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Abstract The aim of the present study was to evaluate the

ability of fish collagen peptides (FCP) derived from the

skin of great hammerhead shark (Sphyrna mokarran) in

attenuating the high fat diet-alcohol induced hyperlipi-

demia. The oral supplementation of FCP in high fat diet-

alcohol fed experimental rats confirmed the regulation of

body weight to normal level. The FCP treated group

revealed the efficient lipid lowering ability by enhancing

the cholesterol metabolism. Western blot analysis of the

lipid metabolic enzymes revealed that the oral-intake of

FCP has down-regulated the expression levels of fatty acid

synthase and 3-Hydroxy-3-methylglutaryl-CoA reductase

(HMGCR). Simultaneously, the expression levels of

Lecithin–cholesterol acyltransferase (LCAT) in liver was

up-regulated. Histopathology analysis of liver tissues

demonstrated that the FCP treated group maintained nor-

mal liver parenchyma with moderate inflammatory infil-

tration, whereas the statin treated group developed

centrilobular fibrosis, atrophy of hepatocytes and moderate

inflammatory infiltration. Oral dietary supplementation of

FCP enhanced the activity levels of both superoxide

dismutase and catalase enzymes and, lowered the levels of

lipid peroxidation in liver tissues.
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TBARS Thiobarbituric acid reactive substances

TC Total cholesterol

TG Triglyceride

VLDL-C Very low-density lipoprotein- cholesterol

Introduction

Alcohol consumption is considered as the third largest risk

factor for disease burden worldwide, affecting 2.5 million

deaths every year (WHO, 2014). Alcoholic hyperlipidemia

and associated liver diseases cause around 4.5% of total

death and 2% of total DALY (Disability adjusted life

years). Consumption of alcoholic beverages with deep fried

food is one of the most commonly observed social habit

which may lead to fatty acid accumulation in liver by

facilitating the fatty acid esterification to form triglyc-

erides, phospholipids and cholesterol esters (Duly et al.

2015). This diminishes the conversion rate of cholesterol

into bile salts resulting hypercholesterolemia. Hyperc-

holesterolemia enhances the production of reactive oxygen

species (ROS) eventually destructing the hepatic antioxi-

dant defense system, tissue damage and organ dysfunction

(El-Tantawy, 2015). Lipid accumulation is the prominent

cause of alcoholic hepatitis (through the onset of inflam-

mation and necrosis) and liver cirrhosis (characterized by

fibrosis and distortion of normal architecture of liver)

(Bruha et al. 2012). Heat oxidation of unsaturated fatty

acids leads to the generation of hydroperoxides (Plasma-8-

isoprostane) (Nawar, 1998). Dietary intake of PUFA rich

fish oil along with alcohol generates microsomal dienes by

methelene flanking at the regions of unsaturation. This

increases the susceptibility to lipid peroxidation and con-

sequential activation of P450 2E1 that leads to severe liver

injury (Bruha et al. 2012). The hypolipidemic drug (statin)

reduces the cholesterol biosynthesis by inhibiting the

HMGCR in liver (Lim, 2013).

Collagen is the most abundant animal protein, rich in

imino acids and hydrophobic amino acids (Kumar et al.

2017; Dara et al. 2020a). Previous reports by Woo et al.

(2018), suggested that collagen hydrolysates possess anti-

obese and lipid lowering bioactive ability. Bioactive pep-

tides maintained proper liver functioning, up-regulated the

nitric oxide levels by reducing the levels of pro-inflam-

matory cytokines (Koyama and Kusubata, 2013). Marine

collagen peptides were found to be proficient in preventing

the alcoholic liver injury (Lin et al. 2012). Great ham-

merhead shark (S. mokarran) is one of the highly deman-

ded species for their fins, meat and liver oil world wide.

Several studies demonstrated the in vitro bioactive prop-

erties such as antioxidant and anti hypertensive properties

of peptides derived from fish skin (Dara et al.

2020b,2020c). Our previous studies revealed that the

collagen peptides from the skin of great hammerhead shark

possessed excellent radical scavenging potential (Divya

et al. 2018a) which might be suitable as a dietary compo-

nent to neutralize the diet induced oxidative stress and

related complications. No reports are available on the

ability of fish collagen peptides to counteract the effect of

heat oxidized fat and alcohol intake to the best of our

knowledge. Thus, in the present study, an attempt was

made to evaluate the ability of FCP to counteract the

thermally oxidized high fat diet-alcohol induced alteration

in lipid metabolism and oxidative stress induced liver

damage.

Materials and methods

Skin of great hammer head shark was collected from local

fish market (Thopumpady fish harbor, Kochi, Kerala,

India). Atorvastatin was purchased from local medical

store. Proteolytic enzymes (Pepsin from porcine gastric

mucosa, Papain from papaya latex, Protease from Bacillus

licheniformis antibodies used for western blotting and

ELISA kits were purchased from Sigma Aldrich. Transfer

stacks for western blot, BCIP/NBT solution, pre-cast gels

and reagents used for SDS-PAGE analysis were procured

from Thermofisher Scientific. The chemicals used were

analytical grade.

HPLC system (HITACHI L-2130) equipped with fluo-

rescence detector (HITACHI L-2485) and column oven

(HITACHI L-2350) and two Shimadzu LC-10AT VP

pumps, Light microscope (Leica DM 750) equipped with

camera (Leica ICC50 HD), Lyophilizer (Lark), Mini

electrophoretic gel tank (vertical) (Life Technologies),

Power pack (Bio-Rad PowerPac HC), Spectrophotometer

(Shimadzu UV-1601), Western blotting apparatus (iBlot 2

dry blotting system Life Technologies),

Preparation of fish collagen peptides (FCP)

Acid soluble collagen (ASC) was extracted from the skin

of great hammerhead shark (S. mokkaran), according to the

method described by Divya et al. (2018a); Divya et al.

(2018b). The skin was treated with 0.1 N NaOH for 72 h at

4 �C to remove the non-collagenous impurities. The alkali-

treated skins were washed with chilled distilled water to

remove the traces of alkali until the solution attains neutral

pH. The resultant swollen skins were treated with 0.5 M

acetic acid for 72 h at 4 �C with gentle stirring to complete

the extraction process. The solubilized‘ protein content was

salted out by adding 2.8 M NaCl into the solution with

continuous stirring. The precipitated collagen content was

dialyzed against 0.5 M acetic acid for 3 days at 4 �C and

then dialyzed against distilled water for the complete
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removal of salt, acid and other impurities. The samples

were characterized for the yield of extraction and the purity

of ASC extract was analyzed through the determination of

total protein content using microkjeldahl method (AOAC

2000) as well as collagen content was quantified using

Sirius Red dye binding method (Taskiran et al. 1999).

The amino acid composition of ASC was determined

using an amino acid analyser (HPLC system) according to

method described by Ishida et al. (1981). The flow rate was

constant at 0.4 ml/min, the oven temperature was set at 60

�C also the fluorescence excitation and emission wave-

lengths were 340 nm and 450 nm, respectively. The sam-

ples for the analysis of amino acid composition were

prepared by digesting the lyophilized collagen in 6 N HCl

at 110 �C for 24 h under nitrogen.

For the preparation of fish collagen peptides, the ASC

extract was primarily heat denatured by incubating in a

boiling water bath for 30 min prior to the enzymatic

fragmentation. Then it was hydrolyzed by three consecu-

tive enzymes including, pepsin, papain and protease. The

crude hydrolysate after enzymatic digestion was subjected

to fractionation by passing through sephadex G-25 packed

gel filtration column (flow rate 0.5 ml/min). The fractions

were collected and characterized for in-vitro antioxidant

activity (ABTS radical scavenging activity assay) accord-

ing to the method described by Lee et al. (2014). The

peptides fractions with maximum radical scavenging

activity were pooled together and subjected to anion

exchange fractionation by passing through DEAE-Sepha-

dex A-25 resins (flow rate 0.5 ml/min). 0.2 M tris–HCl

buffer (pH 8.3) with linear gradient concentration of NaCl

(0.1–1.0 M) was used as the elution buffer. The fractions

obtained were desalted by passing through sephadex G-25

column. The collected peptide fractions with maximum

free radical scavenging activity were pooled together and

subsequently lyophilized and, stored at - 20 �C, until

further in vivo studies.

Animal experiment

Male Wistar strain albino rats weighing 250–300 g were

selected for the animal experimental study. A total no. of

twenty-four animals were randomly selected and divided

into four groups. All animals were housed individually in

hygiene and standard environmental conditions of tem-

perature 28 ± 2̊ C, humidity 60–70%, 12 h light and 12 h

dark cycle in polypropylene cages. During the experi-

mental period, the animals were fed with a standard diet

(M/s Sai Foods, Bangalore, India; the diet contained car-

bohydrate 56.2%, crude protein 22%, ash 7.5%, total fat

4.2%, crude fibre 3%, glucose 2.5%, vitamin 1.8%, sand

silica 1.4%, calcium 0.8%, phosphorus 0.6%, and provide

metabolizable energy of 3600 kcal.) and water ad libitum.

The rats were acclimatized for one week at room temper-

ature (22–25 �C) with 12 h light/dark cycles, prior to begin

with the experiment. The duration of the experiment was

60 days. The groups were treated as follows.

The optimum dosage regimen used for FCP adminis-

tration was selected based on the previously conducted

acute and sub-acute toxicity studies in our laboratory

(Hema et al. 2016). In the present study, the experimental

rats were orally administered with 600 mg FCP per kg

body weight per day.

Normal control: Animals were fed with standard diet.

Positive control: Animals were fed high fat diet with

daily alcohol consumption (Diet consumption: 15% pre-

heated fish oil (w/w) and 15% butter fat (w/w) ? 2%

alcohol (v/v) along with standard diet) (Sreerekha et al.

2021).

FCP treated: FCP at a dosage of 600 mg per kg body

weight per day along with high fat diet and alcohol (Diet

consumption: 15% pre-heated fish oil (w/w) and 15%

butter fat (w/w) ? 2% alcohol (v/v) along with standard

diet).

Statin treated: Atorvastatin at a concentration of 160

lg per kg body weight per day along with high fat diet and

alcohol.

Body weight gain of experimental animals

The percentage of body weight gain of rats in each group

was calculated from their weight gain during the period of

experiment to the initial body weight.

Body weight %ð Þ ¼ W2�W1

W1
� 100 ð1Þ

where, W1-Initial body weight; W2-Final body weight

after 60 days.

Sample collection

The experimental rats were maintained and performed as

per the guidelines on the regulation of scientific experi-

ments on animals of Committee for the Purpose of Control

and Supervision of Experiments on Animals (CPCSEA),

Govt. of India and approved by the Institutional Animal

Ethics Committee of ICAR-Central Institute of Fisheries

Technology. At the end of the experiment, rats were sac-

rificed by pentabarbitone anaesthesia (i/p administration

(Dose: 0.02 mg/kg body weight); the excised liver tissue

was washed with ice-cold saline solution. A portion of

tissue was stored in 10% buffered formalin solution for

histopathology analysis. The blood samples were collected

in clean and dried tubes through cardiac puncture from

normal and experimental group of rats without using any
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anticoagulant and the serum separated through centrifuga-

tion was used for the analyses of hematological parameters.

Lipid profile analysis of serum and liver tissue

homogenate

The lipid profile includes total cholesterol (TC), triglyc-

erides (TG), High density lipoprotein- cholesterol (HDL-

C), Low density lipoprotein-cholesterol (LDL-C), and Very

low-density lipoprotein- cholesterol (VLDL-C) in serum as

well as cholesterol accumulation in liver tissue were ana-

lyzed. TC content was measured following the ferric

chloride-sulphuric acid method (Zlatkis et al. 1953) with

slight modifications. Liver homogenate for the determina-

tion of cholesterol accumulation was prepared in chloro-

form–methanol mixture (2:1) containing 0.01% butylated

hydroxytoluene (BHT). Standard curve was plotted using

cholesterol standard (R2 0.988 and y = 0.003x ? 0.017).

TG in serum samples were determined by the method

described by Handel and Zilversmit, (1957) with suit-

able modifications. Triolein was used as standard. Serum

levels of HDL-C were determined using phosphotungstate/

Mg2? method with slight modifications. Levels of LDL-C

and VLDL-C in serum were estimated by the following

method as described by Friedwald et al. (1972).

VLDL � C ¼ Triglyceride

K
ð2Þ

where K = 5, Triglyceride/Cholesterol ratio in VLDL-C is

5:1

LDL� C ¼ Total Cholesterol

� HDL � Cþ VLDL� Cð Þ ð3Þ

where, Total Cholesterol = HDL-C ? LDL-C ? VLDL-C

Effect of FCP on HMG CoA reductase activity

Activity levels of HMGCR enzyme in hepatic tissues were

determined by measuring the HMG Co-A /Mevalonate

ratio (Rao and Ramakrishnan 1975). The indirect mea-

surement of HMGCR activity includes, the ratio of absor-

bance of HMG Co-A to the absorbance of mevalonate in

hepatic tissue homogenate. The tissue homogenate was

mixed with equal volume of perchloric acid and cen-

trifuged after 5 min incubation at room temperature. The

supernatant was then treated with freshly prepared

hydroxylamine reagent. Enzyme activity was inhibited by

mixing with alkaline hydroxylamine reagent for control

samples. The mixtures were then allowed to react with

ferric chloride reagent, incubated for 10 min at room

temperature and the absorbance was read at 540 nm against

similarly treated saline-arsenate blank. The HMG Co-A/

Mevalonate ratio is inversely proportional to the enzyme

activity.

Western blotting analysis

The expression levels of FAS and HMGCR in hepatic

tissues and LCAT in serum samples were analyzed by

western blotting analysis. The tissue homogenate and

serum samples were prepared using RIPA buffer before the

gel run. The samples were transferred to nitrocellulose

membrane using an iBlot 2 dry blotting system. Both the

primary and secondary antibodies were diluted as per

suggested by the kit manufacturers using 1X PBS solution.

The membrane was treated with blocking buffer for 10 min

and incubated for 12 h in primary antibodies (anti-FAS

antibody, anti-LCAT antibody and anti-HMGCR antibody

produced in rats) at 4 �C with continuous stirring. The

membrane was washed 3 times using 1X PBS solution and

treated with secondary antibody for 1 h at room tempera-

ture with continuous stirring. After treatment with sec-

ondary antibody (anti-rat IgG-Alkaline phosphatase

antibody produced in goat) the membrane was washed 3

times using PBST solution and incubated in BCIP/NBT

solution for 10 min at room temperature with continuous

stirring. The bands obtained were analyzed and

photographed.

Histopathology analysis of liver tissue

Histological changes occurred on the hepatic tissue during

the induction of hyperlipidemia, and the effect of FCP on

hepatic tissue, liver tissues after hematoxylin and eosin

(H&E) staining were observed using a light microscope.

In-vivo antioxidant assay

The samples were analyzed for the SOD and catalase

enzymes according to the methods described by Mishra

and Fridovich (1972) and Takahara et al. (1960) with slight

modifications. The percentage of inhibition of SOD in

terms of its capacity to prevent the free radical mediated

autoxidation of epinephrine to form adrenochrome. Sam-

ples diluted in 0.1 M carbonate-bicarbonate buffer were

mixed with epinephrine and spectrophotometric measure-

ments of the change in absorbance were read at 480 nm for

180 s (Sun and Zigman 1978). The percentage of inhibition

and the enzyme activity was calculated according to the

equations given below.

Percentage inhibition %ð Þ PI ¼ A� DA
A

� 100 ð4Þ

where, ‘A’ is the absorbance of epinephrine at 480 nm,

‘DA’ is the change in absorbance occurred per minute.
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U per mg of protein ¼ PI

V� C
ð5Þ

where, PI is percentage of inhibition, v is volume of serum/

tissue homogenate (ml) and c is protein concentration in

sample (mg/ml).

The catalase enzyme activity measurement was carried

out from the rate of decomposition of hydrogen peroxide

substrate. The decomposition was measured from the

decrease in absorbance at 240 nm. The enzyme activity

was measured using the equation given below.

Catalase activity ¼ DA � 1000

C�Molar extinction coefficient

ð6Þ

where, ‘DA’ is the change in absorbance at 240 nm per

minute, ‘c’ is protein concentration in tissue or serum (mg/

ml) and molar extinction coefficient of hydrogen peroxide

is 43.6 M-1 cm-1.

The levels of lipid peroxidation of hepatic tissues of

experimental rats were measured using thiobarbituric acid

reactive substances (TBARS) assay method (Buege

et al.1978) with slight modifications. The level of lipid

peroxidation was expressed in terms of concentration of

malonaldehyde (mM). The concentration of malonalde-

hyde formed was calculated using an extinction coefficient

of 1.56 9 102 M-1 cm-1.

Statistical analyses

The experiments were carried out in triplicates indepen-

dently. The mean and standard deviation values were cal-

culated using the statistics programme SPSS (SPSS.16.0

for windows, SPSS Inc., Chicago, IL).

Results and discussion

Characterization of acid soluble collagen

The yield of ASC obtained from the skin of S. mokarran

was found to be 41.0 ± 0.2% (dry weight basis). Previous

investigations from our laboratory recorded a yield of

73.4% of ASC from airbladder of striped cat fish (Divya

et al. 2018b). The total protein and collagen content of

obtained ASC extract was found to be 96.6% and

937.9 ± 1.8 lg of collagen content/mg of ASC extract.

The quantification of total collagen content using Sirius

Red dye binding method can be correlated with the amount

of hydroxyproline in the molecule (Taskiran et al. 1999).

The time of extraction and temperature of extraction used

for the extraction process determines the extent of solubi-

lization of collagen. Moreover, the source of raw material,

method of pre-treatment, and parameters of the extraction

process influence the yield of collagen (Kumar et al. 2017).

The amino acid composition analysis and the chro-

matogram of obtained ASC are depicted in Supplementary

material Table 1 and Fig. 1. The amino acid composition

analysis in the present study is in-accordance with the acid

soluble collagen obtained from the air bladder of P

hypophthalmus (Divya et al. 2018b). The obtained collagen

contains high glycine content which is similar with other

pervious reports (Dara et al. 2020a; Kumar et al. 2017).

Moreover, it was noticed that the obtained ASC contains

22.8% of imino acids content (Proline ? Hydroxyproline),

whereas the amino acids such as tryptophan, cysteine and

methionine were found to be absent. It has been reported

that hydroxy proline determines the functional properties

and plays important role in the stabilization of triple helical

strands due to its hydrogen bonding ability of its hydroxyl

groups. The presence of carboxylic amino acids such as

aspartic acid and glutamic acid determines the hydrophilic

nature of collagen molecule (Dara et al. 2020c). Further,

the obtained ASC has good levels of total essential amino

acids such as histidine, threonine, valine, phenylalanine,

isoleucine, leucine and lysine. The protein molecules with

higher hydrophobic amino acid content were reported to

possess antioxidant activity and anti-hypertensive activity

(Dara et al. 2020b). In the present study, hydrophobic

amino acids such as alanine, valine, phenylalanine, iso-

leucine and proline were present in the extracted ASC. In

the present study, the total essential amino acid and total

hydrophobic amino acid content of ASC obtained from the

skin of great hammerhead shark (S. mokarran) was found

to be 17.4% and 26.5%, respectively. The hydrophobic

amino acid content in bioactive molecules depends on the

molecular size of predominant peptides (Dara et al. 2020c).

Further, the hydrophobic amino acid content is one of the

major factors that influences radical scavenging activity

(Dara et al. 2020b).

The crude fish collagen hydrolysate was found to have

88.5% radical scavenging activity which is equivalent to

19.7 lg/ml BHA. The collagen hydrolysates were sub-

jected to gel filtration and column anion exchange chro-

matography to collect peptide fractions. The purified

peptide fraction found to have maximum free radical

scavenging activity of 94.6%. It has been reported that the

several factors such as type of enzyme, substrate and

peptide composition might influence the ABTS radical

scavenging activity (Dara et al. 2020b). Nevertheless, in

the present study the ABTS radical scavenging activities of

the peptide fraction reflects the similar ability in quenching

ABTS radical. Overall, the amino acid composition anal-

ysis demonstrated that the ASC extracted from the skin of

great hammerhead shark (S. mokarran) was rich in

hydrophobic amino acids and thus it can be considered as a
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remarkable source of bioactive peptides. The peptide

fraction with 94.6% free radical scavenging activity was

selected for further in vivo evaluation.

Effect of FCP on body weight and lipid profile

The results of body weight gain analysis are represented in

Fig. 1. The positive control group animals exhibited sig-

nificantly increased levels of body weight gain as com-

pared to normal control group (P B 0.05). The rate of body

weight gain of positive control group rats was 48% higher

than normal control group rats. The oral supplementation

of FCP considerably reduced 30% body weight compared

to normal control group. Similarly, statin treatment reduced

the weight gain rate to 17%. In addition, FCP supple-

mentation did not make any significant difference in the

levels of food intake among the groups (12.06 g/day/rat)

(P B 0.05). The results indicated that the FCP can be

considered as potent dietary component which have ability

to regulate the levels of diet induced body weight gain into

a normal level without reducing the levels of food intake

(Woo et al. 2018).

The serum samples collected from the experimental rats

were analyzed for their lipid profile including TC, TG,

HDL-C, LDL-C and VLDL-C. The lipid profiling of nor-

mal control rats was found to be, TC (110.7 mg/dl), TG

(64.8 mg/dl), HDL-C (56.5 mg/dl), LDL-C (41.2 mg/dl)

and VLDL-C (13.0 mg/dl), respectively (Fig. 2A). The

administration of high fat diet along with alcohol caused a

significant increase in the concentrations of TC (77.9%),

TG (221%), LDL-C (169%) and VLDL-C (221%) com-

pared to normal control group rats (P B 0.05). High fat diet

leads to change in the dietary cholesterol metabolism by

forming in-vivo reactive oxygen species (ROS) and lipid

peroxides that elevates oxidative stress. This oxidative

stress is a key factor that connects hyperlipidaemia with

atherosclerotic cardiovascular disease (Sreerekha et al.,

2021). The results of the lipid profile analysis in samples of

experimental rats clearly indicated the effective induction

of hyperlipidemia in high fat diet-alcohol fed animals. The

level of HDL-C was significantly diminished by 21.6% in

positive control group rats as compared to normal control

group rats. FCP treatment on high fat rats normalized the

levels of lipid profile TC (135.4 mg/dl), TG (88.8 mg/dl),

LDL-C (26.5 mg/dl), VLDL-C (17.8 mg/dl) and HDL-C

(65.0 mg/dl), respectively (P B 0.05). Statin treatment also

found to normalize the serum lipid profiles. The increased

levels of HDL-C in FCP treated group rats, indicate the

improved cholesterol transportation and enhanced utiliza-

tion in tissues. Certain peptide fragments rich in glycine

and proline viz. anticoagulant tetrapeptide (Pro-Gly-Pro-

Leu) and bioactive tripeptides (Ile-Pro-Pro and Val-Pro-

Pro) along with plant sterol was reported to possess

cholesterol lowering ability as well as down regulate the

levels of LDL-C (Miasoedov et al. 2013). In the present

study, the results of the lipid profile analysis clearly

establish the lipid lowering ability of FCP.

An augmented level of accumulated cholesterol was

observed in the hepatic tissues of positive control group

animals, while FCP treatment significantly reduced the
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levels of cholesterol deposition even after high fat diet

intake (P B 0.05) (Fig. 2B). Hyperlipidemia and related

hepatic lipid accumulation are the major cause of hepatic

steatosis, prolonged condition can lead to dyslipidemia.

Liver plays a major role in maintaining the systemic lipid

homeostasis and thus, hepatic tissue damage impairs the

lipid metabolism (El-Tantawy 2015). Hence this has

become the main strategy of bioactive molecules to

improve the lipid profile by preventing the occurrence of

hepatic dysfunction and associated diseases. Several plant

proteins which are deficient in methionine, rich in arginine

and lysine, were reported to exhibit hypolipidemic prop-

erties (Carroll and Kurowska, 1995). In fact, the amino acid

composition analysis of FCP demonstrated the absence of

sulfur containing amino acids methionine and cysteine. The

amino acid composition of the ASC sample revealed that

the arginine:lysine ratio is 1.13 (Supplementary material

Table 1 and Fig. 1) which is comparably higher than

standard protein casein (0.46) (Ngatchic et al. 2016). The

lipid lowering ability of FCP can also be related to the

presence of bioactive peptides. Even though FCP intake

regulated the cholesterol deposition in hepatic tissue, statin

causes the drastic reduction of circulating LDL-C con-

centration by up-regulating the LDL-C receptor levels in

hepatic tissues. Clinical reports suggest that the possibility

of liver damage by the prolonged statin treatment (Argo

et al. 2008). Overall, compared to positive control group,

the FCP treated group showed the significant hypolipi-

demic effect on lowering serum lipid levels, improving

lipid metabolism and protecting plasma membrane of

hepatocytes. This shows the efficiency and efficacy of fish

collagen bioactive peptides.

Western blotting analysis

HMG-CoA reductase, Fatty acid synthase and LCAT are

the major enzymes involved in lipid metabolism. FAS

signaling pathway regulates fatty acid synthesis and further

leads to triglycerides synthesis. FAS, the cytosolic mul-

tienzyme complex involved in the de novo biosynthesis of

fatty acids from acetyl coenzyme A and malonyl coenzyme

A using NADPH as a coenzyme (Chakravarty et al. 2004).

FAS plays critical role in the secretion of TG to blood

stream (Bao et al. 2016). The expression levels of meta-

bolic enzymes are the key regulatory markers to investigate

the lipid lowering ability of a biomolecule. Cellular level

expressions of these three important lipid metabolic

enzymes were carried out using western blotting analysis.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was

used as positive control. Figure 3A illustrates the enhanced

expression levels of FAS in positive control group rats,

nevertheless, soon after the FCP ingestion the expression

levels of FAS in liver tissue were significantly decreased.

Induction of hyperlipidemia was previously demonstrated

to increase the TG levels in serum. It can be associated

with the enhanced expression levels of FAS in hepatic

tissues of positive control group rats. Previous reports

proposed that the various bioactive peptides or protein

hydrolysates have potential hypotriglyceridemic ability to

down-regulate the expression levels of FAS (Ruiz et al.

2014). The disappearance of FAS band in FCP treated

groups revealed the down regulation or inhibition of lipo-

genic transcription factors of FAS lipogenic gene pathway.

LCAT is a lipoprotein associated enzyme, essential for

the normal maturation of HDL molecules, interconversion

and rearrangements of all lipoprotein classes and, is also

involved in reverse cholesterol transport. It is abundantly

present in circulation as bound with lipoproteins that

catalyses the formation of cholesteryl esters with lipopro-

tein thereby promotes its transportation (Glomset et al.

1966). Figure 3B demonstrates the up-regulated expression

of LCAT levels in the serum samples of FCP treated rats.

Further, the expression levels of LCAT were diminished in

positive control group animals. Expression levels of the

metabolic enzyme in statin treated group animals were

comparable to that of FCP treated group. The reduction of

total cholesterol in FCP treated groups indicates the down

regulating of LCAT by modulating HDL-C maturation and

maintaining reverse cholesterol transport. The enhanced

LCAT expression can be linked with the increased levels of

serum HDL-C as explained previously. FCP is capable to

stimulate the transportation and catabolism of dietary

cholesterol in serum.

HMGCR is the abundantly expressed cholesterol

biosynthetic enzyme that catalyses the rate limiting step in

the pathway (Liang and Vaziri, 2003). It mediates the

reduction of HMG CoA to mevalonate, the precursor

molecule of cholesterol biosynthesis (Siperstein and Guest

1960). Expression levels of the HMGCR enzyme was

displayed in Fig. 3C showing a clear band in lane 2 at the

region of 97 kDa. Expression levels of HMGCR were up-

regulated in high fat diet induced hyperlipidemic rats and it

was normalized by FCP treatment. The enzymatic activity

and expression levels of enzyme correlate with each other

indicating the enzyme inhibitory activity of FCP and,

thereby regulating the cellular cholesterol biosynthesis.

The increased levels of serum cholesterol regulate the

expression levels of HMGCR through feedback inhibition.

Several specific binding proteins are involved in the acti-

vation of transcription factors mediating the biosynthesis of

HMGCR (Ji et al. 2011). In the present study, positive

control group animals exhibited significantly higher

expression and activity levels of HMGCR indicating the

augmented cholesterol biosynthesis, which can be related

to the increased serum lipid profiles. The reduced serum

concentration of TC, TG, LDL-C and VLDL-C in the FCP
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treated animals might have lowered the expression levels

of HMGCR. Indirect assessment of the HMGCR activity

was carried out in liver homogenate by measuring the ratio

of HMG CoA/mevalonate, which is inversely related to the

enzyme activity. Figure 4A demonstrates the activity levels

of HMGCR in liver tissues under experimental conditions.

The induction of hyperlipidemia caused significant

increase in the activity levels of the enzyme HMGCR,

pointing out the up-regulated cholesterol biosynthetic

pathway. Meanwhile, FCP treatment significantly regulated

the enzyme activity in liver tissue (P B 0.05).

Histopathology analysis

Histological changes in hepatic tissues of experimental rats

were demonstrated in Fig. 4B. The liver tissues of normal

control group animals exhibited normal liver parenchyma

along with sparse inflammatory infiltration. The adminis-

tration of high fat diet with alcohol caused the formation of

periportal microvesicular steatosis, which is an earlier

reversible stage of liver cirrhosis. It is histologically

characterized by the accumulation of lipids in hepatic tis-

sues with moderate inflammatory infiltration. Alcohol

consumption along with high fat diet was previously

reported to induce liver damage by the outbreak of gram-

negative bacteria in intestine. It causes an increased per-

meability to lipopolysaccharides which trigger inflamma-

tory responses (Kirpich et al. 2017). It also reduces the

mitochondrial levels of oxidized nicotinamide adenine

dinucleotide (NAD?), thus disturbing the rate of b-oxida-
tion in liver, leads to the formation of hepatic steatosis (Gu

et al. 2015).

FCP ingestion was found to prevent the formation of

steatosis providing a normal liver parenchyma with mod-

erate inflammatory infiltration. Similarly, statin treatment

also declined lipid accumulation and maintained the nor-

mal liver parenchyma. Meantime, it resulted in the occur-

rence of architectural distortion of hepatic tissue forming

centrilobular bridging fibrosis. Atrophy was noticed in

hepatocytes with moderate inflammatory infiltration.

Hepatic atrophy can be characterized by decreased cyto-

plasm to nuclei ratio. Previous studies demonstrated the

capability of marine collagen peptides to reverse the

alcohol induced liver damage in rats (Lin et al. 2012).

In vivo antioxidant activity

Figure 5A, B illustrate the activity levels of the antioxidant

defense enzymes SOD and catalase in serum. Administra-

tion of heat oxidized fat with alcohol significantly reduced

the enzyme activities of both SOD and catalase (P B 0.05).

Oxidative stress occurs as a result of generation of reactive

oxidative species, which exceeds the free radical scav-

enging capability of tissue antioxidant defense system.

Prolonged exposure to increased levels of reactive oxida-

tive species formation is well known to inhibit the func-

tionality of enzymatic and non-enzymatic antioxidant

mechanisms in tissues, which in turn results in metabolic

dysfunction and deterioration of organs. Since the hepatic

system is the prime metabolic site involved in the detoxi-

fication process of toxic metabolites, its prolonged expo-

sure to abundant levels of highly reactive oxygen species

during hyperlipidemic condition may lead to hepatic tissue

injury (Varma et al. 2004). The cell membranes are mainly

composed of lipid conjugates especially polyunsaturated

fatty acids, which are highly susceptible to oxidation. Thus,

the ingestion of oxidized oil and alcohol increases the rate

of membrane lipid peroxidation in liver. SOD enzyme

neutralizes the superoxide free radicals into hydrogen

peroxide, consecutively catalase enzyme mediates the

Fig. 3 Expression levels of

(A) Fatty acid synthase

(B) Lecithin-Cholesterol
Acyltransferase and (C) HMG

Co-A Reductase in serum and

liver tissue homogenates of

experimental rats Lane

1-Normal Control, Lane

2-Positive Control, Lane

3-Protein marker, Lane 4-FCP

treated and Lane 5-Statin treated
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conversion of hydrogen peroxide to water and oxygen (Guo

et al. 2009). Marine collagen peptides were previously

reported to exhibit antioxidant activity to counteract alco-

hol induced oxidative stress in Wistar rats (Lin et al. 2012).

These class of bioactive peptide include metal ion binding

proteins which chelates metal ions and, simultaneously

prevent the formation of free radicals. In the present study,

the oral supplementation of FCP improved the enzyme

activity to normal levels comparable to statin treated group.

The graphical representation of the results obtained from

the TBARS assay was shown in Fig. 5C. The induction of

oxidative stress increased the rate of membrane lipid per-

oxidation in hepatic tissues of experimental rats approxi-

mately 10 times than that of normal control rats. Since a

decline in the rate of lipid peroxidation was observed in

FCP fed groups, it is evident that FCP intake reduced the

level of diet induced oxidative stress in hepatic tissues.

The diagrammatic representation of the possible mech-

anism and action of FCP in attenuating the diet induced

hyperlipidemia and hepatic tissue damage is demonstrated

in Supplementary material Fig. 2. The dietary intake of

thermally oxidized oil along with alcohol induced the

oxidative stress, elevated the expression levels of biosyn-

thetic enzymes FAS and HMGCR also declined the

expression levels of cholesterol transportation enzyme

LCAT. The increased levels of oxidative stress caused

inflammatory infiltration in hepatic tissues, stimulated the

accumulation of fat globules and formation of

microvesicular steatosis and eventually lead to the distor-

tion of hepatic tissue architecture by the formation of

bridging fibrosis. Oral administration of FCP reversed the

action of diet induced oxidative stress by regulating the

expression levels of metabolizing enzymes FAS, HMGCR

and LCAT into normal level. It also found to be capable to

prevent the oxidative stress induced hepatic tissue damage

and maintained the normal liver parenchyma, diminished

the fat accumulation and inflammatory infiltration.
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Fig. 4 A Effect of FCP on the

activity levels of HMGCR in

liver tissues of experimental

rats. *Mean values ± standard

deviation. Values that have

different superscript letters

differ significantly (P\ 0.05)

with each other. B. Microscopic

evaluation of the histopathology

sections of hepatic tissues of

experimental animals at low
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indicates micro vesicular
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shows inflammatory infiltration

and Red arrow point out

bridging fibrosis
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Conclusion

The results of the present study demonstrated that the

dietary supplementation of FCP attenuate the high fat diet

induced hyperlipidemic aberrations in liver. The FCP

consumption regulated the levels of body weight gain and

lipid profile in experimental rats. The cellular expression

levels of lipid metabolic enzymes were regularized towards

near normal. The oral supplementation of FCP also coun-

teracted hyperlipidemia mediated peroxidative deteriora-

tion of lipid milieu through upregulation of hepatic

antioxidant defense status. The utilization of fish skin

originated collagen peptides will be a promising compo-

nent as a nutraceutical to ameliorate oxidative stress and

hepatic dysfunctions in the present-day lifestyle change

associated healthcare problems.
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