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Abstract
Alcohol abuse causes severe metabolic abnormalities inducing hepatic damage and malnutrition. Since higher Fischer ratio proteins have thera-
peutic value in liver diseases, an investigation was undertaken to study the ameliorative effect of the enhanced Fischer ratio flaxseed protein
hydrolysate (EFR-FPH) alone and in combination with antioxidant micronutrients on ethanol-induced hepatotoxicity in a rat model. The EFR-
FPH was prepared by dual enzymatic hydrolysis and charcoal treatment of flaxseed protein. The ratio of the branched-chain:aromatic amino
acids (Fischer ratio) was found to be 7·08. The EFR-FPH, characterised using LC-MS/MS, showed the abundance of free leucine and isoleucine
compared with phenylalanine and tyrosine. The matrix-assisted laser desorption/ionisation-time of flight MS analysis revealed the larger pep-
tides present in EFR-FPH with mass 2·3 kDa. The EFR-FPH improved the nutritional status, liver function and antioxidant defense in the ethanol
hepatotoxicity-induced rat model. The hepatoprotective effect of EFR-FPHwas significantly enhancedwhen combinedwith seleniumor vitamin
E. Ethanol-induced changes in the liver tissue were effectively suppressed in the groups receiving EFR-FPH. Flaxseed-based hepatoprotective
dietary supplement was formulated incorporating an optimum level of EFR-FPH (10 %) based on sensory acceptability and was fortified with
selenium and vitamin E. The hepatoprotective formulation significantly lowered aspartate transaminase, alanine transaminase, alkaline phos-
phatase and bilirubin by 47, 61, 55 and 78 %, respectively, and improved the antioxidant defense in the ethanol hepatotoxicity-induced rat
model. The current investigation suggests that EFR-FPH in synergy with antioxidant micronutrients is potent in ameliorating ethanol-induced
hepatotoxicity and has a potential to form a hepatoprotective dietary supplement.
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Alcohol abuse leads to several metabolic abnormalities inducing
hepatic damage and varying degree of malnutrition. Ethanol
manifests its toxic effect by increasing the oxidative stress in
the liver, causing hepatic impairment(1). It is also known to seri-
ously affect the nutritional status by interferingwith the digestion
and absorption of nutrients(2). Physiological changes commonly
occurring due to hepatic impairment are elevation in the plasma
levels of hepatic enzymes, decrease in albumin synthesis,
decrease in circulating branched-chain amino acids (BCAA) to
aromatic amino acids (AAA) ratio, negative nitrogen balance,
loss of lean tissue mass, malnutrition and increased rate of mor-
bidity and mortality(3). According to the WHO’s global status

report on alcohol and health 2018, alcohol abuse causes 3 mil-
lion death annually worldwide(4).

BCAA such as leucine, isoleucine and valine, have therapeutic
value in liver disease conditions. The BCAA are primarily metab-
olised in the skeletal muscle instead of the liver, thereby providing
rest to the compromised liver, improving liver function andquality
of life(5). Moreover, BCAAmetabolism in themuscle produces glu-
tamate, which in turn acts as a substrate for ammonia detoxifica-
tion to glutamine(6). Thus, BCAA are beneficial in the clinical
condition of hepatic impairment as they can compensate ammo-
nia detoxification for the impaired liver(7). Also, BCAAhave shown
to promote regeneration of hepatocytes and stimulate protein
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synthesis. They also prevent protein breakdown(8). Due to these
diverse physiological and metabolic roles of BCAA, they are rec-
ommended in liver diseases. The AAA such as phenylalanine,
tyrosine and tryptophan are primarily metabolised in the liver,
and in liver disease, they are not effectively metabolised and thus
accumulate worsening the clinical outcome(9).

Proteins with a higher Fischer ratio (ratio of BCAA to AAA) is
recommended for patients with liver diseases(5) for promoting pro-
tein synthesis and regeneration of hepatocytes. Production of high
Fischer ratio peptide mixtures by enzymatic hydrolysis of maize
gluten(10), sunflower protein(11) and flaxseed protein(12) has been
previously reported. The Fischer ratio of 4·7 has been recom-
mended for patients with liver diseases(13). A study on the infusion
of modified amino acid mixture deficit in AAA and enriched with
BCAA resulting in faster recovery of patients with chronic alcoholic
cirrhosis has been previously reported(14). The beneficial effect of
the high Fischer ratio protein in advanced liver disease condition
is studied; however, studies on the prophylactic effect of the same
have not been reported.

Since alcoholism is habit-forming, total alcohol abstinence in
alcohol-dependent patients cannot be achieved easily.
Therefore, there is an increased need for hepatoprotective nutri-
tional supplements to prevent hepatic damage, maintain health
and nutritional status among alcoholics. The scarcity of such sup-
plements paved the way for the current investigation. The objec-
tive of the investigation was to prepare and characterise the
flaxseed protein hydrolysate with enhanced Fischer ratio and
study its hepatoprotective effect in isolation and in combination
with the antioxidant micronutrients (selenium and vitamin E) in
the ethanol hepatotoxicity-induced rat model. The study also aims
to explore the ameliorative effect of the flaxseed-based formu-
lation containing enhanced Fischer ratio protein hydrolysate
and antioxidant micronutrients against ethanol-induced
hepatotoxicity.

Methods

Preparation of the flaxseed protein hydrolysate with
enhanced Fischer ratio by dual enzymatic hydrolysis and
charcoal treatment

Flaxseed protein hydrolysate having enhanced Fischer ratio was
prepared by the method of Udenigew & Aluko(12), with slight
modification in the enzyme to substrate ratio. Flaxseed protein
suspended in water (5 % w/v) was first hydrolysed using thermo-
lysin for 5 h followed by pronase for another 5 h under optimum
temperature and pH conditions. The enzyme:substrate ratio used
for the hydrolysis was 1:1000. The hydrolysed protein was freeze-
dried. The flaxseed protein hydrolysate (FPH) (1%, w/v) was sus-
pended in water and mixed with activated charcoal (2·5%, w/v)
for 10 min to remove the cleaved AAA. The mixture was centri-
fuged at 7000 rpm for 30 min and the supernatant was filtered
throughWhatman No.42 filter paper to remove the traces of char-
coal. Potato starch was added at the level of 10 % w/w of protein
before lyophilisation to prevent water uptake by the hydrolysate
after freeze-drying. The protein hydrolysate obtained was freeze-
dried and termed as enhanced Fischer ratio FPH (EFR-FPH). The
protein content of EFR-FPH estimated by Kjeldahl’s method(15),
was found to be 63·5 (SD 2·1) %.

Amino acid composition and mass spectrometric analysis
of the enhanced Fischer ratio flaxseed protein hydrolysate

Amino acid analysis of the EFR-FPH was performed by acid
hydrolysis under vacuum, followed by pre-column derivatization
using phenylisothiocyanate. The phenyl thiocarbomyl amino
acids were then analysed using a Waters Pico-Tag amino acid
analysis system (Waters) as described by Bidlingmeyer et al.(16).
Tryptophan content of the protein was measured by the acid nin-
hydrin method(17).

For the reverse-phase LC-MS/MS analysis of EFR-FPH, 1 mg/
ml sample was filtered through a 0·2 μm membrane, and an ali-
quot of 100 μl was dried under vacuum. The dried sample was
resuspended in MS grade water (100 μl), and 20 μl of the sample
was loaded on a C18 reverse-phase column (Zorbax eclipse plus;
50 mm × 2·1 mm; Agilent technologies) connected to an Ekspert
ultra LC 100-XL system (Eksigent Technologies). The mobile
phase comprised of water with 0·1 % formic acid (solvent A)
and acetonitrile with 0·1 % formic acid (solvent B). A linear gra-
dient of solvent B was used to elute the analytes as follows:
0–5 min, 5 %; 5–20 min, 5–95 %; 20–25 min, 95 %; 25·1–30 min,
5 %. The flow rate was maintained at 0·2 ml/min. The eluted
analytes were subjected to Triple TOF 5600þmass spectrometer
(Sciex LP) in the positive mode. The method parameters
followed in TOF-MS include ion spray voltage floating of
5500, temperature 400°C, collision energy of 10 eV, and declus-
tering potential of 100. An MS2 (MS/MS) was obtained from the
fragmentation of a precursor ion by information-dependent
acquisition with rolling collision energy, the maximum number
of candidate ions of 8 and >100 m/z having an intensity of
>300 cps. The LC-MS/MS data were analysed using Peak View
software (2.2. version, Sciex). The BCAA and AAA ions were
extracted manually using extracted ion chromatogram option.

For matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) analysis, the EFR-FPH was desalted using C18

ZipTip (Merck Millipore) as per the manufacturer’s protocol.
The desalted sample was evaporated to dryness in a centrifuge
tube. A saturated solution of matrix cyanocinnamic acid was pre-
paredwith 50 %acetonitrile/milli qwaterwith 0·1% trifluoroacetic
acid. The dried sample in the centrifuge tube was resuspended in
milli q water. An equal volume of sample and matrix (1 μL each)
were mixed on a centrifuge tube cap and spotted on a MALDI
plate and analysed using the UltrafleXtreme MALDI instrument
(BrukerDaltonics). Reflectionmodewas used to acquire the spec-
tra using Smart beam laser 2 kHz for ionization. Flex control
(Bruker) software was used to obtain mass spectra. The mass
spectra were analysed using Flex Analysis 3.1 software.

Preparation of the flaxseed-based hepatoprotective
dietary supplement containing enhanced Fischer ratio
flaxseed protein hydrolysate and antioxidant
micronutrients

Flaxseed-based hepatoprotective dietary supplement containing
EFR-FPH, selenium (Se) and vitamin E was formulated. The for-
mulation was composed of roasted flaxseed (74 g), garlic (5·5 g),
red chilies (5·5 g), jaggery (5·5 g), salt (3·3), oil (5·5 g), mustard
seeds and curry leaves (0·6 g). The flaxseedswere roasted to 150°

C and cooled, ground in a blender along with other ingredients
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and seasoned in oil with mustard and curry leaves. The EFR-FPH
was added at three levels: 10, 15 and 20 % in the formulation. The
nine-point hedonic test employing twenty-five semi-trained
panel members was adopted to determine the optimum level
of EFR-FPH substitution in the flaxseed-based formulation.
The test was conducted in English language to determine the
‘degree of liking’ based on the overall acceptability of the formu-
lation. The 10 % substitution of EFR-FPH in the formulation
achieved the highest ‘degree of liking’ and therefore, this level
was maintained for further studies. The formulation was fortified
with Se and vitamin E to provide 40 μg and 50mg of the nutrients,
respectively, per 30 g product (to be consumed per day). The
flaxseed-based formulation containing 10 % EFR-FPH, Se and
vitamin E was evaluated for its sensory attributes by
Quantitative Descriptive Analysis employing 10 trained panel
members. Sensory evaluation of the product indicated good
acceptability in terms of appearance, colour, texture, aroma
and taste. The nutritional composition of the flaxseed-based
hepatoprotective dietary supplement was analysed based on
standard methods of the Association of Official Analytical
Chemists(15). The nutritional composition of the hepatoprotec-
tive supplement indicated the following values per 100 g prod-
uct, protein, 23·97 (SD 0·89) g; carbohydrate, 24·58 (SD 0·69) g; fat,
33·7 (SD 0·23) g; fibre, 3·14 (SD 0·09) g and ash, 6·12 (SD 0·24) g.

Animal experimental design

The animal study was conducted after obtaining approval from
the Institute Animal Ethical Committee of CSIR-CFTRI (IAEC No.
FT/AHF/AI/77). Six-week-old healthy adult male Wistar rats
weighing 140–160 g were procured from the institute’s animal
house facility. The rats were housed in polycarbonate cages
under appropriate temperature (25 ºC (SD 2)) and humidity
(50–70 %). The 12 hours light/dark cycle was maintained.
Thirty adult male Wistar rats were randomly grouped into five
equal groups based on their body weight (BW) as described
by Martin et al.(18) to study the effectiveness of the EFR-FPH
alone and in combination with antioxidant micronutrients in
countering the adverse effects of chronic ethanol administration.
The details of the groups are as follows:

Group I: CON- control group not receiving ethanol
Group II: EtOH- ethanol-treated group
Group III: EtOH þ EFR-FPH- ethanol-treated group receiving

EFR-FPH
Group IV: EtOHþ EFR-FPHþ Se- ethanol-treated group receiv-

ing EFR-FPH and Se
Group V: EtOH þ EFR-FPH þ VITE- ethanol-treated group

receiving EFR-FPH and vitamin E.

All the groups received the AIN-93M diet and had ad libitum
access to feed and water. Ethanol (50 % v/v) at a dose level of
3·5 g/kg BW was orally administered by gavaging for 8 weeks.
The treatment group III received EFR-FPH at a dose of 0·37 g/kg
BW, group IV and group V received additionally Se (4·11 μg/kg
BW), and vitamin E (5·13 mg/kg BW), respectively for 8 weeks
along with ethanol (intervention). The dosage of EFR-FPH, Se
and vitamin E was translated from human dose based on the
formula recommended by FDA(19). The dose of the EFR-FPH

was fixed based on the protein content per serving of com-
mercial nutritional supplements. The Se dose meets the
Recommended Dietary Allowance (RDA) for this mineral. The
vitamin E status of the alcoholics can be depleted due to pro-
longed exposure to ethanol-induced oxidative stress and thus
a daily intake of 60–75 units of vitamin E is recommended(20)

and studied in this investigation. The CON and EtOH groups
received an equal amount of protein as in EFR-FPH in the form
of casein. To ensure proper dosage, EFR-FPH, Se, and vitamin E
were orally administered by gavaging after 6 h of ethanol
administration.

The ameliorative effect of flaxseed based hepatoprotective
dietary supplement containing EFR-FPH, Se and vitamin E
against hepatotoxicity induced by chronic administration of
ethanol in rats was also studied. Eighteen adult male Wistar rats
were randomly grouped into three equal groups, based on the
BW(18) and the details of the groups are, as follows:

Group 1: CON þ PIBF- control group receiving AIN-93M diet
supplemented with purified ingredient-based formulation
(PIBF)

Group II: EtOH þ PIBF- group receiving ethanol and AIN-93M
diet supplemented with PIBF

Group III: EtOH þ FBF- group receiving ethanol and AIN-93M
diet supplemented with flaxseed-based formulation (FBF)
containing EFR-FPH, Se and vitamin E

Purified ingredient-based formulation, providing macronu-
trients and calories equivalent to flaxseed based formulation,
was formulated using maize starch, casein and groundnut oil.
Ethanol was orally administered by gavaging for 8 weeks. The
group received PIBF or FBF for 8 weeks, along with ethanol
(intervention). The ingredients of FBF, such as the EFR-FPH,
Se and vitamin E, were gavaged to ensure the proper dosage
after 6 h of ethanol administration. The advocated quantity of
the flaxseed based hepatoprotective dietary supplement was
30 g per d for a reference man. The dose of FBF, EFR-FPH, Se
and vitamin E translated from human dose based on the formula
recommended by FDA(19) was 2·8 g, 0·31 g, 4·11 μg, 5·13 mg/kg
BW, respectively.

The animalswere acclimatised to oral gavaging of ethanol for a
period of 10 d before the intervention. The confounding factors
such as the order of the treatment and cage location were mini-
mised as per the guidelines(21). The study was blinded during
intervention by coding the treatment and during measurement
and analysis by coding the animals individually. There was no
exclusion of animals during the analysis. The experimental proce-
dures were as per the recommendations of the committee for the
purpose of control and supervision of experiments on animals.

The feed intake was assessed every day. The animals were
weighed at the beginning of the study and every 4 d throughout
the investigation. At the end of the study, the animals were
euthanised by carbon dioxide overdose after overnight fasting.
A cardiac puncture wasmade to drain the blood into heparinised
tubes. The liver was excised and weighed. A portion of the liver
was homogenised in 50 mM phosphate buffer (pH 7·4) and cen-
trifuged at 4°C, 15 000 g for 15 min to collect the supernatant for
further analysis.
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Assessment of biochemical markers in plasma and liver

The activities of hepatic enzymes such as aspartate transaminase
(AST), alanine transaminase (ALT) and alkaline phosphatase
(ALP) were quantified spectrophotometrically in the plasma
using commercially available kits (Agappe Diagnostics Ltd).
Based on the activities of these enzymes, their level in plasma
was calculated and expressed as U/L. Total bilirubin in plasma
was quantified based on the reaction between bilirubin and
diazotised sulphanilic acid and was expressed as μmol/L.
Plasma albumin was measured spectrophotometrically using a
commercially available kit and expressed as g/dl (Agappe diag-
nostics, Ltd). Plasma AST, ALT, ALP, bilirubin and albumin were
considered as the primary outcome measures to test the efficacy
of the intervention.

Lipid peroxides in the plasma and liver homogenate were
determined by quantifying themalondialdehyde (MDA) concen-
tration as per the method described by Ohkawa et al.(22). The
catalase activity was measured based on the method described
by Aebi(23). The activity of glutathione reductase was evaluated
by measuring the oxidation of NADPH(24). The glutathione per-
oxidase (GPx) enzyme activity was measured based on NADPH
oxidation method of Flohe & Gunzler(25). The activity of super-
oxide dismutase (SOD) was measured according to the method
described by Marklund & Marklund(26). The levels of MDA and
activities of antioxidant enzymes were expressed per mg protein
in the liver and per dl in plasma. The protein content of the liver
homogenate was assessed based on the Lowry’s method(27).

Haematological parameters were analysed using an auto-
mated haematology analyser (Sysmex KX-21). Freshly drawn,
unclotted blood was used to analyse various haematological
parameters such as leucocytes, lymphocytes, erythrocytes,hae-
moglobin Hgb, haematocrit value (HCT), mean corpuscular vol-
ume, mean corpuscular Hgb, platelet, platelet distribution width
(PDW), mean platelet volume (MPV), platelet large cell ratio
(P-LCR) and plateletcrit (PCT).

Histopathological evaluation of the hepatic tissue

The liver samples were stored in 10 % formalin until the prepa-
ration of microscope slides of hepatic tissue. Graded ethanol was
used to dehydrate the liver samples. The liver tissue of 5 μm
thickness was sectioned and stained with haematoxylin and
eosin to prepare the tissue slides. The hepatic tissue slides were
observed under a light microscope (Olympus Optical Co. Ltd) to
evaluate the morphological changes in the hepatic tissue.

Statistical analysis

The number of animals to be maintained in each group (sample
size) was calculated by applying the following formula(28): sam-
ple size= 2 SD2 (1·96þ 0·842)2/d2, where SD (7·60) is the standard
deviation and d (12·73) is the effect size (effect size = mean of
control (101·4) – mean of treatment (28·20)/pooled SD (5·75)
obtained from the previous study(29). The mean of plasma AST
values was used to determine the effect size. The desired power
of the experiment was maintained at 80 % as recommended by
Charan et al.(28). Based on the above-mentioned criteria, six rats
were maintained in each group. Results of the parameters

analysed are expressed as mean with a standard deviation of
six rats. To analyse the differences between the groups, one-
way ANOVA test (Tukey’s test with 95 %CI) was employed using
Graph Pad software (Prism 5). The differences were considered
statistically significant at a P-value of <0·05.

Results

Amino acid composition and mass spectrometric analysis
of enhanced Fischer ratio flaxseed protein hydrolysate

The amino acid composition of EFR-FPH is given in Table 1. The
EFR-FPH showed a significant increase in the total amount of
BCAA by 23·6 %. There was a marked decrease in the total
AAA by 72·5%, which was highly significant, compared with
native flaxseed protein. The Fischer ratio of EFR-FPH was found
to be 7·08. The HPLC chromatogram of the amino acid profile of
EFR-FPH indicates a decrease in the concentration of phenylala-
nine and tyrosine, compared with native flaxseed protein. A
decrease in the peak area of AAA in the HPLC chromatogram
indicates their removal and subsequent increase in the Fischer
ratio (Supplementary material).

The EFR-FPH was analysed using reverse-phase LC coupled
to a triple TOF mass spectrometer. The extracted ion chromato-
gram (Fig. 1) shows the relative abundance of free leucine/iso-
leuicne compared with phenylalanine and tyrosine. In the
extracted ion chromatogram, the peaks for the masses 132·10
Da, 166·08 Da and 182·08 Da corresponded to leucine/isoleu-
cine, phenylalanine and tyrosine, respectively. The MS/MS of
m/z 132·10 revealed the presence of m/z 86·09 [(M þ H) –

HCOOH]þ and m/z 69·07 [(M þ H) – HCOOH-NH3]þ ions con-
firming leucine and isoleucine, respectively (Fig. 2).

Table 1. Amino acid composition and Fischer ratio of native flaxseed protein
and enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH)
(Mean values and standard deviations)

Amino acids (g/100 g protein)

Native protein EFR-FPH

Mean SD Mean SD

Aspartic acid 10·53 0·25 9·84 0·20
Glutamic acid 19·88 0·38 20·07 0·46
Serine 4·72 0·03 5·44 0·05
Glycine 5·36 0·22 5·56 0·27
Histidine 1·91 0·06 2·58 0·04
Arginine 14·17 0·12 14·39 0·71
Leucine 5·79 0·21 7·69* 0·03
Isoleucine 4·76 0·15 5·66* 0·04
Valine 5·82 0·21 6·88* 0·16
Phenylalanine 5·23 0·06 1·84* 0·09
Tyrosine 3·02 0·16 0·76* 0·05
Tryptophan 2·12 0·05 0·256* 0·06
Threonine 1·68 0·04 2·21 0·07
Alanine 5·21 0·19 5·42 0·32
Proline 4·20 0·35 4·91 0·46
Methionine 2·08 0·09 2·06 0·04
Cysteine 0·72 0·003 0·54 0·003
Lysine 2·72 0·09 3·88 0·24
Total BCAA 16·37 20·23
Total AAA 10·37 2·856
Fischer ratio 1·58 7·08

AAA, aromatic amino acids; BCAA, branched-chain amino acids.
* Statistical difference highly significant compared with native protein (P< 0·001).
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The LC-MS/MS analysis showed the presence of free
amino acids. However, to determine the upper mass limit
of the peptides, the EFR-FPH was subjected to MALDI-TOF
analysis. The peptide was scanned for the mass above 600
Da. The peptide with the intensity of 2500 au (arbitrary unit)
and above was considered. The MALDI-TOF analysis
revealed the presence of peptide having the maximum
molecular mass of 2338·27 Da (Fig. 3).

Effect of enhanced Fischer ratio flaxseed protein hydrolysate
alone and in combination with antioxidant micronutrients
on growth, plasma markers of hepatic damage and protein
nutritional status of ethanol-treated rats

Chronic ethanol administration resulted in a significant decrease
in feed intake of the rats of the EtOH groupwhen comparedwith
the control group animals (P< 0·05) (Table 2). There was no sig-
nificant difference in the feed intake between EtOH and

Fig. 1. Extracted ion chromatogram of LC–MS/MS analysis of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH). Peak 1 – leucine/isoleusine (mass
divided by charge number (m/z) 132·10 (SD 0·0025) Da), peak 2 – phenylalanine (m/z 166·08 (SD 0·0025) Da), peak 3 – tyrosine (m/z 182·08 (SD 0·0025) Da).

Fig. 2. MS/MS of singly charged analyte at mass divided by charge number (m/z) 132·10 corresponding to leucine/isoleucine fragmentation. (a) Product ion atm/z 86·09
[M þ H – HCOOH]þ corresponding to leucine fragmentation, (b) product ion at m/z 69·07 [M þ H – HCOOH-NH3]þ corresponding to isoleucine fragmentation.
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EtOH þ EFR-FPH, EtOH þ EFR-FPH þ Se and EtOH þ EFR-
FPH þ VITE groups. The rats of the EtOH group gained signifi-
cantly lesser BW than the control group animals. There was a
significant increase in the BW of the rats of EtOH þ EFR-FPH,
EtOH þ EFR-FPH þ Se and EtOH þ EFR-FPH þ VITE groups
compared with the EtOH group. In comparison with the control
group, the EtOH group showed significantly higher relative
hepatic weight. The weight of the liver relative to the BW was
significantly lower in EtOH þ EFR-FPH, EtOH þ EFR-
FPH þ Se and EtOH þ EFR-FPH þ VITE groups (P< 0·05).

The plasma markers of hepatic damage such as AST, ALT,
ALP and bilirubin were significantly increased in the circulation
of the rats of the EtOH group (P< 0·05) (Fig. 4). Treatment of rats
with EFR-FPH significantly prevented the elevation of plasma
levels of AST, ALT, ALP and bilirubin in the EtOH þ EFR-FPH
group by 35, 44, 44 and 66 %, respectively. An increase in the

plasma levels of AST, ALT, ALP and bilirubin was significantly
countered by 54, 50, 58 and 73 %, respectively, in the ethanol-
treated rats receiving EFR-FPH and Se (EtOH þ EFR-FPH þ Se
group). Treatment of rats with EFR-FPH and vitamin E also pre-
vented the elevation of the plasma levels of AST, ALT, ALP and
bilirubin by 51, 55, 59 and 73 %, respectively, which was sta-
tistically significant compared with EtOH group (P< 0·05).
The rats receiving EFR-FPH, in combination with Se or vitamin
E, showed statistically lower levels of plasma markers of hepatic
damage than the rats receiving EFR-FPH alone. There was no
statistical difference in the plasma hepatic damage markers
between EtOH þ EFR-FPH þ Se and EtOH þ EFR-
FPH þ VITE groups.

The rats of the EtOH group showed significantly lower
plasma albumin levels compared with the CON group. There
was a significant increase in the plasma albumin levels of the rats

Fig. 3. MALDI-TOF spectrum of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH). MALDI-TOF, matrix-assisted laser desorption/ionization-time of flight.

Table 2. Effect of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH) alone and in combination with antioxidant micronutrients on feed intake,
body weight gain and relative hepatic weight of ethanol-treated rats
(Mean values and standard deviation, n 6)

CON EtOH EtOH þ EFR-FPH
EtOH þ EFR-
FPH þ SE

EtOH þ EFR-
FPH þ VITE

Mean SD Mean SD Mean SD Mean SD Mean SD

Feed intake per day (g) 22·66a 2·39 13·99b 0·82 15·03b 0·81 15·78b 0·86 14·96b 1·65
Initial body weight (g) 154·13 5·37 158·4 3·50 154·77 7·72 157·4 5·57 155 8·18
Final body weight (g) 284·53 12·70 205·6 4·50 223·11 5·90 224·33 4·35 221·33 11·49
Weight gain (g) 130·4a 8·10 47·2c 5·44 68·33b 2·10 66·93b 2·30 66·33b 5·90
Hepatic weight (g) 5·78 0·39 6·26 0·43 4·96 0·19 4·94 0·21 4·82 0·37
Relative hepatic weight 2·03a 0·05 3·04b 0·15 2·22a 0·03 2·20a 0·05 2·17a 0·07

CON, control; EtOH, ethanol; Se, selenium; VITE, vitamin E.
a,b,c Mean values with different superscript letters are significantly different (P< 0·05).
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of EtOH þ EFR-FPH, EtOH þ EFR-FPH þ Se and EtOH þ EFR-
FPHþVITE groups in comparisonwith the EtOH group. The rats
of EtOHþ EFR-FPHþ Se and ETOHþ EFR-FPHþ VITE showed
significantly better protein nutritional status than the
EtOH þ EFR-FPH group. There was no significant difference
in the plasma albumin levels between EtOH þ EFR-FPH þ Se
and EtOH þ EFR-FPH þ VITE groups.

Effect of flaxseed-based formulation on growth, plasma
markers of hepatic damage and protein nutritional status
of ethanol-treated rats

Feed intake andBWgain among the rats of the EtOHþ PIBF group
were significantly lower than the CON þ PIBF group (P< 0·05)
(Table 3). There was no significant difference in the feed intake
between EtOH þ PIBF and EtOH þ FBF groups. The ethanol-
treated rats receiving flaxseed-based formulation (EtOH þ FBF)
gained significantly higher BW compared with the ethanol-treated
rats receiving purified ingredients based formulation
(EtOH þ PIBF). The rats of the EtOH þ PIBF group showed a sig-
nificant increase in relative hepatic weight compared with the
CON þ PIBF group. The rats of the EtOH þ FBF group showed
a significant restoration in relative hepatic weight.

A significant elevation in plasma total bilirubin and activ-
ities of plasma AST, ALT and ALP was observed in the rats
of EtOH þ PIBF (Fig. 5). The increase in the plasma levels
of AST, ALT, ALP and bilirubin was significantly lowered by
47, 61, 55 and 78 %, respectively, in the rats of EtOH þ FBF
group receiving flaxseed-based formulation containing EFR-
FPH and antioxidant micronutrients. Chronic exposure to

ethanol affected protein nutritional status as indicated by a sig-
nificant decrease in plasma albumin in the rats of the
EtOH þ PIBF group compared with the CON þ PIBF group.
The flaxseed-based formulation containing EFR-FPH and anti-
oxidant micronutrients improved the protein nutritional status
by significantly increasing the plasma albumin levels in the
rats of the EtOH þ FBF group.

Beneficial influence of enhanced Fischer ratio flaxseed
protein hydrolysate alone and in combination with
antioxidant micronutrients on lipid peroxidation and
activities of antioxidant enzymes in the liver and plasma
of ethanol-treated rats

Chronic administration of ethanol resulted in a significant
increase in the lipid peroxidation as indicated by signifi-
cantly higher levels of MDA in the plasma and liver homog-
enate of the EtOH group compared with the control group
(P < 0·05) (Table 4). In comparison with the control group,
the activities of antioxidant enzymes such as catalase,
SOD, glutathione reductase and GPx were markedly lower
in the plasma and liver homogenate of EtOH
group (P < 0·05).

Maximum protection against ethanol-induced lipid perox-
idation was achieved by the group receiving EFR-FPH in com-
bination with vitamin E (EtOH þ EFR-FPH þ VITE), followed
by EtOH þ EFR-FPH þ Se and EtOH þ EFR-FPH groups. In
comparison with the EtOH group, there was a significant
increase in the antioxidant enzyme activities in the plasma
and liver homogenate of EtOH þ EFR-FPH, EtOH þ EFR-
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Fig. 4. Beneficial influence of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH) alone and in combination with antioxidant micronutrients on plasma
markers of hepatic damage and protein nutritional status of ethanol-treated rats: (a) plasma AST, (b) plasma ALT, (c) plasma ALP, (d) plasma bilirubin and (e) plasma
albumin. Values are means, with their standard deviation for six animals in each group. a,b,c,d Different alphabets indicate statistically significant difference (P< 0·05). I.
CON; II. EtOH; III. EtOHþEFR-FPH; IV. EtOHþEFR-FPHþSe; V. EtOHþEFR-FPHþVITE. AST, aspartate transaminase; ALT, alanine transaminase; ALP, alkaline
phosphatase; CON, control; EtOH, ethanol; EFR-FPH, enhanced Fischer ratio flaxseed protein hydrolysate; Se, selenium; VITE, vitamin E.
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FPHþ Se and EtOHþ EFR-FPHþ VITE groups. The activity of
GPx enzyme in the plasma and liver homogenate was signifi-
cantly higher in the group receiving EFR-FPH along with Se
(EtOHþ EFR-FPH þ Se) compared with other ethanol-treated
groups. The group receiving EFR-FPH along with vitamin E
(EtOH þ EFR-FPHþ VITE) showed significantly higher activ-
ity of the enzyme SOD in the plasma and liver homogenate
than other ethanol-treated groups. Treatment of rats with
EFR-FPH in combination with Se or vitamin E was significantly
more potent in mitigating ethanol-induced peroxidation and
changes in the activities of antioxidant enzyme in the plasma
and liver homogenate than the treatment with EFR-FPH alone.

Beneficial influence of flaxseed-based formulation on
lipid peroxidation and activities of antioxidant enzymes in
the liver and plasma of ethanol-treated rats

Chronic exposure to ethanol caused a significant increase in the
levels of MDA in the plasma and liver homogenate of
EtOH þ PIBF group compared with CON þ PIBF group
(P< 0·05) (Table 5). A marked decrease in the activities of cata-
lase, SOD, glutathione reductase and GPx were observed in the
EtOH þ PIBF group. In the plasma and liver homogenate of the
group receiving flaxseed-based formulation containing EFR-
FPH, Se and vitamin E, a significant increase in the activities
of antioxidant enzymes was noted with a concomitant decrease
in the levels of MDA in EtOH þ FBF group.

Effect of enhanced Fischer ratio flaxseed protein
hydrolysate alone and in combination with antioxidant
micronutrients on haematological parameters of ethanol-
treated rats

In the EtOH group, there was a significant reduction in the num-
ber of leucocytes, lymphocytes, erythrocytes and Hg level of the
blood. There was also a significant decrease in HCT value in the
EtOH group compared with the control group (P< 0·05). A sig-
nificant reduction in the platelet count and plateletcrit in the
EtOH group was also observed. The EtOH group also showed
various abnormalities in platelet indices, such as an increase
in PDW, MPV, and P-LCR values (Table 6).

Upon treatment with EFR-FPH alone or in combination with Se
or vitamin E, there was a significant improvement in the blood
parameters. There was a restoration of Hgb concentration in all
the groups receiving EFR-FPH. An increase in the number of leu-
cocytes, erythrocytes and lymphocytes in EtOH þ EFR-FPH,
EtOH þ EFR-FPH þ Se and EtOH þ EFR-FPH þ VITE groups
was also observed. The group receiving Se along with EFR-FPH
(EtOH þ EFR-FPH þ Se) showed maximum restoration of leuco-
cytes and lymphocytes to normal values. A significant increase in
the platelet count was also observed in EtOH þ EFR-FPH,
EtOH þ EFR-FPH þ Se and EtOH þ EFR-FPH þ VITE groups.
Other platelet indices such as MPV, PDW, P-LCR and PCT also sig-
nificantly improved upon treatment with EFR-FPH alone or in com-
bination with Se or vitamin E.

Effect of flaxseed-based formulation on haematological
parameters of ethanol-treated rats

A significant reduction in the leucocytes, lymphocytes, erythro-
cytes and Hgb was observed in the EtOH þ PIBF group
(Table 7), along with a significant decrease in the PCT value
and platelet count. The irregularities in the platelet indices such
as higher values of PDW, MPV and P-LCR were also observed in
the EtOH þ PIBF group. The diet supplemented with flaxseed-
based formulation containing EFR-FPH, Se and vitamin E could
significantly increase the production of leucocytes, lymphpcytes
and erythrocytes along with improvement in the Hgb levels,
which was observed among rats of EtOH þ FBF groups. In
the EtOHþ FBF group, a significant increase in the platelet count
was observed, and the platelet indices such as PDW, MPV and
PCT were restored to normal values.

Effect of enhanced Fischer ratio flaxseed protein
hydrolysate alone and in combination with antioxidant
micronutrients on ethanol-induced histopathological
alterations

Ethanol-induced alterations observed in the liver tissue are
shown in Fig. 6. Chronic exposure to alcohol caused multifocal
necrosis of the coagulative type in the centrilobular region of the
liver tissue in the EtOH group. Infiltration of inflammatory cells
was also observed in the periportal/peribiliary region. The pho-
tomicrographs of liver sections also revealed scar tissue indicat-
ing fibrosis in the liver tissue of the EtOH group. Steatosis, in the
form of macrovesicular fatty infiltration, was also observed in the
periportal and centrilobular regions of the liver. Other signs of
damage observed in the liver tissue of EtOH group were dilation
of the sinusoidal spaces and haemorrhage. The architecture of
the liver tissue of rats receiving EFR-FPH alone or in combination
with antioxidant micronutrients appeared normal with the nor-
mal portal triad.

Effect of flaxseed-based formulation on ethanol-induced
histopathological alterations

Hepatic damage caused due to chronic exposure to alcohol is
evident in the photomicrographs of the EtOH þ PIBF group
(Fig. 7). The signs of damage, such as necrosis and fibrosis, were

Table 3. Effect of flaxseed-based formulation on feed intake, body weight
gain and relative hepatic weight of ethanol-treated rats
(Mean values and standard deviation, n 6)

CON þ PIBF EtOH þ PIBF EtOH þ FBF

Mean SD Mean SD Mean SD

Feed intake per day (g) 21·43a 1·76 14·48b 1·28 14·66b 1·37
Initial body weight (g) 147·66 5·26 150·13 5·30 152·76 5·35
Final body weight (g) 285 5·32 198·8 6·41 248·7 6·42
Weight gain (g) 137·33a 5·03 48·66c 1·52 95·93b 2·46
Hepatic weight (g) 5·77 0·22 6·15 0·07 5·44 0·17
Relative hepatic weight 2·02a 0·05 3·09b 0·09 2·19a 0·08

CON, control; EtOH, ethanol; FBF, flaxseed-based formulation containing enhanced
Fischer ratio flaxseed protein hydrolysate and antioxidant micronutrients; PIBF, puri-
fied ingredient-based formulation.
a,b,c Mean values with different superscript letters are significantly different (P< 0.05).
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observed in the liver tissue of the EtOH þ PIBF group. Foci of
necrosis with infiltration of inflammatory cells were noticed sur-
rounding the peribiliary and perivesicular region. Severe fibrosis
was also observed in the peribiliary and periportal area.
Macrovesicular fatty degeneration was evident in the centrilob-
ular region. There was severe haemorrhage noticed in the sinus-
oidal spaces in between the hepatocytes. These signs of
damages were suppressed in the liver tissue of the
EtOH þ FBF group receiving flaxseed-based formulation con-
taining EFR-FPH and antioxidant micronutrients.

Discussion

The protein hydrolysate from flaxseeds was prepared with
enhanced Fischer ratio (EFR-FPH), and its efficacy in the ameliora-
tion of ethanol-induced hepatic damagewas studied in a rat model.
The protein hydrolysate had a Fischer ratio of 7·08, which was
enhanced by 4·5 folds over the native flaxseed protein. The
extracted ion chromatogram showed the presence of leucine/iso-
leucine, which has the same retention time and mass of m/z
132·10(30). The fragmentation pattern of the analyte at m/z 132·10

Table 4. Beneficial influence of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH) alone and in combination with antioxidant micronutrients on
lipid peroxidation and activities of antioxidant enzymes in the liver and plasma of ethanol-treated rats (Mean values and standard deviation, n 6)

CON EtOH EtOH þ EFR-FPH
EtOH þ EFR-
FPH þ SE

EtOH þ EFR-
FPH þ VITE

Mean SD Mean SD Mean SD Mean SD Mean SD

Liver
MDA nmol/mg protein 0·87a 0·027 2·38e 0·064 1·21d 0·028 1·05c 0·037 0·97b 0·031
CAT activity mmol/min per mg protein 199·91a 5·28 133·83d 9·92 153·33c 4·08 178·96b 8·21 182·63b 4·23
SOD activity units/min per mg protein 8·15a 0·16 4·83e 0·15 6·78d 0·17 7·16c 0·11 7·58b 0·16
GPx activity mmol/min per mg protein 0·510a 0·007 0·360e 0·018 0·419d 0·007 0·484b 0·013 0·443c 0·009
GR activity mmol/min per mg protein 0·080a 0·001 0·065d 0·002 0·071c 0·001 0·075b 0·002 0·076b 0·002

Plasma
MDA nmol/dl 359·73a 16·50 960·72e 39·78 623·76d 16·50 524·75c 16·51 469·74b 25·20
CAT activity mmol/min per dl 4240·69a 155·32 1624·62d 95·56 2771·42c 95·57 3297·01b 143·35 3249·21b 191·13
SOD activity units/min per dl 1754·74a 51·15 1111·11e 31·05 1341·46d 20·32 1397·13c 25·63 1454·16b 20·59
GPx activity mmol/min per dl 447·61a 13·39 234·01e 11·15 318·41d 7·38 387·32b 9·32 348·03c 8·66
GR activity mmol/min per dl 8·74a 0·41 3·88d 0·13 6·14c 0·12 6·81b 0·18 6·76b 0·20

CAT, catalase; CON, control; EtOH, ethanol; GR, glutathione reductase; GPx, glutathione peroxidase; MDA, malondialdehyde; Se, selenium, SOD, superoxide dismutase; VITE,
vitamin E.
a,b,c,d,e Mean values with different superscript letters are statistically different (P< 0.05).
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Fig. 5. Beneficial influence of flaxseed-based formulation on plasmamarkers of hepatic damage and protein nutritional status of ethanol-treated rats: (a) plasmaAST, (b)
plasma ALT, (c) plasma ALP, (d) plasma bilirubin and (e) plasma albumin. Values are means, with their standard deviation for six animals in each group. a,b,c,dDifferent
alphabets indicate statistically significant difference (P< 0·05). I. CON þ PIBF; II. EtOH þ PIBF; III. EtOH þ FBF. AST, aspartate transaminase; ALT, alanine trans-
aminase; ALP, alkaline phosphatase; CON, control; PIBF, purified ingredient based formulation; EtOH, ethanol; FBF, flaxseed based formulation containing enhanced
Fischer ratio flaxseed protein hydrolysate and antioxidant micronutrients.
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Table 5. Beneficial influence of flaxseed-based formulation on lipid peroxidation and activities of antioxidant enzymes in the liver and plasma of ethanol-
treated rats
(Mean values and standard deviation, n 6)

CON þ PIBF EtOH þ PIBF EtOH þ FBF

Mean SD Mean SD Mean SD

Liver
MDA nmol/mg protein 0·89a 0·025 2·62c 0·091 1·22b 0·060
CAT activity mmol/min per mg protein 197·85a 6·74 132·81c 3·91 175·73b 6·68
SOD activity units/min per mg protein 8·06a 0·12 4·87c 0·22 7·53b 0·18
GPx activity mmol/min per mg protein 0·509a 0·008 0·368b 0·019 0·496a 0·012
GR activity mmol/min per mg protein 0·080a 0·0017 0·063c 0·0018 0·075b 0·0026

Plasma
MDA nmol/dl 357·74a 19·57 953·79c 16·50 508·25b 33
CAT activity mmol/min per dl 4162·01a 94·69 1815·74c 95·56 2914·75b 208·28
SOD activity units/min per dl 1686·99a 20·32 1034·69c 21·16 1426·58b 42·80
GPx activity mmol/min per dl 449·9a 16·93 244·73c 11·15 405·27b 8·71
GR activity mmol/min per dl 9·10a 0·27 3·85c 0·14 6·56b 0·13

CAT, catalase; CON, control; EtOH, ethanol FBF, flaxseed-based formulation containing enhanced Fischer ratio flaxseed protein hydrolysate and antioxidant micronutrients; GPx,
glutathione peroxidase; GR, glutathione reductase; MDA, malondialdehyde; PIBF, purified ingredient-based formulation; SOD, superoxide dismutase.
a,b,c Mean values with different superscript letters are statistically different (P< 0.05).

Table 6. Beneficial influence of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH) alone and in combination with antioxidant micronutrients on
ethanol-induced haematological abnormalities (Mean values and standard deviation, n 6)

CON EtOH EtOH þ EFR-FPH
EtOH þ EFR-
FPH þ SE

EtOH þ EFR-
FPH þ VITE

Mean SD Mean SD Mean SD Mean SD Mean SD

Leucocytes (×103/μl) 22·45a 1·92 11·4d 1·1 15·75c 1·95 20·37a,b 1·07 17·76b,c 1·71
LYM (×103/μl) 18·35a 1·67 8·65c 1·03 12·65b 2·05 16·73a 0·93 14·42a,b 1·51
Erythrocytes (×106/μl) 9·20a 0·04 7·66b 0·13 8·76a 0·51 8·90a 0·14 8·98a 0·06
Hgb (g/dl) 16a 0·08 13·21b 0·38 15·1a 0·7 15·2a 0·3 15·61a 0·27
HCT (%) 49·75a 0·45 41·07b 1·10 48·15a 2·25 48·7a 0·8 49·17a 0·31
MCV (fl) 54·05a 0·77 53·47a 0·86 55a 0·6 54·72a 0·02 54·71a 0·01
MCH (pg) 17·4a 0·01 17·24a 0·21 17·2a 0·2 17·07a 0·07 17·38a 0·2
PLT (×103/μl) 1046·75a 41·84 497·83c 44 905b 48 911·5b 28·5 933·37b 14·32
PDW (fl) 9a 0·24 10·35b 0·23 9·15a 0·35 8·95a 0·25 9·09a 0·09
MPV (fl) 7·3a 0·08 7·99b 0·07 7·45a 0·15 7·27a 0·12 7·35a 0·04
P-LCR (%) 7·27a 0·10 11·72d 0·59 9·15c 0·55 7·77a,b 0·62 8·26b,c 0·31
PCT (%) 0·76a 0·04 0·39c 0·03 0·67b 0·02 0·66b 0·01 0·68b 0·01

CON, control; EtOH, ethanol; HCT, haematocrit value; Hgb, haemoglobin; LYM, lymphocytes; MCH, mean corpuscular Hgb; MCV, mean corpuscular volume; MPV, mean platelet
volume; PCT, plateletcrit; PDW, platelet distribution width; P-LCR, platelet large cell ratio; PLT, platelet; Se, selenium; VITE, vitamin E.
a,b,c Mean values with different superscript letters are statistically different (P< 0.05).

Table 7. Beneficial influence of flaxseed-based formulation on ethanol-induced haematological abnormalities
(Mean values and standard deviation, n 6)

CON þ PIBF EtOH þ PIBF EtOH þ FBF

Mean SD Mean SD Mean SD

Leucocytes (×103/μl) 21·96a 3·07 12·65b 1·47 18·63a 2·15
LYM (×103/μl) 17·95a 2·46 9·52b 1·18 14·64a 2·28
Erythrocytes (×106/μl) 9·14a 0·37 7·57b 0·18 8·54a 0·26
Hgb (g/dl) 15·97a 0·16 13·12c 0·08 14·9b 0·17
HCT (%) 49·57a 1·10 40·85c 0·52 46·8b 0·56
MCV (fl) 53·78a 1·67 53·7a 0·80 54·83a 1·40
MCH (pg) 17·31a 0·57 17·32a 0·27 17·46a 0·47
PLT (×103/μl 1028·77a 112·25 492b 53·9 926·66a 144·9
PDW (fl) 8·95a 0·27 10·6b 0·13 8·93a 0·38
MPV (fl) 7·28a 0·10 8·1b 0·05 7·43a 0·21
P-LCR (%) 7·22a 0·32 12·63c 0·15 8·8b 0·8
PCT (%) 0·75a 0·09 0·39b 0·05 0·69a 0·12

CON, control; EtOH, ethanol; FBF, flaxseed-based formulation containing enhanced Fischer ratio flaxseed protein hydrolysate and antioxidant micronutrients; HCT, haematocrit
value; Hgb, haemoglobin; LYM, lymphocytes;MCH,mean corpuscular Hgb;MCV,mean corpuscular volume; MPV,mean platelet volume; PCT, plateletcrit; PDW, platelet distribution
width; PIBF, purified ingredient-based formulation; P-LCR, platelet large cell ratio; PLT, platelet.
a,b,c Mean values with different superscript letters are statistically different (P< 0.05).
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generated ions at m/z 86·09 and 69·07, which correspond to the
presenceof leucine and isoleucine, respectively. The fragmentation
pattern observed in our study is in agreement with the findings of
Zheng et al.(30). Thus, the LC-MS/MS analysis confirmed the pres-
ence of both leucine and isoleucine, which were present relatively
higher than phenyalanine and tyrosine. The BCAA, such as leucine
and isoleuicne, were abundantly present in the free form, whereas
valine might be present as part of the peptides. The abundance of
BCAA in comparisonwith AAAobserved by the LC-MS/MS analysis
is in corroboration with the amino acid composition analysis of
EFR-FPH.

The peptides of higher mass occur as multiply charged spe-
cies, and therefore analysis of larger peptides by LC-MS/MS
becomes difficult. Thus, the MALDI-TOF technique, which gives
the deconvoluted mass of the peptides, was adopted to deter-
mine the upper mass limit of the hydrolysate. The mass spec-
trometry analysis of EFR-FPH showed the molecular weight
distribution ranging from free amino acids to peptides of mass
2338·27 Da. The peptides of EFR-FPH having low molecular
weight can be efficiently transported through various peptide

transporters across the enterocytes. Therefore, the low-molecu-
lar-weight peptides and free amino acid content of EFR-FPH
made it easy to be digested and absorbed following oral intake
and consequently it is suitable for the formulation of supplement
for liver disease patients.

In the current study, the ethanol hepatotoxicity-induced rat
model showed that the malnutrition and hepatic dysfunction
remain at the forefront of the clinical implications of chronic
alcohol abuse. Chronic exposure to ethanol caused a significant
decrease in feed intake and BWgain. The possible reason for the
ethanol-induced decrease in weight gain can be the induction of
microsomal ethanol oxidising system, which breaks down alco-
hol without the production of chemical energy(31). Moreover,
ethanol alters the morphology and function of the mucosa of
the gastrointestinal tract leading to impaired digestion and
absorption of nutrients(2). Among the ethanol-treated rats receiv-
ing EFR-FPH, though there was a decrease in the feed intake,
there was significantly more gain in mean BW than the EtOH
group. Since ethanol has toxic effects on the epithelium, low-
molecular-weight peptides and free amino acids of EFR-FPH

(b) (c) (d)

(f) (g)

(a)

(h) (i) (j)

(e)

Fig. 6. Photomicrographs of the liver tissue showing the ameliorative effect of enhanced Fischer ratio flaxseed protein hydrolysate (EFR-FPH) and antioxidant micro-
nutrients against ethanol-induced histopathological alterations (scale bar= 100 μm): (a) normal hepatocytes of CON group, (b–g) EtOH group showing signs of damage
such as (b) multifocal necrosis in the centrilobular region, (c) fibrosis in the periportal/peribiliary region, (d) periportal/peribiliary infiltration of inflammatory cells, (e) stea-
tosis, (f) sinusoidal haemorrhage, (g) sinusoidal dilation, (h–j) normal portal triad and hepatocytes of the liver tissue of (h) EtOHþ EFR-FPH, (i) EtOHþ EFR-FPHþ Se
and (j) EtOH þ EFR-FPH þ VITE. CON, control; EtOH, ethanol; EFR-FPH, enhanced Fischer ratio flaxseed protein hydrolysate; Se, selenium; VITE, vitamin E.
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can be efficiently absorbed and utilised to improve the nutri-
tional status as observed in the groups receiving EFR-FPH(12).
The diet supplemented with flaxseed-based formulation was
also potent in increasing the BW and protein nutritional status.
An increase in the hepatic weight relative to the BWwas the clas-
sic feature of the ethanol-induced hepatotoxicity, which is asso-
ciated with morphological changes such as hypertrophy of the
liver occurring due to the chronic exposure to alcohol. The
EFR-FPH alone and in combination with Se or vitamin E and
the flaxseed-based formulation were potent in restoring relative
hepatic weight by preventing ethanol-induced morphological
changes.

The liver is the primary site of ethanol metabolism and, there-
fore, is highly susceptible to injury induced by chronic exposure
to alcohol. In case of moderate intake, ethanol is metabolised by
alcohol dehydrogenase system. Due to the chronic ingestion of

ethanol, it is metabolised via cytochrome P450 of microsomal
ethanol oxidising system. The induction of microsomal ethanol
oxidising system generates reactive oxygen species(1). The three
mechanisms proposed to cause ethanol-induced hepatic dam-
age are (1) acetaldehyde toxicity; (2) oxidative stress due to
the accelerated production of reactive oxygen species and (3)
activation of the immune response in the liver(32). Due to the
described mechanisms, ethanol can perturb the structural integ-
rity of hepatocytes causing cellular leakage of enzymes such as
AST, ALP and ALT into the circulation. In the present study, we
observed a significant increase in the activities of AST, ALT and
ALP in the plasma of EtOH and EtOH þ PIBF group rats com-
paredwith others, due to chronic exposure to alcohol in addition
to hepatobilliary dysfunction.

The group receiving EFR-FPH showed significantly lower lev-
els of plasma markers of hepatic damage than the EtOH group.
The hepatoprotective effect of EFR-FPH can be attributed to its
amino acid composition. In chronic alcoholic liver disease con-
ditions, protein metabolism is severely affected as the liver is the
primary site for amino acid metabolism, and there is also a rapid
breakdown of muscle protein for gluconeogenesis, which gen-
erates ammonia(33). Ammonia is metabolised to urea in the liver.
As the liver is under stress due to ethanol metabolism, the over-
production of ammonia exacerbates the hepatic impairment.
The BCAA can be metabolised in the skeletal muscle, and there-
fore are preferred in liver disease conditions. Also, BCAA
metabolism in the muscle produces glutamate, which then acts
as a substrate for ammonia detoxification to glutamine(6). Hence,
BCAA have therapeutic value in liver disease conditions as they
can compensate ammonia detoxification for the impaired liver(7)

and providing sufficient rest to the compromised liver can
improve its function and enhance recovery. The AAA are pri-
marily metabolised in the liver, and they worsen the clinical out-
come in liver disease conditions(9) The EFR-FPH being high in
BCAA and low in AAA has thus shown the potency of improving
the liver function. Our investigation shows how FPH with the
Fischer ratio of 7·08 is potent in improving liver function in
chronic alcoholism in rats.

The hepatoprotective effect of the EFR-FPH was significantly
enhanced when it was combined with Se, or vitamin E. Se is pri-
marily required for the activity of GPx enzyme. The GPx elimi-
nates free radicals such as hydrogen peroxides (H2O2) and lipid
peroxides. Since ethanol-induced hepatic damage is exacer-
bated by oxidative stress, an increase in the activity of GPx
can protect hepatocytes against free radicals. Our result is in
agreement with Ozkol et al.(34) and Adali et al.(35), who reported
the efficacy of Se in reducing plasma markers of hepatic damage
in ethanol-treated rats. Vitamin E, a lipophilic antioxidant also
known as a chain-breaking antioxidant, prevents the progres-
sion of the free radical reaction. Vitamin E primarily protects
the polyunsaturated fatty acid within the membrane by scaveng-
ing peroxyl radicals, thus offering protection to the hepatocytes
against ethanol metabolism-induced oxidative stress. Our find-
ing is in line with Lee et al.(36), who reported the role of vitamin
E in lowering hepatic damage markers in the plasma of rats
exposed to ethanol. The hepatoprotective effect of the flax-
seed-based formulation can be attributed to the cumulative
effect of the flaxseed, EFR-FPH and antioxidant micronutrients.

(a)

(b) (c)

(d) (e)

(f)

Fig. 7. Photomicrographs of liver tissues showing ameliorative effect of flax-
seed-based formulation against ethanol-induced histopathological alterations
(scale bar= 100 μm): (a) normal portal vein and hepatocytes of CON þ PIBF
group, (b–e) EtOH þ PIBF group showing histological alterations such as (b)
foci of necrosis with infiltration of inflammatory cells surrounding the peribiliary
and perivesicular region, (c) severe fibrosis in the peribiliary and periportal
regions, (d) centrilobular region showing macrovesicular fatty degeneration,
(e) severe sinusoidal haemorrhage, (f) EtOHþ FBF showing normal portal triad
and hepatocytes without any abnormalities. CON, control; PIBF, purified ingre-
dient-based formulation; EtOH, ethanol; FBF, flaxseed-based formulation con-
taining enhanced Fischer ratio flaxseed protein hydrolysate and antioxidant
micronutrients.
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The functional ingredients present in flaxseed, such as lignans,
phenolics and n-3 fatty acid, make it a suitable ingredient for
the formulation of the hepatoprotective supplement. The hepa-
toprotective effect of a flaxseed supplemented diet against etha-
nol-induced hepatotoxicity has been previously reported(29).

The current study shows how prolonged exposure to ethanol
accelerates the levels of MDA, indicating the impairment of anti-
oxidant defensemechanisms. This is evident by a decrease in the
activities of catalase, glutathione reductase, SOD, and GPx in the
plasma and liver homogenate of ethanol-treated rats (EtOH and
EtOH þ PIBF). The reduction in the activity of antioxidant
enzymes due to prolonged exposure to alcohol can be attributed
to reactive oxygen species dependent inactivation of enzymes,
depletion of co-substrates required for the enzyme activity,
decrease in NADPH levels, accelerated generation of superoxide
or increase in lipid peroxidation(37). Prathibha et al.(38) reported
similar observation of decreased antioxidant enzyme activities in
a chronic ethanol-induced hepatic fibrosis model.

The EFR-FPHwas potent in preventing lipid peroxidation and
enhanced the activity of antioxidant enzymes in the plasma and
liver homogenate by effectively scavenging the free radicals gen-
erated in ethanol metabolism. Our findings suggest that protein
hydrolysate having a higher Fischer ratio can exhibit antioxidant
properties. Udenigwe et al.(12), showed how low-molecular-
weight FPH having a high Fischer ratio strongly inhibited linoleic
acid oxidation and scavenged superoxide anion and hydroxyl
radical in an in vitromodel. In our study, we confirmed the anti-
oxidant activity of EFR-FPH using an in vivo ethanol-induced
oxidative stress model of Wistar rats.

The EFR-FPH, combined with Se or vitamin E, offered better
protection against lipid peroxidation and ethanol-induced
changes in antioxidant enzyme activities. GPx activity was maxi-
mum in the group receiving EFR-FPH in combination with Se.
Present in the active site of the enzyme, Se is essential for the
activity of GPx. Prolonged exposure to ethanol can increase
the requirement of Se to scavenge H2O2 and peroxides via
GPx activity effectively. Se supplemented group also showed
increased antioxidant enzyme activities due to the mitigation
of free radical-dependent inactivation of antioxidant enzymes
with a significant decrease in the levels of MDA in the plasma
and liver. An increase in the activity of GPx upon Se supplemen-
tation in CCL4-induced hepatic damage in mice has been
reported by Ding et al.(39).

Themaximumprotection against ethanol-induced lipid perox-
idation was achieved by the group receiving EFR-FPH along with
vitamin E. The lipophilic vitamin E functions as a potent antioxi-
dant by transferring phenolic hydrogen to the peroxyl-free radical
of the peroxidised polyunsaturated fatty acid of the membrane,
minimising the lipid peroxidation. This is reflected in terms of low-
ered MDA levels in the plasma and liver of rats of vitamin E sup-
plemented group. In response to a decrease in free radicals and
lipid peroxidation, there was an enhancement in the antioxidant
enzymes activities in the plasma and liver of the vitamin E supple-
mented group. Vitamin E supplemented group showedmaximum
SOD activity in the liver and plasma, which can be due to a
decrease in the production of superoxide anions. As the hepatic
damage progresses, the NADPH oxidase complexes are activated
in the membrane of Kupffer cells, stellate cells and hepatocytes to

produce superoxide anion(40). Vitamin E decreases the production
of superoxide anion by interfering with the assembly of the
NADPH oxidase complex in the membrane, which was demon-
strated by Factor et al.(41). Vitamin E induced increase in SOD
activity in the alcohol model is previously reported by Kaur
et al.(42). The diet supplemented with flaxseed-based formulation
also improved the antioxidant barrier, as evidenced by lower lev-
els of MDA and an increase in antioxidant enzyme activities. The
antioxidant potential of the flaxseed-based formulation is because
of phenolics, lignan and secoisolariciresinol present in flaxseed in
addition to the cumulative effect of EFR-FPH, Se and vitamin E
present in the formulation against oxidative stress induced by
ethanol.

Chronic exposure to ethanol adversely affected various
parameters of blood directly due to its toxic effect on the bone
marrow or indirectly by inducing nutritional deficiencies that
impair the formation and function of blood cells(43). Ethanol
also caused a significant reduction in the platelet count result-
ing in a condition called thrombocytopenia, which can be
attributed to ethanol-induced impairment of the liver, as the
liver produces a protein called thrombopoietin required for
the production of platelets(44). A decrease in the platelet count
is evident from the sinusoidal haemorrhage seen in the liver
tissue of the EtOH and EtOHþ PIBF groups. Due to decreased
production of platelets, the young platelets become bigger,
causing an increase in MPV and P-LCR(45). Ethanol also
resulted in a condition called platelet anisocytosis, as indi-
cated by a significantly higher PDW, which indicates a large
variation in the size of platelets(45).

A significant increase in the Hgb level was observed in the
group receiving EFR-FPH. The EFR-FPH, due to its easy digest-
ibility and absorption, causes improved protein nutritional sta-
tus, which can, in turn, increase Hgb synthesis, as dietary
protein is considered one of the essential regulators of
Hgb synthesis(46). With an improvement in the nutritional status,
there was a concomitant increase in the number of leucocytes,
erythrocytes and lymphocytes in all the groups receiving EFR-
FPH. The group receiving EFR-FPH and Se showed maximum
restoration in the number of leucocytes and lymphocytes.
Yazdi et al.(47) showed how oral supplementation of Se
increased lymphocytes count in BALB/c mice, implicating the
beneficial influence of this mineral on the blood parameters,
as observed in our current study. Treatment with EFR-FPH alone
or in combination with antioxidant nutrients improved platelet
production and other parameters of platelet due to the improve-
ment in the liver function, which results in the hepatic produc-
tion of thrombopoietin. Similar beneficial influence on the
haemtaological parameters was seen due to the cumulative
effect of EFR-FPH, Se and vitamin E in the group receiving flax-
seed-based formulation.

Ethanol causes changes in the liver’s architecture primarily
via triggering the production of inflammatory cytokines and acti-
vating the Kupffer cells(48). These mechanisms accelerate
necrosis, apoptosis and formation of collagen, leading to fibrosis.
The improper oxidation of fatty acid causes fat accumulation in
the liver tissue due to chronic alcohol consumption, as noticed in
the ETOHand EtOHþ PIBF groups. In the groups receiving EFR-
FPH alone or in combination with Se or vitamin E, ethanol-
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induced changes in the architecture of the liverwere suppressed.
BCAA have been reported to prevent Kupffer cell activation.
Since the EFR-FPH has a substantial amount of BCAA, the histo-
pathological alteration due to Kupffer cell activation might have
been suppressed(49). Moreover, treatment with EFR-FPH along
with Se or vitamin E offers protection to mitochondria against
oxidative stress as mitochondrial dysfunction due to prolonged
oxidative stress interferes with the production of energy and lack
of ATP results in cell death and necrosis. The prevention of mito-
chondrial dysfunction by the treatment of EFR-FPH, vitamin E
and Se, in turn, resulted in oxidation of fat effectively, thereby
countering the accumulation of fat in the liver tissue.

The diet supplemented with a flaxseed-based formulation
containing EFR-FPH and antioxidant micronutrients could sup-
press ethanol-induced changes in the hepatic architecture.
The flaxseed contains a substantial amount of n-3 fatty acid,
which suppresses lipogenesis by reducing the sterol receptor
element-binding protein-1c and upregulating fat oxidation, thus
preventing fatty infiltration in the liver(50). Other functional com-
ponents of flaxseed-like phenolics, lignan and secoisolariciresi-
nol prevent oxidative stress-induced lipid peroxidation of the
cell membrane and thus prevent inflammatory responses and
mitigate the progression to necrosis and fibrosis.

The present study highlights the consumption of EFR-FPH
alone or with antioxidant micronutrients in a flaxseed-based for-
mulation as a potential food-based approach in attenuating etha-
nol-induced hepatic damage. This could be the first report on the
hepatoprotective effect of EFR-FPH in an in vivo model. The
study’s important limitation is the traditional, two-dimensional
visualisation and interpretation of the tissue slides instead of ster-
eology, as the latter provides better insights into the architecture
of the liver tissue. In this study, the hepatoprotective effect of
EFR-FPH and the flaxseed-based dietary supplement are tested
at a standard dose of ethanol consumption. The efficacy, how-
ever, needs to be confirmed with higher doses of ethanol.

Conclusion

The findings of this investigation suggest that flaxseed protein
hydrolysate having a Fischer ratio of 7·08 is potent in improving
the nutritional status, liver function and antioxidant defense
mechanism in ethanol hepatoxicity-induced rats. The hepato-
protective effect can be significantly enhanced by combining
protein hydrolysate treatment with Se, or vitamin E. This study
also highlights the potential ameliorative ability of flaxseed-
based hepatoprotective formulation containing enhanced
Fischer ratio protein hydrolysate, Se and vitamin E against etha-
nol-induced hepatoxicity in rats. The beneficial application of
EFR-FPH and flaxseed-based hepatoprotective formulation
among chronic alcoholic human subjects, however, warrants
clinical trials.
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