2. Such cellular mechanisms minimize or prevent adverse impacts of reactive 
oxygen species through antioxidant enzymes3 including superoxide dismutase (SOD), catalase (CAT), glutathione 
reductase (GR), glutathione peroxidase (GSHpx) and glutathione S-transferase (GST)4. Antioxidant enzymes are 
able to remove reactive oxygen species and reduce or prevent lipid peroxidation reactions.

SOD enzyme discovered by McCord and Fridovich5 was proved to have significant effects on reactive oxygen 
species. SOD reacts against ROS and catalyze the reaction converting O2ˉ into O2 and H2O2 further converted 
into water with CAT or GSHpx6. It was also reported thatGST enzyme couldprevent toxicity of H2O2 and organic 
peroxides through GSH and GR participated in recycle of GSH molecules7–11. H2O2 is also cleaved into water 
and molecular oxigen by CAT​12. GST was reported to play a significant role in oxidative stress cases through 
inhibiting toxicity of lipid peroxides and reducing ROS formation with GSHpx activity13.
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If the ROS formation levels exceed the antioxidant capacity of the cells, then an oxidative stress develops. Pol-
lutants, oxidized foodstuffts and lack of antioxidant enzymes may result in oxidative stress and biological systems 
have limited capacity to cope to inhibit or reduce reactive oxygen and nitrogen species. Antioxidant enzymes 
repond to oxidative stress through stabilization and relocation of electrons of the free radicals and converting 
protonic hydrogen into unpaired oxygen electron14,15. The GSH, retinoic acid (vitamin A), tocopherol (vitamin 
E) and ascorbate (vitamin C)-like antioxidants with a low molecular weight have significant contributions to 
antioxidant capacity of the cells. Among these antioxidants, GSH is abundantly available and is able to reach 
against ROS directly. The GR can restore the balance between GSH and oxidized glutathione (GSSG). Therefore, 
GSH, GSSG and GR activities are commonly used as an indicators or biomarkers of oxidative stress in fish12.

Besides enzymatic antioxidants, fish have non-enzymatic antioxidants including retinoic acid, tocopherol. 
They are considered as the primary non-enzymatic antioxidants of the cells16–18. Retinoic acid with a free alcohol 
form can supress singlet oxygen and improve antioxidant enzyme activity8,19,20. Tocopherol has a scavenging effect 
on free radicals and thus tocopherol prevents lipid peroxidation in cell membranes. Dietary lipid is indispensable 
for maintaining physiological processes that result in normal growth and resistance to disease in fish.

Oxidative stress reduces growth and survival rates and result in anemia, muscular dystrophy and liver degen-
eration in fish species21. Resultant reactive oxygen species (ROS) may have detrimental effects on DNA and 
enzyme activity and bring on structural protein degradation and unsaturated lipid peroxidation, ultimately end-
ing up with pathologies and abnormal development1. Portner and Farrell22 indicated that deprivation for food 
decrease energy expenditure and oxygen consumption and resultant hypoxia than generate an oxidative stress. 
Pascual et al.23 reported reduced GSH concentrations of gilt-head bream (Sparus aurata) with food deprivation.

Since salmonoids are able to use enzymatic and non-enzymatic mechanisms as an antioxidative defense sys-
tem, they have been commonly used in oxidative stress studies. Food restriction, so called as food deprivation, 
have various negative effects on antioxidative defense mechanisms of fish species24. Takeuchi and Watanabe25 
reported that excessive feeding of O. mykiss also resulted in poor growth rates and low feed conversions. Bell 
and Sargent26 indicated that fish size significantly influenced DHA synthesis of O. mykiss. Since excessive feeding 
and starvation both constitute a stress factor, cellular responses mechanism against both stressors should be well 
elucidated for sustainable management of aquacultural species, especially of economically important species like 
Oncorhynchus mykiss (Walbaum 1792)27. There is still a need for further studies for better comprehension of 
correlations between oxidative stress—antioxidant defense mechanisms and lipid metabolisms of fish fries under 
feeding and starvation conditions. Therefore, present study was designed to investigate the effects of feeding and 
starvation oxidative stress and antioxidative status of Oncorhynchus mykiss fry.

Materials and methods
Fish and experimental set up for the feeding and starving experiment.  The O. mykiss were 
obtained from local and commercial fish farm Yeşilova in Zara (Sivas–Turkey). Eggs and sperm samples used in 
the present study were obtained from three females and males aged 4 and 3 years, respectively. Mature O. mykiss 
were artificially spawned; the eggs were fertilized by conventional procedures and immediately transported to 
a hatchery. Eggs were fertilized in February and water conditions were as follows: the water temperature was 
9.7 °C during embryogenesis, 10.9 °C during yolk-sac larvae in March and was 12.1 °C during 4 weeks feeding 
and starvation period of development in April. pH and oxygen level of the water varied between 7.4–7.6 and 
8.5–8.3 mg/L respectively from February to April. Hatching occurred 35 days after the fertilization and the yolk-
sacs were completely exhausted 19 days posthatching after the embryonic development. When the O. mykiss 
larvae finished their endogenous feeding and the larvae being at their free-swimming stage28,29. Larvae no longer 
depend on a yolk-sac and can feed themselves. ‘Fry’ in this paper refers to 4 weeks later from the free-swimming 
stage, to a total length of 4.00 ± 0.05 cm, and to an average body weight of 0.87 ± 0.05 g in the control group. O. 
mykiss fry were divided into two groups as a fed group and the starved group. The first group was fed for 7 days, 
14 days, 21 days and 28 days, and the second group was starved for 7 days, 14 days, 21 days and 28 days. All the 
samples of fed and starved fry O. mykiss (0.87 ± 0.05 g × 3 replicates) received were frozen in liquid nitrogen and 
stored at − 80 °C prior to the preparation of the homogenate.

The pool in which the fry fish were reared had a flow-through water supply originating from an underground 
natural spring. The water flow rate was 26 L/min.

Analytical methods: determination of enzyme activities.  Whole body of fed fry and starved fry O. 
mykiss (0.87 ± 0.05 g × 3 replicates) were homogenized in ice-cold buffer (20 mM phosphate buffer pH7.4, 1 mM 
EDTA and 0.1% Triton X-100). Homogenates were centrifuged at 30,000×g for 30 min. After centrifugation, 
debris was removed and it was analyzed for fatty acids and vitamins. The supernatant was collected and frozen 
at − 80 °C until analysed. The resultant supernatants were used directly for enzyme assays.

Superoxide dismutase (SOD) (EC 1.15.1.1) activity was assayed in terms of its ability to inhibit the oxygen-
dependent oxidation of adrenalin (epinephrine) to adenochrome by xanthine oxidase plus xanthine30. The reac-
tion was followedat 480 nm and one unit of SOD activity is defined as the amountof the enzyme causing 50% 
inhibition of the rate of adenochrome production at 26 °C. Solutions used in SOD activity measurement were 
made fresh daily. The assays were run by adding to the cuvette sequentially 0.05 M potassium phosphate buffer 
pH7.8/0.1 mM EDTA, 100 μl adrenaline, 100 μl xanthine and 200 μl sample. The reaction was then initiated by 
adding 20 μl xanthine oxidase.

Catalase (CAT) (EC 1.11.1.6) activity was measured by following the reduction of H2O2 at 30 °C and 240 nm 
using the extinction coefficient 0.04 mM−1/cm31. Immediately before assay, a stock solution was prepared. The 
quartz assay cuvette contained 50 μl sample solution in a final volume of 250 μl containing 67 mM phosphate 
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buffer pH 7.0 and 20 mM H2O2. One unit of CAT represents the amount of enzyme that decomposes 1 μmol of 
H2O2 per minute.

Glutathione peroxidase (GSHpx) (EC 1.11.1.9) was assayed by following rate of NADPH oxidation at 340 nm 
by the coupled reaction with GR32. The GSSG generated by GSHpx was reduced by GR and NADPH oxidation 
was monitored at 340 nm. The quartz assay cuvette containing the reaction mixture which consisted of 50 Mm 
potassium phosphate buffer (pH 7.1), 1 mM EDTA, 3.6 mM GSH, 3.6 mM sodium azide, 1 IU/mL glutathione 
reductase, 0.2 mM NADPH and 0.05 mM H2O2. Moreover, 0.05 mM cumene hydroperoxide was used as sub-
strate instead of H2O2. Sample was added and specific activities were determined using the extinction coefficient 
of 6.22 mM−1/cm.

Glutathione reductase (GR)32 (EC 1.6.4.2) activity was determined by the oxidation of NADPH at 340 nm 
using the extinction coefficient 6.22 mM−1/cm. Reaction mixture in quartz assay cuvette consisted of 0.1 M 
potassium phosphate buffer (pH 7.2), 2 mM EDTA, 0.63 mM NADPH and 0.15 mM GSSG. The reaction was 
initiated by the addition of the sample.

Glutathione S-transferase (GST)32 (EC 2.5.1.18) activity was measured at 340 nm with 1 mM 1-chloro-
2,4-dinitrobenzene (CDNB) and 1 mM GSH in 100 mM potassium phosphate buffer, pH 6.5. The quartz assay 
cuvette containing 100 mM potassium phosphate buffer pH 6.5. 100 mL GSH and 100 mL CDNB were prepared 
and the reaction was initiated by the addition of 50 mL sample. Specific activities were determined using an 
extinction coefficient of 9.6 mM−1/cm.

Vitamin, total protein, glutathione (GSH), oxidized glutathione (GSSG) and malondialdehyde 
(MDA) content of samples.  The levels of Vitamin A, D, E, K and Cholesterol, Stigmasterol and β-sitosterol 
were analysed by Shimadzu full VP series HPLC according to the method of Katsanidis and Addis33. Total pro-
tein, GSH, GSSG and malondialdehyde (MDA) levels were spectrophotometrically measured. They were assayed 
at 750 nm according to the method of Lowry et al.34 with bovine serum albumin as a standard, 412 nm according 
to the method of Teare et al.35 and 532 nm according to the method of Salih et al.36 respectively.

Fatty acid analyses.  Total lipid contents of starved O. mykiss fry were extracted after homogenization in 
3:2 (v/v) hexane isopropanol mixtures according to procedures described by Hara and Radin37. All solvents 
contained 0.01% butylated hydroxytoluene as an antioxidant. Fatty acid methyl esters were prepared from 
total lipid by acid catalyzed transmethylation at 55 °C for 15 h according to method of Christie38. They were 
analysed in a GC-17A Shimadzu gas chromatograph equipped with SPTM-2380 fused silica capillary column 
30 m × 0.25 mm × 0.2 μm film thickness.

Data analysis.  The statistical analyses were performed using commercial statistical software (SPSS 15.0) 
for Windows. All analytical determinations were performed in triplicate and the mean values (mean ± SE) were 
reported. All data were statistically compared by one way variance analysis (ANOVA) and comparisons between 
means were performed with Tukey’s test. The homogeneity of variance assumption was checked with the Levene 
test and it was concluded that the subgroups in all comparisons satisfied the homogeneity of variance assump-
tion at 0.01 significance level. Differences between means were reported as insignificant if P > 0.05, significant if 
P < 0.05, more significant if P < 0.01 and most significant if P < 0.00139.

Shapiro–Wilk test is a more suitable method for small sample sizes (n < 50) in normal distribution analyses. 
For larger samples (n ≥ 50), Kolmogorov–Smirnov test is used. When P > 0.05 as a result of the Shapiro–Wilk 
test, the hypothesis is accepted and the data is called normally distributed40. The normal distribution analysis 
of the data of our study was performed with the Shapiro–Wilk test in SPSS. According to the test results, the 
significance level of the data was found to be greater than 0.05 (P > 0.05).

Ethical statement.  All stages of this fish experiment has been approved by Animal Experiments Local 
Ethics Committee (HADYEK) at Sivas Cumhuriyet University. All experimental procedures were conducted in 
accordance with the guidelines of the ethics committee and the regulations in the manusript.

Result
Oxidative stress in Oncorhynchus mykiss fed and starved fry.  Changes in SOD, CAT, GSHpx, GR 
and GST activities in Oncorhynchus mykiss fed and starved fry.  The specific activities of SOD, CAT, GSHpx, 
GR and GST of the antioxidation system in fed and starved fry of O. mykiss over a period of 28 days feeding and 
starving are shown in Table 1.

In O. mykiss fed fry, the activity of the primary radical scavenging enzyme, SOD showed its highest value in 
the last 2 weeks, while in O. mykiss starved fry SOD activity showed its highest value in the second week and the 
fourth week. However, SOD activities both in fed and starved fry showed their lowest values in the first week 
(7 days fries).

Regarding the CAT activity in 7 days and 21 days O. mykiss starved fry, it was more significantly (P < 0.01) low 
according to 14 days starved fry and it was more significantly (P < 0.01) high according to 28 days starved fry. 
But the CAT activity was the most significantly (P < 0.001) high in 14 days starved fry and the most significantly 
(P < 0.001) low in 28 days starved fry. CAT activity in O. mykiss fed fry showed a more significant (P < 0.01) 
decrease in 14 days, 21 days and 28 days fed fry. A statistically significant change was not determined from day 
14 to 28.

GSHpx activities in both O. mykiss fed and starved fry in the last week were the most significantly (P < 0.001) 
lower than the other developmental stages. But the highest activity of GSHpx was observed in 21 days fed fry. 
In the first 2 weeks, no significant (P > 0.05) change in GSHpx activity was detected in both fed and starved fry.
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The enzyme with the lowest activity in the fed and starved fry was the GR enzyme in the starved fry. The GR 
activity in 7 day fed fry had the highest value with a value of 23.16 U/g/1 min and in 28 day starved fry had the 
lowest value with a value of 1.31 U/g/1 min. The lowest GR aktivity in fed fries was observed in 21 days fed fry 
with a value of 6.49 U/g/1 min.

GST activity in all O. mykiss starved fries showed its highest value throughout the period of 28 days starving 
but it its lowest (P < 0.001) value occured in O. mykiss fed fry in the last week. Oxidative stress and antioxidant 
defence markers and the role of each enzyme studied were given in Table 2.

Changes in total protein, GSH, GSSG and MDA levels in Oncorhynchus mykiss fed and starved fry.  The levels of 
total protein (mg/g), GSH (µg/g), GSSG (µg/g) and MDA (nmol/g) were examined in fed and starved fry of O. 
mykiss over a period of 28 days feeding and starving are shown in Table 3.

Table 1.   Changes in antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GSHpx), glutathione reductase (GR) and glutathione S-transferase (GST) activities in 7, 14, 21 
and 28 days fed and starved fry of Oncorhynchus mykiss.* *Each value is the mean ± S.E. (standard error) of 3 
repetitions. Superscripts after values in a same line with different letters represent significant difference. a Values 
of P > 0.05 is not statistically significant. b Values of P < 0.05 is statistically significant. c Values of P < 0.01 is 
statistically more significant. d Values of P < 0.001 is statistically most significant.

7 day fed fry 14 day fed fry 21 day fed fry 28 day fed fry

SOD (U/g) 7.46 ± 0.16a 8.52 ± 0.28b 10.07 ± 0.77d 9.37 ± 0.54c

CAT (µg/g/1 min) 454.02 ± 10.11a 298.92 ± 25.54c 310.88 ± 12.33c 275.93 ± 13.45c

GSHpx (U/g/1 min) 84.55 ± 2.72a 83.97 ± 3.03a 110.25 ± 2.79c 50.24 ± 2.25d

GR (U/g/1 min) 23.16 ± 1.26a 14.51 ± 0.75c 6.49 ± 0.87d 11.06 ± 1.02c

GST (µg/g/1 min) 259.66 ± 12.45a 188.00 ± 5.77b 176.33 ± 6.36b 77.95 ± 3.31d

7 day straved fry 14 day straved fry 21 day straved fry 28 day straved fry

SOD (U/g) 5.23 ± 0.27a 9.31 ± 0.38d 7.49 ± 0.20c 11.68 ± 0.46d

CAT (µg/g/1 min) 336.36 ± 4.41c 558.35 ± 2.16d 347.88 ± 5.51c 216.21 ± 12.17d

GSHpx (U/g/1 min) 31.15 ± 0.82a 27.13 ± 1.89a 19.38 ± 0.75d 11.80 ± 0.52d

GR (U/g/1 min) 2.41 ± 0.11a 2.41 ± 0.08a 1.94 ± 0.06c 1.31 ± 0.03d

GST (µg/g/1 min) 117.57 ± 2.56d 143.67 ± 8.87d 135.84 ± 6.58d 144.39 ± 5.29d

Table 2.   Oxidative stress and antioxidant defence markers. The role of each enzyme studied. Enzymatic 
antioxidant scavenging systems that maintain endogenous reactive oxygen species (ROS) at relatively low 
levels.

Enzymatic antioxidants41–44

Superoxide dismutase (SOD, E.C. 1.15.1.1) SOD converts superoxide anions (O2·−) into H2O2

Catalase (CAT, E.C. 1.11.1.6)
CAT converts H2O2 to molecular oxygen (O2), and water (H2O)

CAT and SOD are the major defences against ROS

Glutathione peroxidase (GSHpx, EC 1.11.1.9) GSHpx are a large family of diverse isozymes that use GSH to reduce H2O2 and organic 
and lipid hydroperoxides

Glutathione reductase (GR, EC 1.6.4.2) GR acts to maintain levels of reduced glutathione, and glutathione-S-transferase (GST). 
Some isoenzymes of which may metabolize lipid hydroperoxides

Glutathione-S-transferase (GST, EC 2.5.1.18) The oxidised glutathione (GSSG) is reduced back to GSH by the enzyme glutathione 
reductase (GR) which uses NADPH as the electron donor

Reduced glutathione (GSH)

GSH is abundantly available and is able to reach against ROS directly. It plays a role in 
the rescue of cells from apoptosis; depletion of GSH is concomitant with the starting of 
apoptosis

GSH scavenges hydroxyl radical and singlet oxygen directly, detoxifying H2O2 and lipid 
peroxides by the catalytic action of glutathion peroxidase

Oxidized glutathione (GSSG) GSSG is reduced back to GSH by the enzyme glutathione reductase

NADPH Glutathione reductase uses NADPH as the electron donor

H2O2 The increased SOD activity could be linked to the increased H2O2 production

Reactive oxygen species (ROS) ROS may result in oxidative damage to key biological molecules, such as lipids

ROS include The superoxide anion radical (O2
−·), hydrogen peroxide (H2O2) and the highly reactive 

hydroxyl radical, HO.

Malondialdehyde (MDA) Lipid peroxidation level was determined by malondialdehyde. MDA can react with DNA 
bases Guanine, Adenine, and Cytosine
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The highest total protein value (83.75 mg/g) was observed in the commercial feed (P < 0.001). Similar changes 
in total protein content were observed in fed fry. 7 day and 28 day fed and starved fry have the highest total pro-
tein values and 14 day and 21 day fed and starved fry have the low total protein values. It was observed that no 
significant change (P > 0.05) had occurred in the total protein content of 7 day and 28 day fed fry. Similar result 
was observed in 7 day and 28 day starved fry. But the amount of the total protein content of 28 days fed fry was 
being higher than the that of starved fry in the same developmental stage.

14 day fed fry exhibited significantly higher GSH concentration in comparison with 14 day starved fry. GSH 
concentration was significantly lower in 14 day starved fry. The GSH concentration in 7 day fed fry and starved 
fry showed opposite trends in both groups, being significantly higher in 7 day starved fry.

The difference in the GSSH concentration between 7 and 28 days fed fry was found to be statistically insig-
nificant (P > 0.05). The difference in the GSSH concentration between 21 and 28 days starved fry was also found 
statistically insignificant (P > 0.05). The GSSH concentration in 21 days fed fry and in14 days starved fry exhibited 
statistically more significant (P < 0.01) high values.

The most significant (P < 0.001) increase in the MDA concentration was detected in 14 days and 21 days 
starved fry. There was no significant (P > 0.05) change in the MDA concentration of starved fry at the other stages 
of the starving period. In our study, MDA levels from 14 to 21 days fed fry remained relatively constant, but it 
decreased significantly (P < 0.05) in 28 days fed fry.

Changes in retinol, vitamin D2, vitamin D3, δ‑tocopherol , α‑tocopherol, vitamin K1, vitamin K2, cholesterol, stig‑
masterol and β‑sitosterol levels in Oncorhynchus mykiss fed and starved fry.  The levels of retinol (μg/g), vitamin 
D2 (μg/g), vitamin D3 (μg/g), vitamin K1 (μg/g), vitamin K2 (μg/g), δ-tocopherol (μg/g), α-tocopherol (μg/g), 
cholesterol (mg/g), stigmasterol (μg/g) and β-sitosterol (μg/g) were examined in fed and starved fry of O. mykiss 
over a period of 28 days feeding and starving are shown in Table 4.

All parameters studied in Table 4 were high in diet and low in O. mykiss fry fed over a period of 28 days 
except for α-tocopherol and cholesterol of which the low values were noted. When retinol levels were examined 
throughout the 28 days, fluctuations in the retinol levels were observed for the fed fries during their feeding 
period (Table 4). However, unlike the fed fry, the retinol levels of starved fry showed a steady increase throughout 
the starving period. The statistical significance of the increments in the retinol levels of starved fries were found 
to be P > 0.05 for 7 days, P < 0.05 for 14 days, P < 0.01 for 21 days and P < 0.001 for 28 days (Table 4).

Vitamin D2 and Vitamin K2 could not be determined in both diet and fed fry (Table 4). Vitamin K2 could 
not be determined in also starved fry (Table 4). However, unlike the fed fry, Vitamin D2 was detected in starved 
fry. It showed its highest value in 14 days starved fry, but it decreased sharply in 28 days starved fry (P < 0.001). 
There were no significant differences in the level of vitamin D3 from 14 to 28 days fed fry of O. mykiss, but the 
more significant increase was observed in 14 days fed fry. Similar to 14 days fed fry, vitamin D3 in starved fry 
showed its highest value in second weeks, although the amount is less. While the vitamin K1 level in 28 days 
starved fry exhibited significantly (P < 0.001) low values (0.06 ± 0.001), the most significant (P < 0.001) increase 
in the vitamin K1 level (0.50 ± 0.07) was detected in 28 days fed fry. Oxidative stress and antioxidant defence 
markers and the role of each molecules studied were given in Table 5.

δ-Tocopherol level showed the most significant (P < 0.001) decrease in 21 days fed fry and then the more 
significant (P < 0.01) increase in 28 days fed fry. Similar results have also been found in α-tocopherol showed 
the most significant (P < 0.001) decrease in 21 days fed fry and then the increase in 28 days fed fry. When 
δ-tocopherol levels in starved fries were examined throughout the 28 days, fluctuations in the δ-tocopherol 
levels were observed during their starving period. α-tocopherol in starved fry notably (P < 0.001) declined in 
28 days starved fry.

When cholesterol levels were examined throughout the feeding period of 28 days, there were no significant 
differences from 7 to 14 days fed fry. Similarly, there were no differences in the level of cholesterol between 21 
and 28 days fed fry of O. mykiss, but cholesterol levels showed a small statistically significant (P < 0.05) decrease 
in 21 and 28 days fed fry according to the 7 and 14 days fed fry. The starved fries had a highest cholesterol level 
in 21 days starved fry (3.13 ± 0.05) and a lowest cholesterol level in 28 days starved fry (1.59 ± 0.12). Cholesterol 
levels in the all starved fries were noteworthy when compared to the all fed fries.

Table 3.   Changes in Total Protein (Tot.Prot.), GSH, GSSG and MDA levels in fed and starved fry of 
Oncorhynchus mykiss.* * The meaning of the symbols is given under Table 1.

7 day fed fry 14 day fed fry 21 day fed fry 28 day fed fry Diet

Tot.Prot.mg/g 76.67 ± 1.60d 60.42 ± 2.04b 65.17 ± 0.80c 76.50 ± 1.75d 83.75 ± 1.59

GSH µg/g 184.48 ± 7.03a 261.95 ± 8.48d 201.71 ± 6.35b 216.21 ± 11.68c –

GSSG µg/g 21.21 ± 1.43a 23.87 ± 1.94b 26.51 ± 4.11c 18.80 ± 0.42a –

MDA nmol/g 149.71 ± 9.30a 184.79 ± 3.79c 190.86 ± 4.84c 162.04 ± 8.12b –

7 day starved fry 14 day starved fry 21 day starved fry 28 day starved fry –

Tot.Prot.mg/g 65.67 ± 0.79d 49.92 ± 0.96c 54.83 ± 1.45a 65.67 ± 1.10d –

GSH µg/g 216.62 ± 11.98a 118.23 ± 4.90c 139.33 ± 10.16c 201.05 ± 18.28a –

GSSG µg/g 16.24 ± 0.42a 32.61 ± 2.08c 22.91 ± 3.49b 24.39 ± 0.50b –

MDA nmol/g 144.65 ± 6.44a 221.22 ± 10.24d 209.45 ± 14.24d 155.81 ± 13.64a –
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The level of stigmasterol changed the most significantly from 7 days fed fry to 14 days fed fry, however it 
showed a dramatic decrease from 14 days fed fry to 21 days fed fry. There were no significant (P > 0.05) differ-
ences in stigmasterol levels from 14 to 28 days starved fries, the low value in stigmasterol levels was observed in 
the first week according to the remaining 3 weeks.

β-sitosterol levels showed a slight increase in 7 days fed and starved fries (P < 0.05; P < 0.01 respectively), 
but it increased sharply (P < 0.001) in 14 days fed (18.13 ± 0.53) and starved (15.09 ± 0.83) fries. β-sitosterol 

Table 4.   Changes in Retinol, Vitamin D2,Vitamin D3, Vitamin K1, Vitamin K2, δ-Tocopherol, α-Tocopherol, 
Cholesterol, Stigmasterol and β-sitosterol levels in fed and starved fry of Oncorhynchus mykiss.* * The meaning 
of the symbols is given under Table 1. nd Not detected.

7 day fed fry 14 day fed fry 21 day fed fry 28 day fed fry Diet

Retinol (vit. A) µg/g 0.07 ± 0.001a 0.11 ± 0.03b 0.09 ± 0.001a 0.12 ± 0.02b 1.20 ± 0.08

Vitamin D2 µg/g nd nd nd nd nd

Vitamin D3 µg/g 0.32 ± 0.06c 0.77 ± 0.06d 0.75 ± 0.08d 0.62 ± 0.06d 1.20 ± 0.08

Vitamin K1 µg/g 0.27 ± 0.05b 0.42 ± 0.04c 0.21 ± 0.03b 0.50 ± 0.07d 2.51 ± 0.17

Vitamin K2 µg/g nd nd nd nd nd

δ-Tocopherol µg/g 0.20 ± 0.02b 0.27 ± 0.01a 0.12 ± 0.03d 0.17 ± 0.02c 0.60 ± 0.08

α-Tocopherol µg/g 29.31 ± 1.21b 21.92 ± 0.17b 16.44 ± 0.05d 25.01 ± 2.04a 6.67 ± 0.50

Cholesterol µmol/g 0.84 ± 0.04a 0.87 ± 0.03a 0.74 ± 0.01b 0.74 ± 0.07b 0.51 ± 0.01

Stigmasterol µg/g 67.48 ± 3.40b 82.87 ± 3.34d 63.09 ± 0.85a 72.45 ± 3.67c 326.91 ± 0.52

β-Sitosterol µg/g 10.47 ± 0.43b 18.13 ± 0.53d 8.02 ± 0.33a 7.81 ± 0.46b 103.69 ± 0.50

7 day starved fry 14 day starved fry 21 day starved fry 28 day starved fry

Retinol (vit. A) µg/g 0.08 ± 0.001a 0.11 ± 0.006b 0.16 ± 0.02c 0.19 ± 0.03d –

Vitamin D2 µg/g 0.39 ± 0.01c 0.54 ± 0.02a 0.34 ± 0.01c 0.20 ± 0.01d –

Vitamin D3 µg/g 0.18 ± 0.01a 0.52 ± 0.03d 0.24 ± 0.03b 0.20 ± 0.01b –

Vitamin K1 µg/g 0.36 ± 0.01c 0.45 ± 0.03c 0.21 ± 0.01d 0.06 ± 0.001d –

Vitamin K2 µg/g nd nd nd nd –

δ-Tocopherol µg/g 0.18 ± 0.01c 0.27 ± 0.01a 0.19 ± 0.01c 0.28 ± 0.01a –

α-Tocopherol µg/g 15.71 ± 0.95d 21.78 ± 0.66b 19.00 ± 0.58c 12.33 ± 0.92d –

Cholesterol µmol/g 2.11 ± 0.04b 2.49 ± 0.06c 3.13 ± 0.05d 1.59 ± 0.12d –

Stigmasterol µg/g 59.31 ± 1.91a 70.12 ± 3.51b 66.86 ± 1.87b 70.13 ± 4.02b –

β-Sitosterol µg/g 10.31 ± 0.49c 15.09 ± 0.83d 12.35 ± 0.22c 6.82 ± 0.27a –

Table 5.   Oxidative stress and antioxidant defence markers. The role of each molecules studied. Non enzymatic 
antioxidant scavenging systems that maintain endogenous reactive oxygen species (ROS) at relatively low 
levels.

Non-enzymatic antioxidants41–46

Retinol Retinol supress 1O2, singlet oxygen

δ-Tocopherol, α-Tocopherol Tocopherol is major membrane-bound lipid-soluble antioxidant responsible for protecting the polyunsatu-
rated fatty acids in membranes against lipid peroxidation

Vitamin K1, Vitamin K2 Vitamin K has role in the blood coagulation

Vitamin D2, Vitamin D3
Vitamin D plays a role in the absorption of calcium and phosphate from the intestine and the storage of 
these minerals in the bone

Cholesterol

Cholesterol plays has a role in membrane fluidity but it’s most important function is in reducing the perme-
ability of the cell membrane

It helps to restrict the passage of molecules by increasing the packing of phospholipids

Cholesterol can fit into spaces between phospholipids and prevent water-soluble molecules from diffusing 
across the membrane

The hydrophilic hydroxyl group of cholesterol interacts with aqueous environment, whereas the large 
hydrophobic domain fits between C-tails of lipids

Stigmasterol
Phytosterols have been shown to compete with dietary cholesterol to be absorbed by the intestine

Stigmasterol is a molecule that inhibits cholesterol increase and may be effective in reducing cholesterol 
absorption

β-Sitosterol Lower levels of phytosterols, like those found in diets rich in plant foods, may be effective in reducing 
cholesterol absorption

PUFA PUFA (Polyunsaturated fatty acid) DHA and EPA in O. mykiss fry during starvation were conserved

MUFA MUFA, especially of C18:1n-9 were mostly used as a source of energy

SFA The proportion of saturated fatty acids (SFA) was significantly influenced by the early developmental stages
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levels in O. mykiss’s fed and starved fry showed the remarkable decrease in 28 days fed (7.81 ± 0.46) and starved 
(6.82 ± 0.27) fries.

Changes in fatty acid composition of Oncorhynchus mykiss fed and starved fry.  Fatty acid com-
positions of O. mykiss fed fry and diet and starved fry from 7 to 28 days are presented in Tables 6 and 7 respec-
tivelly.

It was noted that on the investigation of the fatty acid composition of the commercial feed used in the feeding 
of the fish, C18:0 and C22:0 were not present (Table 6). C15:0, C17:0, C22:0, (heptadecenoic acid) C17:1 were not 
determined in the all starved fry. Among all groups of starved fries (7, 14, 21 and 28-day starved), lignoceric acid 
(C24:0) was determined only in 7 day starved fry, whereas C18:3n-6 was determined in all groups but 28-days 
starved fry (Table 7).

Tetradecanoic acid (myristic acid) (C14:0) and hexadecanoic acid (palmitic acid) (C16:0) were determined 
to be in higher percentage in the feed than in the fed fry. The level of C16:0 (18.32%) was high in the feed. The 
increase of this fatty acid in the starved fish was noteworthy when compared to the fish fed with this fatty acid. 
ΣSFA showed a significant (P < 0.05) and steady increase over the 28-day starving period due to increase in the 
content of the most abundant saturated fatty acid, C16:0 and C18:0. ΣSFA were at a minimum (21.38%) at 7 days 
fed fry and a maximum (21.65%) at 28 days fed fry of O. mykiss. There were no significant (P > 0.05) differences 
in ΣSFA content from 7 to 28 days fed fry. The most abundant fatty acid in SFAs was C16:0 in all cases.

However, in the case of total monounsaturated fatty acid (ΣMUFA), they were at a minimum (26.22%) at 
28 days starved fry and at a maximum (29.64%) at 7 days starved fry of O. mykiss. The percentages of the ΣMUFA 
increased significantly (P < 0.05) at 7 day starved fry due to increase in the content of the most abundant unsatu-
rated fatty acid, C18:1n-9. According to 7 day starved fry, a statistically significant (P < 0.05) decrease at 14 days 
starved fry and a statistically significant (P < 0.05) increase at 28 days starved fry was observed in the percent-
ages of C16:1n-7. ΣMUFA were at a minimum (28.06%) at 28 days fed fry and reached a maximum (29.23%) at 
7 days fed fry of O. mykiss. The percentages of the ΣMUFA increased significantly (P < 0.05) at 7 days fed fry due 
to increase in the content of the most abundant unsaturated fatty acid, C18:1n-9.

Throughout the feeding periods, total polyunsaturated fatty acids (ΣPUFA) were at a maximum (50.30%) 
at 28 days fed fry and at a minimum (49.40%) at 7 days fed fry of O. mykiss, mainly composed of the increased 

Table 6.   Fatty acid composition of fed fry of Oncorhynchus mykiss and diet.* *The meaning of the symbols is 
given under Table 1. Σ: Total. ΣSFA: Total Saturated Fatty Acid. ΣMUFA: Total Monounsaturated Fatty Acid. 
Σn-3: Total n-3 Fatty Acid. Σn-6: Total n-6 Fatty Acid. ΣPUFA: Total Polyunsaturated Fatty Acid.

Fatty acids 7 day fed fry 14 day fed fry 21 day fed fry 28 day fed fry Feed

C14:0 1.32 ± 0.06a 1.32 ± 0.01a 1.24 ± 0.01a 1.33 ± 0.04a 2.67 ± 0.11b

C15:0 nd nd nd nd 0,30 ± 0,04

C16:0 14.35 ± 0.20a 14.58 ± 0.08ab 14.81 ± 0.09b 14.71 ± 0.08ab 18.32 ± 0.01c

C17:0 0.51 ± 0.03b 0.43 ± 0.03c 0.25 ± 0.02d 0.45 ± 0.02bc 0.61 ± 0.04a

C18:0 4.88 ± 0.13a 4.83 ± 0.04a 4.83 ± 0.05a 4.88 ± 0.05a nd

C22:0 nd nd nd nd nd

C24:0 0.32 ± 0.01a 0.29 ± 0.02a 0.33 ± 0.03a 0.29 ± 0.04a 0.14 ± 0.01b

ΣSFA 21.38 ± 0.37a 21.45 ± 0.06ab 21.47 ± 0.02ab 21.65 ± 0.11ab 22.04 ± 0.01b

C16:1n-7 2.94 ± 0.06b 3.43 ± 0.07a 3.37 ± 0.01a 3.28 ± 0.06b 4.38 ± 0.04c

C17:1 nd nd nd nd 0,46 ± 0,03

C18:1n-9 23.46 ± 0.09b 22.58 ± 0.06c 22.52 ± 0.07c 22.00 ± 0.04d 18.79 ± 0.01e

C20:1n-9 1.78 ± 0.01b 1.46 ± 0.07c 1.58 ± 0.03ad 1.50 ± 0.04 cd 2.12 ± 0.03e

C22:1 1.04 ± 0.06b 1.49 ± 0.03c 1.10 ± 0.04ab 1.28 ± 0.05d 1.29 ± 0.01d

ΣMUFA 29.23 ± 0.08b 28.96 ± 0.05c 28.56 ± 0.03d 28.06 ± 0.10e 27.04 ± 0.05f.

C18:3n-3 1.98 ± 0.05ab 1.96 ± 0.08ab 1.85 ± 0.04b 1.89 ± 0.02ab 3.78 ± 0.03c

C20:5n-3 2.56 ± 0.12bc 2.71 ± 0.05ab 2.46 ± 0.04c 2.74 ± 0.03ab 5.04 ± 0.05d

C22:5n-3 0.96 ± 0.08ab 1.15 ± 0.04bc 1.32 ± 0.06c 1.22 ± 0.10c 0.69 ± 0.02d

C22:6n-3 15.51 ± 0.03a 15.62 ± 0.04a 16.12 ± 0.09b 16.53 ± 0.18c 9.40 ± 0.09d

Σn-3 21.01 ± 0.20b 21.44 ± 0.09bc 21.75 ± 0.07ac 22.39 ± 0.15d 18.91 ± 0.01e

C18:2n-6 24.76 ± 0.29bc 24.88 ± 0.11b 24.60 ± 0.07bc 24.33 ± 0.24c 28.36 ± 0.01d

C18:3n-6 0.43 ± 0.06ab 0.41 ± 0.03ab 0.49 ± 0.03b 0.43 ± 0.01ab 2.41 ± 0.02c

C20:2n-6 0.92 ± 0.08b 0.82 ± 0.03ab 0.78 ± 0.04ab 0.83 ± 0.01ab 0.33 ± 0.00c

C20:3n-6 0.60 ± 0.03a 0.68 ± 0.02a 0.71 ± 0.04a 0.88 ± 0.04b 0.07 ± 0.00c

C20:4n-6 1.68 ± 0.08a 1.35 ± 0.04bc 1.63 ± 0.05a 1.44 ± 0.04c 0.85 ± 0.00d

Σn-6 28.39 ± 0.22b 28.15 ± 0.10bc 28.22 ± 0.02bc 27.91 ± 0.18c 32.01 ± 0.03d

ΣPUFA 49.40 ± 0.38b 49.58 ± 0.03b 49.97 ± 0.05bc 50.30 ± 0.03c 50.92 ± 0.04d

Σn-3/Σn-6 0.74 ± 0.01b 0.76 ± 0.01bc 0.77 ± 0.00c 0.80 ± 0.01d 0.59 ± 0.00e



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16716  | https://doi.org/10.1038/s41598-021-96204-y

www.nature.com/scientificreports/

percentage of C18:2n-6, C18:3n-3, C20:4n-6, C20:5n-3, and C22:6n-3. Throughout the starving periods, total 
polyunsaturated fatty acids (ΣPUFA) were at a maximum (51.58%) at 14 days starved fry and at a minimum 
(49.51%) at 7 days starved fry of O. mykiss, mainly composed of the increased percentage of C18:2n-6, C18:3n-3, 
C20:4n-6, C20:5n-3, C22:5n-3 and C22:6n-3.

The amount of Σn-3 fatty acids was significantly higher in 28 day fed and starved fry (22.39% and 28.98% 
respectively) and the amount of Σn-6 fatty acids was significantly lower in 28 day fed and starved fry (27.91% 
and 20.89% respectively) than the other feeding and the starvation stages.

Discussion
At the end of the feeding and starvation experiment, determination of the antioxidant enzyme activity changes 
in fed and starved fry is important in monitoring the physiological conditions of fries. Generally, most param-
eters evaluated in this study, followed an increasing tendency during starvation; this increase is statistically 
significant from the first days of experiment at the end of both feeding and starving periods. Various authors 
had earlier posited that the radicals are small molecules/ions that are reactive with small activation energies and 
short lifetimes. The small size makes it possible for many of them to penetrate cell membranes and starvation 
induced the formation of free radicals, which react with some cellular components such as membrane lipids and 
produce lipid peroxidation products22,47–53.

It is remarkable that SOD activity is highest in the 28 day starved fry (Table 1). The increased SOD activity 
could be linked to the increased H2O2 production. It is known that SOD value can be believed to be a more reli-
able and expressive set of oxidative stress indicators. High SOD activity in the whole body of 28 day starved fry 
might be a consequence of free radicals derived from oxidation of lipids54–57.

Besides, the higher CAT activities also suggest the fries were subjected to greater oxidative stres in 14 day 
starved fry. CAT activity showed the highest value (558.35 µg/g/1 min) in 14 day starved fry compared to 14 day 
fed fry. CAT activity, found mainly in peroxisomes, is associated with elevated concentrations of H2O2. These 
results agree with many other works58–62.

Significant (P < 0.001) decreases were observed in GSHpx activities of both 28-day-fed and starved fry, but 
21-day-fed fry (Table 1). Such decreases were mainly attributed to adaptive down-regulation of GSHpx enzyme 
by lower free-radical levels. GSHpx CAT enzyme activities could be regulated by H2O2, CAT is associated with 
high and GSHpx with low H2O2 levels. Present findings revealed that current fries required greater PUFA levels 

Table 7.   Fatty acid composition of starved fry of Oncorhynchus mykiss.* *The meaning of the symbols is given 
under Table 6.

Fatty acids 7 day starved fry 14 day starved fry 21 day starved fry 28 day starved fry

C14:0 1.23 ± 0.05ab 0.93 ± 0.06c 0.98 ± 0.01 cd 1.02 ± 0.03ce

C15:0 nd nd nd nd

C16:0 14.22 ± 0.06a 14.45 ± 0.08ab 14.62 ± 0.08b 16.08 ± 0.11c

C17:0 nd nd nd nd

C18:0 5.06 ± 0.04a 5.80 ± 0.08b 5.63 ± 0.20b 6.82 ± 0.09c

C22:0 nd nd nd nd

C24:0 0.33 ± 0.01a nd nd nd

ΣSFA 20.85 ± 0.10b 21.18 ± 0.09ab 21.24 ± 0.28ab 23.91 ± 0.16c

C16:1n-7 3.24 ± 0.05ac 2.56 ± 0.06b 3.06 ± 0.07c 3.98 ± 0.06d

C17:1 nd nd nd nd

C18:1n-9 23.25 ± 0.13b 22.50 ± 0.16c 22.57 ± 0.24c 20.39 ± 0.08d

C20:1n-9 1.64 ± 0.09a 1.32 ± 0.07b 1.29 ± 0.04b 1.28 ± 0.04b

C22:1 1.51 ± 0.05b 0.86 ± 0.01c 0.74 ± 0.05c 0.56 ± 0.04d

ΣMUFA 29.64 ± 0.20a 27.24 ± 0.06b 27.66 ± 0.22b 26.22 ± 0.11c

C18:3n-3 1.94 ± 0.04a 1.45 ± 0.05b 1.53 ± 0.07bc 1.67 ± 0.05c

C20:5n-3 3.14 ± 0.06b 2.81 ± 0.04a 3.99 ± 0.07c 4.91 ± 0.02d

C22:5n-3 1.08 ± 0.05a 1.49 ± 0.14bc 1.35 ± 0.05b 1.59 ± 0.08bc

C22:6n-3 17.38 ± 0.02b 21.28 ± 0.07c 20.21 ± 0.50d 20.81 ± 0.10 cd

Σn-3 23.54 ± 0.12b 27.03 ± 0.04c 27.08 ± 0.39c 28.98 ± 0.10d

C18:2n-6 22.37 ± 0.07b 20.53 ± 0.10c 19.89 ± 0.10d 17.16 ± 0.08e

C18:3n-6 0.31 ± 0.01a 0.30 ± 0.02a 0.31 ± 0.03a -

C20:2n-6 0.86 ± 0.07ab 0.89 ± 0.05ab 0.93 ± 0.07a 0.73 ± 0.02b

C20:3n-6 0.69 ± 0.06a 0.70 ± 0.06a 0.65 ± 0.06a 0.65 ± 0.01a

C20:4n-6 1.74 ± 0.04a 2.13 ± 0.07b 2.25 ± 0.07bc 2.35 ± 0.07c

Σn-6 25.97 ± 0.02a 24.54 ± 0.16b 24.03 ± 0.06c 20.89 ± 0.12d

ΣPUFA 49.51 ± 0.11b 51.58 ± 0.13c 51.11 ± 0.44c 49.87 ± 0.15b

Σn-3/Σn-6 0.91 ± 0.01b 1.10 ± 0.01c 1.13 ± 0.01c 1.39 ± 0.01d
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at early growth stages to promote cell division for development of tissues and organs. On the other hand, high 
PUFA levels may increase the risk of oxidative stress with detrimental effects on cell membranes63,64.

In NADPH dependent reactions, GSH is generally reformed by GR. NADPH is generated by multiple enzy-
matic redox reactions and such reactions are distinctively synchronized with nutrient supply65,66. Limitations 
on nutrient supply reduce NADPH availability, then limit GR activity. Such a case then reflects in starved fish 
as impaired GR activity and consequently reduced GSH regeneration. Food deprivation was reported to result 
in depletion of endogenous GSH pool in fish species9,66. In present study, starvation yielded highly significant 
(P < 0.01) decreases in GSH contents of 14 day and 21 day starved O. mykiss fries, indicating lower resistance 
of starved fries against oxidative stress. On the other hand, greater GSH levels were seen in fed fries, except for 
7-day fed fries.

The most significantly increased GST activities were observed in all starved fries, most significant difference 
was observed in 28-days starved fries and fed fries: was lower when compared to 28 day starved fry. In the present 
study, data obtained in starved fries demonstrated that strong responses were seen in oxidative stress which were 
key biomarkers in separating starved fries from fed fries.

Antioxidant enzymes were analyzed and significant increases in SOD and GST activities were found in parallel 
with starvation except for 21 day starved fry; however GSHpx and GR activities decreased during the starvation 
period in starved fry. But the highest activity among all enzymes found in fed and starved fries was determined 
in CAT as 558 µg/g/1 min in 14 days starved fries.

Protein levels are generally used to designate mobilization of proteins throughout the period of starvation. 
Significantly lower total protein levels were observed in 14 and 21-day starved fry and such low levels indicate 
the role of proteins in O. mykiss. Present findings on protein levels well-comply with the findings of previous 
studies reporting quite low total protein levels for starved fish fry67–70.

In present study, significant increases were observed in GSH levels of fed O. mykiss fry for 14, 21 and 28 days 
and the greatest GSH level was observed in 14-day feeding (Table 3). However, significant decreases were 
observed in GSH levels of O. mykiss-starved fry for 14 and 21 days. Such decreases greatly reduced the tissue 
defense mechanism against reactive oxygen species. Oxidative stress was also designed by cellular GSSH load. 
GSSH is generally reduced to GSH by GR through NADPH-dependent reactions. NADPH of these reactions is 
generated through multiple redox enzymatic reactions and such reactions are mostly dependent on food source66.

Jackson et al.71 reported that DNA base and lipid hydroperoxides were reduced by GST, thus GST prevented 
lipid peroxidation and resultant DNA damage. Increased GST activity improved detoxification of MDA, a toxic 
product of lipid peroxidation process23. Present findings on GST activities comply with the findings of Jackson 
et al.71 and Pascual et al.23 reporting remarkable GST activity of 14, 21 and 28-day starved fry and MDA levels 
of 14 and 21-day starved fry. MDA levels designate the lipid peroxidation levels, thus commonly used as an 
indicator of oxidative stress72,73.

Thus, the highest MDA content resulted in decreased levels of total PUFA, particularly linoleic acid (C18:2n-6) 
in 14, 21 and 28 days starved fry. Based on MDA levels, this results clearly showed that prolonged starvation led 
to oxidative stress, with starved O. mykiss fry showing increase in MDA with respect to the 7 day starved fry. 
A study with sea bream (Sparus aurata) evaluated the influence of prolonged starvation on MDA levels, and a 
significant increase of this metabolite has been reported23. MDA levels increased at the second and third week 
and GSSG levels remained high in the last 3 weeks in starved fish, but the MDA level in the last week returned 
to normal values when the fry readapted to the first week conditions.

A second line of defence is established by antioxidants, which can be provided only by nutritional 
supplements74, such as ascorbate, tocopherol, ubiquinones, and β-carotenes. Among the antioxidant nutrients, 
tocopherols; δ-tocopherol and α-tocopherol are the major membrane-bound lipid-soluble antioxidant responsible 
for protecting the polyunsaturated fatty acids in membranes against lipid peroxidation. If GSH enzymatically 
regenerates tocopherol from its one electron oxidation product, then the prevention of lipid peroxidation would 
be a secondary antioxidant effect1,75.

As a lipid soluble vitamin, α-tocopherol accumulates in liver and fatty tissues of animals, and it is incorpo-
rated into the structure of biomembranes76. Tocopherols protect lipids by scavenging peroxyl radicals without 
reacting in further chain-propagating steps. It helps PUFAs to maintain membrane fluidity by protecting them 
against peroxidation77,78. In this study O. mykiss fed fry showed decrease in α-tocopherol and δ-tocopherol lev-
els at 21 day fed fry. Unlike fed fry a remarkable increase in α-tocopherol levels was observed in 14 and 21 day 
starved fry. However there were the most significant decrease in α-tocopherol level in 28 day starved fry of O. 
mykiss according to the 28 day fed fry. These results indicated that tocopherol deficiency impaired the antioxidant 
capacity in the starved fry. The intracellular levels of non-enzymatic antioxidants, GSH influenced the activity 
of the enzymatic antioxidants. As shown in Tables 3 and 4, decreased in GSH content and the tocopherol levels 
were not protect O. mykiss fry against lipid peroxidation. Decrease in tocopherol levels significantly decreased 
the GSH content in the 14 and 21 days starved fry. Decrease in tocopherol levels also significantly decreased the 
SOD (21 day starved fry) and GSHpx (21 day and 28 day starved fry) activities65,79,80. The starved fry had low 
GSH levels. These changes were coincident with the appearance of MDA shown as useful early biomarkers of 
oxidative stress. Results from Pascual et al.23 confirm this conclusion. Thus, the tocopherol level is an indispen-
sable nutrient required to maintain normal physiological functions in fish and has been used in fish diets as an 
antioxidant substance to prevent the peroxidation of polyunsaturated fatty acids (PUFA) in fish oil81.

At sufficiently high concentrations, carotenoids can also protect lipids from peroxidative damage. Carotenoid 
pigments are widely distributed in nature where they play an important role in protecting cells and organisms. 
Carotenoids are important biological compounds that can inactivate electronically excited molecules, a pro-
cess termed quenching64,77. Retinol is required for growth, reproduction and development of fish and must be 
obtained from the diet, because fish are incabaple of synthesizing the vitamin82–84. Steffens and Karst85 reported 
that β-carotene could be converted to retinol in Oncorhynchus mykiss fry.
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When retinol levels were examined throughout the 28 days, fluctuations in the retinol levels were observed 
for the fed fries during their feeding period (Table 4). However, unlike the fed fry, the retinol levels of starved 
fry showed a steady increase throughout the starving period. This results showed that the retinol contents in 
21 day and 28 day starved fry were higher especially than in 21 day and 28 day fed fry at the same period. There 
was a significant difference in the retinol levels (P < 0.01; P < 0.001), between starved fry and fed fry of O. mykiss 
(Table 4). Among nutrients, retinol and its metabolite, retinoic acid, is recognized as a highly active molecule 
in developmental processes, as both dietary deficiency or excess can give abnormal development and result in 
malformation in all species examined86. These non-enzymic antioxidants in O. mykiss fries are essential to ensure 
early antioxidant protection. The high levels of retinol in O. mykiss starved fry could provide the early antioxi-
dant protection by stabilising free radicals produced in the developing fry as suggested by Palace and Werner84.

Analyses for fatty acids of present feed supply revealed that monounsaturated fatty acids (C16:1n-7 and 
C18:1n-9) were not used as a source of energy by fed fries. On the other hand, intensive use of C18:1n-9 and 
less use of C16:1n-7 (Tables 6, 7) were seen in starved fries87. Lipids are essential structural components of cell 
membranes and play a great role in cellular communication and energy storage. Primary functions of the lipids 
are mostly associated with early stages of teleost because teleost present quite a rate of growth with a great demand 
of lipids as the primary source of energy29,88.

Starved fries initially consumed C15:0, C17:0, C22:0 and C17:1 as a source of energy throughout the starvation 
period. These fatty acids were followed by C24:0 and C18:3n-6 fatty acids. Throughout the starvation period, 
C24:0 was commonly used during the first week and C18:3n-6 during the last week. Present findings comply with 
the results of Cejas et al. (2004)89 and Giménez et al. (2008)90 indicating that fatty acids were used as a source of 
energy especially in starvation periods during the development of fry.

The C18:1n-9 and C16:1n-7 were the major components of MUFA. Fatty acid analyses of feeding groups 
confirmed that fed fries mostly had long-chain MUFA including C18:1n-9 and C16:1n-7, which were also 
abundant in commercial feed. However, the intensive use of C18:1n-9 (P < 0.001) during starving period was 
observed in 28 days starved fry. Such an intense use of MUFA, especially of C18:1n-9 indicated that MUFA were 
mostly used as a source of enery. Accordingly, the fry starved for 28 days had the least C18:1n-9 level (20.39%), 
but the fry fed for 7 days had the greatest C18:1n-9 level (23.46%). On the other hand, significant increases were 
observed in C16:1n-7 levels of fries starved for 27 days (P < 0.05) (Abi-ayad et al. 2004)91. However a statistically 
significant (P < 0.05) increase in the percentages of C16:1n-7 was observed at 28 days starved fry. The value 
of C16:1n-7 in 28 days starved fry was being higher than the fed fry in the same developmental stage. These 
increases are probably the result of the synthesis of fatty acids from acetic acid molecules obtained from proteins 
and carbohydrates92.

In conclusion
Excessive stressors of all kinds generally generate an oxidative stress, too. In other words, oxidative stress is 
always an integrated part of other stressors. Low GSH/GSSG ratios indicated that fry tissues were subjected to 
intensive oxidative stress. Such a ratio could be increased through increasing GSH levels to protect cells against 
oxidative damage since reduction in GSH levels weaken cell defense mechanisms against reactive oxygen spe-
cies and ultimately ends up with cell damage an even death. ROS can easily reduce cell GSH levels through lipid 
peroxidation. Therefore, OH· can generate several lipid hydroperoxide molecules and these molecules in turn 
greatly impair functions of cell membrane93.

The amount of protein during starvation may reflect its abundance in the fry body, their protection by 
intracellular chaperones or their critical functional roles. Results from the present study showed that starvation 
stimulates protein synthesis in the O. mykiss fry. The results implied a likely correlation between starvation and 
protein synthesis, which is valuable for investigation. This study have similar result with the several studies 
reported in fingerlings (Labeo rohita)51, Dicentrarchus labrax52 and Solea senegalensis during early larval stages94.

Oncorhynchus mykiss (rainbow trout) is among the most popular sport and market fish. Existing data about O. 
mykiss revealed that dietary lipids and antioxidants with a low molecular weight were quite throughout the initial 
growth stages, but antioxidant enzymes were dominant in further growth stages79,95,96. Present findings revealed 
that starvation in early stages of development induced oxidative stress in O. mykiss fry. Despite the popularity and 
economic value, the physiology of O. mykiss hasn’t been full elucidated, yet. Present findings may have signifi-
cant contributions to further characterization of oxidative stress in O. mykiss. However, further research is still 
needed about the effects of starvation on physiological mechanisms and oxidative stress response of O. mykiss fry.

Received: 10 February 2020; Accepted: 4 August 2021

References
	 1.	 Halliwell, B. & Gutteridge, J. M. C. Free Radical Biology and Medicine 3rd edn. (Oxford University Press, 2000).
	 2.	 Regoli, F. & Giuliani, M. E. Oxidative pathways of chemical toxicity and oxidative stress biomarkers in marine organisms. Mar. 

Environ. Res. 93, 106–117. https://​doi.​org/​10.​1016/j.​maren​vres.​2013.​07.​006 (2014).
	 3.	 Paital, B. & Chainy, G. B. N. Antioxidant defenses and oxidative stress parameters in tissues of mud crab (Scylla serrata) with refer-

ence to changing salinity. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 151(1), 142–151. https://​doi.​org/​10.​1016/j.​cbpc.​2009.​09.​
007 (2010).

	 4.	 Caruso, G. et al. Response to short term starvation of growth, haematological, biochemical and non-specific immune parameters 
in European sea bass (Dicentrarchus labrax) and blackspot sea bream (Pagellus bogaraveo). Mar. Environ. Res. 72, 46–52. https://​
doi.​org/​10.​1016/j.​maren​vres.​2011.​04.​005 (2011).

	 5.	 McCord, J. M. & Fridovich, J. Superoxide dismutase: An enzymatic function for erythrocuprein (hemocuprein). J. Biol. Chem. 
244, 6049–6055 (1969).

	 6.	 Halliwell, B. & Gutteridge, J. M. C. Free Radical Biology and Medicine 2nd edn. (Oxford Science Publications, 1989).

https://doi.org/10.1016/j.marenvres.2013.07.006
https://doi.org/10.1016/j.cbpc.2009.09.007
https://doi.org/10.1016/j.cbpc.2009.09.007
https://doi.org/10.1016/j.marenvres.2011.04.005
https://doi.org/10.1016/j.marenvres.2011.04.005


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16716  | https://doi.org/10.1038/s41598-021-96204-y

www.nature.com/scientificreports/

	 7.	 Tocher, D. R. Metabolism and functions of lipids and fatty acids in teleost fish. Rev. Fish. Sci. 11, 107–184. https://​doi.​org/​10.​1080/​
71361​0925 (2003).

	 8.	 Fontagné, S. et al. Effects of dietary oxidized lipid and vitamin A on the early development and antioxidant status of Siberian 
sturgeon (Acipenser baeri) larvae. Aquaculture 257(1–4), 400–411. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2006.​01.​025 (2006).

	 9.	 Boglino, A. et al. The effect of dietary oxidized lipid levels on growth performance, antioxidant enzyme activities, intestinal lipid 
deposition and skeletogenesis in Senegalese sole (Solea senegalensis) larvae. Aquac. Nutr. 20(6), 692–711. https://​doi.​org/​10.​1111/​
anu.​12123 (2014).

	10.	 Halliwell, B. & Gutteridge, J. M. Redox chemistry: The essentials. Free Radic. Biol. Med. https://​doi.​org/​10.​1093/​acprof:​oso/​97801​
98717​478.​003.​0002 (2015).

	11.	 Lushchak, V. I. Contaminant-induced oxidative stress in fish: A mechanistic approach. Fish Physiol. Biochem. 42(2), 711–747. 
https://​doi.​org/​10.​1007/​s10695-​015-​0171-5 (2015).

	12.	 Stephensen, E., Sturve, J. & Förlin, L. Effects of redox cycling compounds on glutathione content and activity of glutathione-related 
enzymes in rainbow trout liver. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 133(3), 435–442. https://​doi.​org/​10.​1016/​S1532-​
0456(02)​00129-1 (2002).

	13.	 Rudneva, I. I., Skuratovskaya, E. N., Kuzminova, N. S. & Kovyrshina, T. B. Age composition and antioxidant enzyme activities in 
blood of Black Sea teleosts. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 151(2), 229–239. https://​doi.​org/​10.​1016/j.​cbpc.​2009.​
11.​001 (2010).

	14.	 Halliwell, B., Murcia, M. A., Chirico, S. & Aruoma, O. I. Free radicals and antioxidants in food andin vivo: What they do and how 
they work. Crit. Rev. Food Sci. Nutr. 35(1–2), 7–20. https://​doi.​org/​10.​1080/​10408​39950​95276​82 (1995).

	15.	 Zielińska, D. & Zieliński, H. Low molecular weight antioxidants and other biologically active components of Buckwheat Seeds. 
Eur. J. Plant Sci. Biotechnol. 3, 29–38 (2009).

	16.	 Burton, G. W., Joyce, A. & Ingold, K. U. Is vitamin E the only lipid-soluble, chain-breaking antioxidant in human blood plasma 
and erythrocyte membranes?. Arch. Biochem. Biophys. 221(1), 281–290. https://​doi.​org/​10.​1016/​0003-​9861(83)​90145-5 (1983).

	17.	 Buettner, G. R., Kelley, E. E. & Patrick Burns, C. Membrane lipid free radicals produced from L1210 murine leukemia cells by 
photofrin photosensitization: An EPR spin trapping study. Free Radic. Biol. Med. 15(5), 528. https://​doi.​org/​10.​1016/​0891-​5849(93)​
90401-f (1993).

	18.	 Wagner, B. A., Buettner, G. R. & Burns, C. Vitamin E slows the rate of free radical-mediated lipid peroxidation in cells. Arch. 
Biochem. Biophys. 334(2), 261–267. https://​doi.​org/​10.​1006/​abbi.​1996.​0454 (1996).

	19.	 Palace, V. P., Khaper, N., Qin, Q. & Singal, P. K. Antioxidant potentials of vitamin A and carotenoids and their relevance to heart 
disease. Free Radic. Biol. Med. 26(5–6), 746–761. https://​doi.​org/​10.​1016/​S0891-​5849(98)​00266-4 (1999).

	20.	 Ahlemeyer, B. et al. Retinoic acid reduces apoptosis and oxidative stress by preservation of SOD protein level. Free Radic. Biol. 
Med. 30(10), 1067–1077. https://​doi.​org/​10.​1016/​S0891-​5849(01)​00495-6 (2001).

	21.	 Betancor, M. B. et al. Selenium inclusion decreases oxidative stress indicators and muscle injuries in sea bass larvae fed high-DHA 
microdiets. Brit. J. Nutr. 108, 2115–2128. https://​doi.​org/​10.​1017/​S0007​11451​20003​11 (2012).

	22.	 Portner, H. O. & Farrell, A. P. Ecology: Physiology and climate change. Science 322(5902), 690–692. https://​doi.​org/​10.​1126/​scien​
ce.​11631​56 (2008).

	23.	 Pascual, P., Pedrajas, J., Toribio, F., López-Barea, J. & Peinado, J. Effect of food deprivation on oxidative stress biomarkers in fish 
(Sparus aurata). Chem. Biol. Interact. 145(2), 191–199. https://​doi.​org/​10.​1016/​S0009-​2797(03)​00002-4 (2003).

	24.	 Robinson, M. K. et al. Starvation enhances hepatic free radical release following endotoxemia. J. Surg. Res. 69, 325–330. https://​
doi.​org/​10.​1006/​jsre.​1997.​5062 (1997).

	25.	 Takeuchi, T. & Watanabe, T. Effect of excess amounts of essential fatty acids on growth of rainbow trout. Bull. Jpn. Soc. Sci. Fish 
45, 1517–1519 (1979).

	26.	 Bell, J. G. & Sargent, J. R. Arachidonic acid in aquaculture feeds: Current status and future opportunities. Aquaculture 218(1–4), 
491–499. https://​doi.​org/​10.​1016/​S0044-​8486(02)​00370-8 (2003).

	27.	 Stickney, R. Aquaculture. Kirk-Othmer Encycl. Chem. Technol. https://​doi.​org/​10.​1002/​04712​38961.​01172​10119​200903.​a01 (2000).
	28.	 Zengin, H. & Yilmaz, Ö. Antioxidant defence of the actively feeding Oncorhynchus mykiss (Walbaum 1792) larvae in relation to 

dietary PUFA and vitamin E contents. Reg. Stud. Mar. Sci. 8, 515–522. https://​doi.​org/​10.​1016/j.​rsma.​2016.​03.​003 (2016).
	29.	 Zengin, H. Oxidative stress and antioxidant defenses after starvation in Oncorhynchus mykiss (Walbaum 1792) larvae reached free 

swimming stage. Ege J. Fish. Aquat. Sci. 35(4), 387–396. https://​doi.​org/​10.​12714/​egejf​as.​2018.​35.4.​04 (2018).
	30.	 Panchenko, L. F., Brusov, O. S., Gerasimov, A. M. & Loktaeva, T. D. Intramitochondrial localization and release of rat liver super-

oxide dismutase. FEBS Lett. 55(1–2), 84–87. https://​doi.​org/​10.​1016/​0014-​5793(75)​80964-1 (1975).
	31.	 Beers, R. F. & Sizer, I. W. Spectrophotometric method for measuring the breakdown of hydrogen peroxide by catalase. J. Biol. 

Chem. 195(1), 133–140 (1952).
	32.	 Bell, J. G., Cowey, C. B., Adron, J. W. & Shanks, A. M. Some effects of vitamin E and selenium deprivation on tissue enzyme levels 

and indices of tissue peroxidation in rainbow trout (Salmo gairdneri). Br. J. Nutr. 53(01), 149–157. https://​doi.​org/​10.​1079/​BJN19​
850019 (1985).

	33.	 Katsanidis, E. & Addis, P. B. Novel HPLC analysis of tocopherols, tocotrienols, and cholesterol in tissue. Free Radic. Biol. Med. 
27(11–12), 1137–1140. https://​doi.​org/​10.​1016/​S0891-​5849(99)​00205-1 (1999).

	34.	 Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. Protein measurement with the folin phenol reagent. J. Biol. Chem. 
193(1), 265–275 (1951).

	35.	 Teare, J. P. et al. Automated spectrophotometric method for determining oxidized and reduced glutathione in liver. Clin. Chem. 
39(4), 686–689 (1993).

	36.	 Salih, A. M., Smith, D. M., Price, J. F. & Dawson, L. E. Modified extraction 2-thiobarbituric acid method for measuring lipid 
oxidation in poultry. Poult. Sci. 66(9), 1483–1488. https://​doi.​org/​10.​3382/​ps.​06614​83 (1987).

	37.	 Hara, A. & Radin, N. S. Lipid extraction of tissues with a low-toxicity solvent. Anal. Biochem. 90(1), 420–426. https://​doi.​org/​10.​
1016/​0003-​2697(78)​90046-5 (1978).

	38.	 Christie, W. W. Gas chromatography–mass spectrometry methods for structural analysis of fatty acids. Lipids 33(4), 343–353. 
https://​doi.​org/​10.​1007/​s11745-​998-​0214-x (1998).

	39.	 Pallant, J. SPSS Survival Manual (McGraw-Hill Education, 2013).
	40.	 Mishra, P. et al. Descriptive statistics and normality tests for statistical data. Ann. Card Anaesth. 22(1), 67–72. https://​doi.​org/​10.​

4103/​aca.​ACA_​157_​18 (2019).
	41.	 Valko, M. et al. Free radicals and antioxidants in normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 39, 

44–84. https://​doi.​org/​10.​1016/j.​biocel.​2006.​07.​001 (2007).
	42.	 Wilhelm Filho, D. Fish antioxidant defenses—A comparative approach. Braz. J. Med. Biol. Res. 29(12), 1735–1742 (1996).
	43.	 Weiwen, C. et al. Effects of Vitamin D3 and calcium supplementation on serum levels of tocopherols, retinol, and specific vitamin 

D metabolites. Nutr. Cancer 64(1), 57–64. https://​doi.​org/​10.​1080/​01635​581.​2012.​630552 (2012).
	44.	 Ziech, D. et al. The role of reactive oxygen species and oxidative stress in environmental carcinogenesis and biomarker develop-

ment. Chemico-biol. Interact. 188(2), 334–339. https://​doi.​org/​10.​1016/j.​cbi.​2010.​07.​010 (2010).
	45.	 Law, M. R. Plant sterol and stanol margarines and health. BMJ 320, 861–864 (2000).
	46.	 Andersson, S. W. et al. Intake of dietary plant sterols is inversely related to serum cholesterol concentration in men and women 

in the EPIC Norfolk population: A crosssectional study. Eur. J. Clin. Nutr. 58, 1378–1385 (2004).

https://doi.org/10.1080/713610925
https://doi.org/10.1080/713610925
https://doi.org/10.1016/j.aquaculture.2006.01.025
https://doi.org/10.1111/anu.12123
https://doi.org/10.1111/anu.12123
https://doi.org/10.1093/acprof:oso/9780198717478.003.0002
https://doi.org/10.1093/acprof:oso/9780198717478.003.0002
https://doi.org/10.1007/s10695-015-0171-5
https://doi.org/10.1016/S1532-0456(02)00129-1
https://doi.org/10.1016/S1532-0456(02)00129-1
https://doi.org/10.1016/j.cbpc.2009.11.001
https://doi.org/10.1016/j.cbpc.2009.11.001
https://doi.org/10.1080/10408399509527682
https://doi.org/10.1016/0003-9861(83)90145-5
https://doi.org/10.1016/0891-5849(93)90401-f
https://doi.org/10.1016/0891-5849(93)90401-f
https://doi.org/10.1006/abbi.1996.0454
https://doi.org/10.1016/S0891-5849(98)00266-4
https://doi.org/10.1016/S0891-5849(01)00495-6
https://doi.org/10.1017/S0007114512000311
https://doi.org/10.1126/science.1163156
https://doi.org/10.1126/science.1163156
https://doi.org/10.1016/S0009-2797(03)00002-4
https://doi.org/10.1006/jsre.1997.5062
https://doi.org/10.1006/jsre.1997.5062
https://doi.org/10.1016/S0044-8486(02)00370-8
https://doi.org/10.1002/0471238961.0117210119200903.a01
https://doi.org/10.1016/j.rsma.2016.03.003
https://doi.org/10.12714/egejfas.2018.35.4.04
https://doi.org/10.1016/0014-5793(75)80964-1
https://doi.org/10.1079/BJN19850019
https://doi.org/10.1079/BJN19850019
https://doi.org/10.1016/S0891-5849(99)00205-1
https://doi.org/10.3382/ps.0661483
https://doi.org/10.1016/0003-2697(78)90046-5
https://doi.org/10.1016/0003-2697(78)90046-5
https://doi.org/10.1007/s11745-998-0214-x
https://doi.org/10.4103/aca.ACA_157_18
https://doi.org/10.4103/aca.ACA_157_18
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.1080/01635581.2012.630552
https://doi.org/10.1016/j.cbi.2010.07.010


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16716  | https://doi.org/10.1038/s41598-021-96204-y

www.nature.com/scientificreports/

	47.	 Porter, N. A., Caldwell, S. E. & Mills, K. A. Mechanisms of free radical oxidation of unsaturated lipids. Lipids 30(4), 277–290. 
https://​doi.​org/​10.​1007/​BF025​36034 (1995).

	48.	 Jensen Svend, J. Oxidative stress and free radicals. J. Mol. Struct. (Thoechem) 666–667, 387–392. https://​doi.​org/​10.​1016/j.​theoc​
hem.​2003.​08.​037 (2003).

	49.	 Pérez-Jiménez, A., Guedes, M. J., Morales, A. E. & Oliva-Teles, A. Metabolic responses to short starvation and refeeding in Dicen‑
trarchus labrax. Effect of dietary composition. Aquaculture 265(1–4), 325–335. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2007.​01.​021 
(2007).

	50.	 Salem, M., Silverstein, J., Rexroad, C. E. & Yao, J. Effect of starvation on global gene expression and proteolysis in rainbow trout 
(Oncorhynchus mykiss). BMC Genom. 8(1), 328 (2007).

	51.	 Yengkokpam, S. et al. Metabolic modulation in Labeo rohita fingerlings during starvation: Hsp70 expression and oxygen consump-
tion. Aquaculture 285(1–4), 234–237. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2008.​08.​034 (2008).

	52.	 Antonopoulou, E. et al. Starvation and re-feeding affect Hsp expression, MAPK activation and antioxidant enzymes activity of 
European Sea Bass (Dicentrarchus labrax). Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 165(1), 79–88. https://​doi.​org/​10.​
1016/j.​cbpa.​2013.​02.​019 (2013).

	53.	 Piccinetti, C. C. et al. The effects of starving and feeding on Dover sole (Solea solea, Soleidae, Linnaeus, 1758) stress response and 
early larval development. Aquacult. Res. 46(10), 2512–2526. https://​doi.​org/​10.​1111/​are.​12410 (2014).

	54.	 Valavanidis, A., Vlahogianni, T., Dassenakis, M. & Scoullos, M. Molecular biomarkers of oxidative stress in aquatic organisms in 
relation to toxic environmental pollutants. Ecotoxicol. Environ. Saf. 64(2), 178–189. https://​doi.​org/​10.​1016/j.​ecoenv.​2005.​03.​013 
(2006).

	55.	 Zhang, H. et al. Dietary lipid level induced antioxidant response in Manchurian trout, Brachymystax lenok (Pallas) larvae. Lipids 
44, 643–654. https://​doi.​org/​10.​1007/​s11745-​009-​3313-7 (2009).

	56.	 Kiron, V., Thawonsuwan, J., Panigrahi, A., Scharsack, J. & Satoh, S. Antioxidant and immune defences of rainbow trout (Onco‑
rhynchus mykiss) offered plant oils differing in fatty acid profiles from early stages. Aquac. Nutr. 17(2), 130–140. https://​doi.​org/​
10.​1111/j.​1365-​2095.​2009.​00715.x (2011).

	57.	 Das, S., Majumder, S., Gupta, S., Dutta, S. & Mukherjee, D. Effects of phenol on ovarian P450arom gene expression and aromatase 
activity in vivo and antioxidant metabolism in common carp Cyprinus carpio. Fish. Physiol. Biochem. 42(1), 275–286. https://​doi.​
org/​10.​1007/​s10695-​015-​0135-9 (2016).

	58.	 Matkovics, B. et al. A comparative study of some more important experimental animal peroxide metabolism enzymes. Comp. 
Biochem. Physiol. B. Biochem. Mol. Biol. 56(1), 31–34. https://​doi.​org/​10.​1016/​0305-​0491(77)​90218-8 (1977).

	59.	 Wdziȩczak, J., Zaleśna, G., Wujec, E. & Pérès, G. Comparative studies on superoxide dismutase, catalase and peroxidase levels in 
erythrocytes and livers of different freshwater and marine fish species. Comp. Biochem. Physiol. B. 73(2), 361–365. https://​doi.​org/​
10.​1016/​0305-​0491(82)​90298-X (1982).

	60.	 Gabryelak, T., Piatkowska, M., Leyko, W. & Pérès, G. Seasonal variations in the activities of peroxide metabolism enzymes in 
erythrocytes of freshwater fish species. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 75(2), 383–385. https://​doi.​org/​10.​1016/​
0742-​8413(83)​90210-4 (1983).

	61.	 Wilhelm-Filho, D., Giulivi, C. & Boveris, A. Antioxidant defences in marine fish—I. Teleosts. Comp. Biochem. Physiol. C Toxicol. 
Pharmacol. 106(2), 409–413. https://​doi.​org/​10.​1016/​0742-​8413(93)​90154-D (1993).

	62.	 Trenzado, C. et al. Antioxidant enzymes and lipid peroxidation in sturgeon Acipenser naccarii and trout Oncorhynchus mykiss. A 
comparative study. Aquaculture 254(1–4), 758–767. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2005.​11.​020 (2006).

	63.	 Burton, G. J. & Jauniax, E. Oxidative stress. Best. Pract. Res. Clin. Obstet. Gynaecol. 25, 287–299. https://​doi.​org/​10.​1016/j.​bpobg​
yn.​2010.​10.​016 (2011).

	64.	 Hamre, K. Metabolism, interaction, requirements and functions of vitamin E in fish. Aquac. Nutr. 17, 98–115. https://​doi.​org/​10.​
1111/j.​1365-​2095.​2010.​00806.x (2011).

	65.	 Morales, A. E., Pérez-Jiménez, A., Carmen Hidalgo, M., Abellán, E. & Cardenete, G. Oxidative stress and antioxidant defenses 
after prolonged starvation in Dentex dentex liver. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 139(1–3), 153–161. https://​doi.​
org/​10.​1016/j.​cca.​2004.​10.​008 (2004).

	66.	 Sinha, A. K. et al. Nutritional status as the key modulator of antioxidant responses induced by high environmental ammonia and 
salinity stress in European sea bass (Dicentrarchus labrax). PLoS ONE 10(8), e0135091. https://​doi.​org/​10.​1371/​journ​al.​pone.​01350​
91 (2015).

	67.	 Davies Kelvin, J. Oxidative stress: The paradox of aerobic life. Biochem. Soc. Symp. 61, 1–31. https://​doi.​org/​10.​1042/​bss06​10001 
(1995).

	68.	 Martínez-Álvarez, R. M., Morales, A. E. & Sanz, A. Antioxidant defenses in fish: Biotic and abiotic factors. Rev. Fish. Biol. Fisher 
15(1–2), 75–88. https://​doi.​org/​10.​1007/​s11160-​005-​7846-​46-4 (2005).

	69.	 Halliwell, B. & Gutteridge, J. M. C. Free Radical Biology and Medicine 4th edn. (Oxford University Press, 2007).
	70.	 Trenzado, C. E., Morales, E., Palma, J. M. & De La Higuera, M. Blood antioxidant defenses and hematological adjustments in 

crowded/uncrowded rainbow trout (Oncorhynchus mykiss) fed on diets with different levels of antioxidant vitamins and HUFA. 
Comp. Biochem. Physiol. C Toxicol. Pharmacol. 149(3), 440–447. https://​doi.​org/​10.​1016/j.​cbpc.​2008.​10.​105 (2009).

	71.	 Jackson, M. J. et al. Antioxidants, reactive oxygen and nitrogen species, gene induction and mitochondrial function. Mol. Aspects 
Med. 23(1–3), 209–285. https://​doi.​org/​10.​1016/​S0098-​2997(02)​00018-3 (2002).

	72.	 Surapaneni, K. & Venkataramana, G. Status of lipid peroxidation, glutathione, ascorbic acid, vitamin E and antioxidant enzymes 
in patients with osteoarthritis. Indian J. Med. Sci. 61, 9–14 (2007).

	73.	 Tian, J. J. et al. Comparative analysis of effects of dietary arachidonic acid and EPA on growth, tissue fatty acid composition, 
antioxidant response and lipid metabolism in juvenile grass carp, Ctenopharyngodon idellus. Br. J. Nutr. 118(6), 411–422. https://​
doi.​org/​10.​1017/​S0007​11451​70021​5X (2017).

	74.	 Sen, C. K. Oxygen toxicity and antioxidants: State of the art. Indian J. Physiol. Pharmacol. 39(3), 177–196 (1995).
	75.	 Ahmad, S. In Oxidative Stress and Antioxidant Defenses in Biology (ed. Ahmad, S.) 11–17 (Chapman & Hall, 1995). https://​doi.​

org/​10.​1007/​978-1-​4615-​9689-9.
	76.	 Wang, X. & Quinn, P. J. Vitamin E and its function in membranes. Prog. Lipid Res. 38(4), 309–336. https://​doi.​org/​10.​1016/​S0163-​

7827(99)​00008-9 (1999).
	77.	 Di Mascio, P., Murphy, M. E. & Sies, H. Antioxidant defense systems: The role of carotenoids, tocopherols, and thiols. Am. J. Clin. 

Nutr. 53(1), 194–200. https://​doi.​org/​10.​1093/​ajcn/​53.1.​194S (1991).
	78.	 Atkinson, J., Harroun, T., Wassall, S. T., Stillwell, W. & Katsaras, J. The location and behavior of α-tocopherol in membranes. Mol. 

Nutr. Food Res. 54, 641–651. https://​doi.​org/​10.​1002/​mnfr.​20090​0439 (2010).
	79.	 Rudneva, I. I. Antioxidant system of Black Sea animals in early development. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 122, 

265–271 (1999).
	80.	 Pan, J. H. et al. Vitamin E deficiency depressed fish growth, disease resistance, and the immunity and structural integrity of immune 

organs in grass carp (Ctenopharyngodon idella): Referring to NF-κB, TOR and Nrf2 signaling. Fish. Shellfish Immunol. 60, 219–236. 
https://​doi.​org/​10.​1016/j.​fsi.​2016.​11.​044 (2017).

	81.	 Ortuño, J., Esteban, M. & Meseguer, J. High dietary intake of α-tocopherol acetate enhances the non-specific immune response of 
gilthead seabream (Sparus aurata L.). Fish. Shellfish Immunol. 10(4), 293–307. https://​doi.​org/​10.​1006/​fsim.​1999.​0238 (2000).

https://doi.org/10.1007/BF02536034
https://doi.org/10.1016/j.theochem.2003.08.037
https://doi.org/10.1016/j.theochem.2003.08.037
https://doi.org/10.1016/j.aquaculture.2007.01.021
https://doi.org/10.1016/j.aquaculture.2008.08.034
https://doi.org/10.1016/j.cbpa.2013.02.019
https://doi.org/10.1016/j.cbpa.2013.02.019
https://doi.org/10.1111/are.12410
https://doi.org/10.1016/j.ecoenv.2005.03.013
https://doi.org/10.1007/s11745-009-3313-7
https://doi.org/10.1111/j.1365-2095.2009.00715.x
https://doi.org/10.1111/j.1365-2095.2009.00715.x
https://doi.org/10.1007/s10695-015-0135-9
https://doi.org/10.1007/s10695-015-0135-9
https://doi.org/10.1016/0305-0491(77)90218-8
https://doi.org/10.1016/0305-0491(82)90298-X
https://doi.org/10.1016/0305-0491(82)90298-X
https://doi.org/10.1016/0742-8413(83)90210-4
https://doi.org/10.1016/0742-8413(83)90210-4
https://doi.org/10.1016/0742-8413(93)90154-D
https://doi.org/10.1016/j.aquaculture.2005.11.020
https://doi.org/10.1016/j.bpobgyn.2010.10.016
https://doi.org/10.1016/j.bpobgyn.2010.10.016
https://doi.org/10.1111/j.1365-2095.2010.00806.x
https://doi.org/10.1111/j.1365-2095.2010.00806.x
https://doi.org/10.1016/j.cca.2004.10.008
https://doi.org/10.1016/j.cca.2004.10.008
https://doi.org/10.1371/journal.pone.0135091
https://doi.org/10.1371/journal.pone.0135091
https://doi.org/10.1042/bss0610001
https://doi.org/10.1007/s11160-005-7846-46-4
https://doi.org/10.1016/j.cbpc.2008.10.105
https://doi.org/10.1016/S0098-2997(02)00018-3
https://doi.org/10.1017/S000711451700215X
https://doi.org/10.1017/S000711451700215X
https://doi.org/10.1007/978-1-4615-9689-9
https://doi.org/10.1007/978-1-4615-9689-9
https://doi.org/10.1016/S0163-7827(99)00008-9
https://doi.org/10.1016/S0163-7827(99)00008-9
https://doi.org/10.1093/ajcn/53.1.194S
https://doi.org/10.1002/mnfr.200900439
https://doi.org/10.1016/j.fsi.2016.11.044
https://doi.org/10.1006/fsim.1999.0238


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16716  | https://doi.org/10.1038/s41598-021-96204-y

www.nature.com/scientificreports/

	82.	 Craik, J. Egg quality and egg pigment content in salmonid fishes. Aquaculture 47(1), 61–88. https://​doi.​org/​10.​1016/​0044-​8486(85)​
90008-0 (1985).

	83.	 Maden, M. Vitamin A and the developing embryo. Postgrad. Med. J. 77(910), 489–491. https://​doi.​org/​10.​1136/​pmj.​77.​910.​489 
(2001).

	84.	 Palace, V. P. & Werner, J. Vitamins A and E in the maternal diet influence egg quality and early life stage development in fish: A 
review. Sci. Mar. 70(2), 41–57 (2006).

	85.	 Steffens, H. W. & Karst, H. Der Einfluß einer Karotinreichen Pflanzlichen Beifütterung auf den Vitamin-A-Gehalt von Regenbo-
genforellenbrut (Salmo gairdneri Rich.). Archiv für Tierernaehrung 22(6), 439–444. https://​doi.​org/​10.​1080/​17450​39720​94242​35 
(1972).

	86.	 Zile, M. H. Vitamin A and embryonic development: An overview. J. Nutr. 128, 455S–458S. https://​doi.​org/​10.​1093/​jn/​128.2.​455S 
(1998).

	87.	 Sargent, J. R. The Structure, Metabolism and Function of Lipids in Marine Organisms. In Biochemical and Biophysical Perspectives 
in Marine Biology (eds Malins, J. C. & Sargent, J. R.) 149–212 (Academic Press, 1976).

	88.	 Roman-Padilla, J., Rodríguez-Rua, A., Claros, M., Hachero-Cruzado, I. & Manchado, M. Genomic characterization and expression 
analysis of four apolipoprotein A-IV paralogs in Senegalese sole (Solea senegalensis Kaup). Comp. Biochem. Physiol. B Biochem. 
Mol. Biol. 191, 84–98. https://​doi.​org/​10.​1016/j.​cbpb.​2015.​09.​010 (2016).

	89.	 Cejas, J. R., Almansa. E., Jérez, S., Bolaños, A., Felipe, B. & Lorenzo, A. Changes in lipid class and fatty acid composition during 
development in white seabream (Diplodus sargus) eggs and larvae. Comp. Biochem. Physiol. B Biochem. Mol. Biol.  139(2), 209–216. 
https://​doi.​org/​10.​1016/j.​cbpc.​2004.​07.​010 (2004).

	90.	 Gimenez, G., Esteves, A., Henderson, R. J. & Bell, J. G.  Dentex. Aquacul. Nutr. 14(4), 300–308. https://​doi.​org/​10.​1111/j.​1365-​2095.​
2007.​00530.x (2008).

	91.	 Abi-ayad, S.-M.E.-A., Boutiba, Z., Melard, C. & Kestemont, P. Dynamics of total body fatty acids during early ontogeny of pikeperch 
(Sander lucioperca) larvae. Fish. Physiol. Biochem. 30, 129–136. https://​doi.​org/​10.​1007/​s10695-​005-​3417-9 (2004).

	92.	 Abi-ayad, S.-M.E.-A., Kestemont, P. & Mélard, C. Dynamics of total lipids and fatty acids during embryogenesis and larval develop-
ment of Eurasian perch (Perca fluviatilis). Fish Physiol. Biochem. 23, 233–243. https://​doi.​org/​10.​1023/A:​10078​91922​182 (2000).

	93.	 Lamb, N. J., Gutteridge, J. M., Baker, C., Evans, T. W. & Quinlan, G. J. Oxidative damage to proteins of bronchoalveolar lavage fluid 
in patients with acute respiratory distress syndrome: Evidence for neutrophil-mediated hydroxylation, nitration, and chlorination. 
Crit. Care Med. 27(9), 1738–1744. https://​doi.​org/​10.​1097/​00003​246-​19990​9000-​00007 (1999).

	94.	 Solé, M., Potrykus, J., Fernández-Díaz, C. & Blasco, J. Variations on stress defences and metallothionein levels in the Senegal sole, 
Solea senegalensis, during early larval stages. Fish. Physiol. Biochem. 30(1), 57–66. https://​doi.​org/​10.​1007/​s10695-​004-​6786-6 
(2004).

	95.	 Surai, P. F. Natural Antioxidants in Avian Nutrition and Reproduction (Nottingham University Press, 2002).
	96.	 Fontagné, S., Lataillade, E., Brèque, J. & Kaushik, S. Lipid peroxidative stress and antioxidant defence status during ontogeny of 

rainbow trout (Oncorhynchus mykiss). Brit. J. Nutr. 100, 102–111. https://​doi.​org/​10.​1017/​S0007​11450​78762​15 (2008).

Acknowledgements
We thank the local and commercial Fish Farm in Zara (Sivas) for providing the eggs and sperm samples.

Author contributions
The single author of the manuscript has done all the required work for preparing this manuscript.

Funding
This research was financially supported by the Research Fund of CUMHURIYET UNIVERSITY (Number: 
EĞT-036) (SIVAS, TURKEY).

Competing interests 
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1016/0044-8486(85)90008-0
https://doi.org/10.1016/0044-8486(85)90008-0
https://doi.org/10.1136/pmj.77.910.489
https://doi.org/10.1080/17450397209424235
https://doi.org/10.1093/jn/128.2.455S
https://doi.org/10.1016/j.cbpb.2015.09.010
https://doi.org/10.1016/j.cbpc.2004.07.010
https://doi.org/10.1111/j.1365-2095.2007.00530.x
https://doi.org/10.1111/j.1365-2095.2007.00530.x
https://doi.org/10.1007/s10695-005-3417-9
https://doi.org/10.1023/A:1007891922182
https://doi.org/10.1097/00003246-199909000-00007
https://doi.org/10.1007/s10695-004-6786-6
https://doi.org/10.1017/S0007114507876215
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effects of feeding and starvation on antioxidant defence, fatty acid composition and lipid peroxidation in reared Oncorhynchus mykiss fry
	Materials and methods
	Fish and experimental set up for the feeding and starving experiment. 
	Analytical methods: determination of enzyme activities. 
	Vitamin, total protein, glutathione (GSH), oxidized glutathione (GSSG) and malondialdehyde (MDA) content of samples. 
	Fatty acid analyses. 
	Data analysis. 
	Ethical statement. 

	Result
	Oxidative stress in Oncorhynchus mykiss fed and starved fry. 
	Changes in SOD, CAT, GSHpx, GR and GST activities in Oncorhynchus mykiss fed and starved fry. 
	Changes in total protein, GSH, GSSG and MDA levels in Oncorhynchus mykiss fed and starved fry. 
	Changes in retinol, vitamin D2, vitamin D3, δ-tocopherol , α-tocopherol, vitamin K1, vitamin K2, cholesterol, stigmasterol and β-sitosterol levels in Oncorhynchus mykiss fed and starved fry. 

	Changes in fatty acid composition of Oncorhynchus mykiss fed and starved fry. 

	Discussion
	In conclusion
	References
	Acknowledgements


