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ABSTRACT

This study examined the impact of different cooking methods on fatty acid (FAs) composition of shrimp
meat and the ability of these foods to protect against high cholesterol (HC) diet-induced non-alcoholic
fatty liver disease (NAFLD) in rats. Shrimp were cooked for 10 min boiled, grilled, or fried in sunflower
oil. Rats (n = 6/group) were fed a normal diet (ND)or high-cholesterol diet (HC) each containing boiled,
grilled or fried shrimp powder (15% w/w) (NDBS, NDFS, NDGS for ND or HCBS, HCFS, HCDGS for HC diet).
Frying alone significantly reduced total levels of saturated FAs (SFA) and increased total mono- and
polyunsaturated FAs (MSFA, and PUFAs, respectively) in shrimp meat. It also increased levels of n-6
PUFAs and linoleic acid (LA) and decreased levels of n-3 PUFAs including eicosapentaenoic FAs (EPA)
and docosahexaenoic fatty acid (DHA). When fed to HC rats, only diets containing the grilled and boiled
shrimp powders significantly prevented the weight loss, lowered fasting and glucose levels, improved
glucose and insulin tolerance, and prevented the increase in serum liver markers, ALT and AST. They also
reduced hepatic fat accumulation, reduced serum levels and hepatic levels of cholesterol and triglyc-
erides (TGs), reduced hepatic levels of MDA, tumor necrosis factor-alpha (TNF-a), and IL-6, and increased
those of glutathione (GSH) and superoxide dismutase (SOD). No alterations in all these parameters were
observed in HC-fed rats which fed fried shrimp. In conclusion, boiling and grilling but not frying are the
best method to cook shrimp to preserve their fatty acid content and its nutritional value in ameliorating
NAFLD.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

oxidative stress and inflammation, and cholesterol lipotoxicity
(second hit) lead to the progression of the disease non-alcoholic

Non-alcoholic fatty liver disease (NAFLD) is the most dominant
liver disorder worldwide and clinically identified by intrahepatic
accumulation of triglycerides (TGs) (steatosis) with or without
inflammation and fibrosis (steatohepatitis, NASH) (Li et al., 2016;
Polyzos and Mantzoros, 2016; Polyzos et al., 2019). According to
the multiple parallel-hit model environmental (i.e. high-fat diet,
lack of exercise, obesity, etc) and genetic factors (i.e. polymor-
phisms) initiates the first hit (hepatic TGs accumulation) while
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steatohepatitis (Polyzos et al., 2019). However, clinical and exper-
imental studies have shown that NAFLD occurs in obese and non-
obese individuals and can be induced using diets rich in high-fat
(HFD) or high cholesterol (Kim et al., 2014; Hirsch et al., 2016;
Tirosh, 2018).

The interaction between the quality of our diet, liver metabo-
lism, and NAFLD is well established (Kim et al.,, 2010; Parker
et al.,, 2012; Nseir et al., 2014; Mirmiran et al., 2017). Currently,
diets rich in refined carbohydrates, processed meat, cholesterol,
saturated fatty acids (SFAs), sugar-sweetened beverages are associ-
ated with NAFLD (Simopoulos, 2016; Tirosh, 2018; Asgari-Taee
et al., 2019; Polyzos et al., 2019). Also, several studies have con-
firmed that diet rich in omega-6 polyunsaturated fatty acids (n-6
PUFAs) and poor in omega-3 (n-3 PUFA) (high n-6/n-3 ratio)
induces obesity, insulin resistance (IR), NAFLD, and numerous kinds
of cardiovascular disease (CVDs) (Simopoulos, 2008; Pachikian
et al.,, 2008; Spadaro et al., 2008; Shapiro et al., 2011; Blasbalg
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et al,, 2011; Parker et al., 2012; Mirmiran et al., 2012; 2013; Simo-
poulos et al., 2016). Due to the well-established hypolipidemic,
anti-inflammatory, and antioxidant potential, the current dietary
recommendations suggest increasing the intake of n-3 PUFAs such
as: eicosapentaenoic fatty acid (EPA) and docosahexaenoic fatty
acid (DHA) to prevent metabolic, liver, and CVDs disorders
(Scorletti and Byrne, 2013; Simopoulos, 2016; Yang et al., 2019).

The recommended ratio of n-6/n-3 PUFAs in our diet should be,
at least, 1:1- 4 (Simopoulos, 2016). Fish (i.e. salmon and sardines)
and crustaceans (i.e., shrimps) are major consumable resources of
n-3 PUFAs (Scorletti and Byrne, 2013). However, people rarely con-
sume raw seafood and prefer to eat them cooked. Major methods
of seafood cooking include boiling, heating, grilling, and frying.
However, several experimental studies have demonstrated that
method of food processing and preparation (i.e. the time, temper-
ature, and method of cooking) can adversely affect the quality and
the valuable biological health benefits of the seafood diet by alter-
ing the structure and composition of their fatty acid content and
the ratio of n-6/n-3 PUFAs (mainly by oxidation) (Bastias et al.,
2017Garcia-Arias et al., 2003 Gladyshev et al., 2006; Zotos et al.,
2013). Within this context, cooking food by boiling, steaming, gril-
ling, and baking but not frying (i.e. in sunflower or corn oil) are
among the best cooking methods to preserved the source levels
of n-3 PUFAs (Bastias et al., 2017; Bordin et al., 2013; Gladyshev
et al,, 2006; Naseri et al., 2013; Stephen et al., 2010; Zotos et al.,
2013; Choo et al., 2020).

The shrimp represent a major source of seafood diet worldwide.
In the Arabian area, the rate of consumption of shrimp, as a dietary
food or natural additive (in salad and soup), is relatively high. From
a nutritional perspective, the shrimps are characterized by neutral
flavor and low-calorie value due to its high water and protein con-
tent and low SFAs (Dayal et al., 2013). The shrimp can be eaten
usually cooked, grilled, or fried with or without the shell (Dayal
et al., 2013). Shrimps are also rich in n-3PUFAs, minerals, vitamins,
and antioxidants (Venugopal, 2009; Dayal et al., 2013). However,
global awareness is increased concerning the consumption of
shrimp due to their high cholesterol content (Dayal et al., 2013).
Nonetheless, the anti-obesity, hypolipidemic, and antioxidant
effects of different shrimp extracts have been reported in several
experimental and animal studies. Indeed, extract from pink
shrimps reduced weight gain and serum levels of TGs and choles-
terol, and improved glucose homeostasis in HFD-fed mice
(Mezzomo et al., 2015). In the same line, dietary intake of shrimps
lowered serum and hepatic TGs and cholesterol, as well as LDL-c in
normal subjects and animals fed high cholesterol diet (De Oliveira
e Silva, 1996; Hossain et al.,, 2007). Furthermore, shrimp oil
extracted from the processing wastes (head and tails) improved
insulin homeostasis and prevented the development of IR in
HFD-rats (Nair et al., 2017).

If Fatty acids (FAs) composition of shrimp is affected by different
cooking methods still not investigated yet. Besides, the protective
effect of processed (cooked) shrimp on NAFLD in rats was never
investigated before. Therefore, this study was designed to achieve
two aims. First, to examine the effect of different cooking methods
(i.e. boiling, grilling, and frying in sun flower oil) on the content of
FAs composition (SFAs, MUFAs, and PUFAs) in shrimp meat. Sec-
ondly, to study the metabolic protective effect of all these prepara-
tions of shrimp diets in high cholesterol diet-induced NAFLD.

2. Materials and methods
2.1. Shrimp processing cooking yield, and powder preparation

Penaeus semislcats is the most common shrimp strain available
to the red sea and the most commonly consumed type in Saudi
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Arabia. These shrimps (20 kg) were provided freshly from a certi-
fied supplier from the wet market of Riyadh, KSA, and was used
directly. After fishing and purchase, all shrimp samples were
always kept in an icebox filled with ice packs. The average length
of shrimp was 8 cm. The legs, shells, and the tails were carefully
removed. The resulted meat was processed in the following ways:
1) Grilled shrimp: 500 g of shrimp and grilled on a gas-operated
oven (covered with foil) for 10 min (5 min of each side) at 180°C.
2) Fried shrimp: was done using the conventional frying method.
In this regard, 500 g of the shrimp meats were added to 1 L of com-
mercially available boiled sunflower oil for 10 min in 2 L stainless
steel cooking pan. After frying, the cocked shrimps were soaked by
special cooking filter papers. 3) Boiled shrimp: 500 g of shrimp
meat was boiled in 1 L boiling water for 10 min in 4 L stainless steel
pan. Two kg of shrimp were used for each processing method
(500 g/process) (Czech et al., 2015; Choo et al., 2020).

2.2. Preparation of shrimp powder

Shrimps from each group were pooled together, dried at 50° C
for 72 h, cooled, and then crushed manually to prepare the pow-
ders. These powders were stored in the fridge until further use
(Czech et al., 2015).

2.3. Lipid extraction

Extraction of lipids from shrimp (Bligh and Dyer, 1959). In brief,
50 g of shrimp meat was homogenized in methanol/chloroform
reagent (2:1, v/v) (60/30 ml) for 2 min followed by the addition
of another 30 ml of chloroform. The mixture was allowed to sepa-
rate and the lower phase containing the lipids were separated and
underwent rotatory evaporation. The extracted lipids were pre-
served in the fridge and used directly for FAs analysis. A similar
procedure was done for liver samples obtained from treated rats
but the lipids were reconstituted in 500 ul isopropanol and stored
at —80°C until lipid profile analysis (Bligh and Dyer, 1959).

2.4. Determination of fatty acid composition

Initially, the fatty acid methyl esters (FAME) were prepared
using by transesterification of extracted oils with methanol
(MeOH) as previously shown by (Choo et al, 2020). In brief,
50 mg of the extracted fats from all treatments were soaked in
5 ml of 0.5 M NaOH (in MeOH solution) in a plastic centrifuge tube
and boiled for 5 min. The mixture was then cooled and 4 ml of 12%
Boron trifluoride diethyl etherate (BF3) (in MeOH) was added to
every tube. The tube was then boiled again for 25 min followed
by the addition of 2 ml of isocantane to allow separation. For FMAE
analysis, a capillary gas chromatography (Model number 7890A,
Agilent Technologies, CA, USA) equipped with a 5975C inert MSD
mass detector was used. A special column for separation of FAME
(Model Number Supelco SPTM 2560; 0.2 pm film thickness,
0.25 mm inner diameter, 100 m length) (Germany) was used.
The ready solutions for injection were prepared in dichloro-
methane (CH,Cl,). Analysis conditions were 1 pl injection volume,
140°C to 240°C (initial to final temperature), and heating 4°C/min).
All FAs were identified by comparing their retention time with
using a standard mixture of 37 FAS FAME mix 47 885-U, Supelco,
Germany). Levels of total Fatty acid, SFAs, PUFAs, MUFAs, DHA,
and PEA were quantified and presented as mg/100 g or as % of total
fat based on the peak area of that FAs in relation to all eluted FAs in
the sample or using the calibration curve of the standard mixture.
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2.5. Diet preparation

The preparation of the high-cholesterol (HC) diet was adopted
from the study of Harb et al. (2019). In brief, cholesterol powder,
cholic acid, sheep fat, and corn oil (2%, 1%, 20%, and 2%, respec-
tively) were crushed with the normal diet (AIN-39 M) (Dyets, Beth-
lehem, PA) and reconstituted in distilled water. Then the resulted
mixture was allowed to dry at 30°C. This diet was prepared every
week. Besides, the diet of shrimp-treated groups was prepared in
the same manner by mixing the desired ratios of the shrimp pow-
ders with the designated diet.

2.6. Animal experiments

Forty-eight adult healthy male Wistar albino rats (age
6 week/120 + 10 g) were provided from the animal facility unit
at King Saud University, Riyadh, KSA. The housing condition were
humidity of 50-55%, temperature of 22°C, and 12/12 h dark/light.
The experimental protocol was approved by the official Review
Board at Princess Nourah University, Riyadh, KSA (IRB Number
19-0015). The animals were randomly divided into 8 groups as
1) control rats: fed normal diet (ND), 2) NDBS-fed rats: control rats
which received ND containing 15% boiled shrimp powder, 3) NDFS:
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control rats which were fed ND containing 15% fried shrimp pow-
der, 4) NDGS: control rats that received ND containing 15% grilled
shrimp, 5) HC-fed rats: fed HC diet, 6) HCBS: fed HC diet containing
15% boiled shrimp, 7) HCBS: fed HC diet 15% fried shrimp, and 8)
HCGS: fed HC diet containing 15% grilled shrimp. All treatments
were given to rats for 8 weeks. This period was shown in our pre-
liminary data to induce IR and NAFLD in this rat’s strain under
these experimental conditions. Changes in food intake and body
weights were recorded weekly.

2.7. Glucose and insulin tolerance

By the end of week 8, oral glucose tolerance test (OGTT) or
intraperitoneal insulin tolerant test (IIPTT) were conducted as
described by Wong et al. (2015) using single administration of oral
glucose solution (2 g/kg) and i.p. administration of insulin (0.75
units/kg) conducting on two different days on 12-h fasted rats. In
both tests, blood samples (350 pul) were collected form the tail at
different time intervals (0.0, 15, 30, 60, and 120 min) in EDTA con-
taining tubes to collect plasma (1000 x g for 5 min). Plasma sam-
ples were stored at —20°C and used to later to measure glucose and
insulin levels using an assay and ELISA kits for rats (Cat. No. 81,693
and Cat. No. 90010, respectively, Crystal Chem, IL, USA). Plasma

Table 1
Average analysis of total fatty acid content (mg/100 g) of shrimp meat with all various cooking methods.
Processing >~ SFAs >~ MUFAs >~ PUFAs PUFA/SFA
(%)
Raw 234+ 143 112+94 354 +225 1.52 £ 0.44
Boiled 226+ 11.5 104 +12.6 338 £27.6 1.49 £ 0.36
% of raw 96.3 + 8.6 92.6 +6.7 95.1£82 984 +43
Fried 113 £ 15.7% 134 + 8.9% 487 £ 33.2% 433 £0.93%
% of raw 482 + 4.4%° 119.3 + 9.3% 138.7 + 11.5% 284.7 + 12.2%°
Grilled 202 £ 12.4% 100 + 11.3%¢ 331 £+ 18.9° 1.58 + 0.63¢
% of raw 86. 6 + 8.4%°¢ 89.2 + 7.2%¢ 90.3 £ 6.9° 103.5 + 9.3¢

Data are presented as mean * SD. Values were analyzed by 1-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared to raw
shrimp meat. (b): significantly different as compared to shrimped cooked by boiling. (¢): significantly different as compared to shrimp meat cooked by frying. SFAs: Saturated

fatty acids. MUFAs: monounsaturated fatty acids. PUFAs: polyunsaturated fatty acids.

Table 2

Average analysis of omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty acids total fatty acid (PUFAs) content (mg/100 g) of shrimp meat with all various cooking methods.

Processing >"n-3 PUFAs > n-6 PUFAs n-6/n-3 PUFAs(%)
Non 224 +13.7 112+ 143 0.51 + 0.07
Boiled 216 + 14.6 106.2 £9.3 0.49 + 0.05

% of raw 96.3 + 6.7 94.6 + 7.8 96.4 + 8.1
Fried 134 + 8.6%° 2124 + 8.7 1.59 + 0.32%

% of raw 59.6 + 7.4%° 189.5 + 13.3%® 311.3 +16.7%®
Grilled 196 + 8.6% 104.4 + 7.9° 0.53 * 0.05°

% of raw 87.6 + 4.9 92.8 + 6.9 99.5 + 7.4°

Data are presented as mean * SD. Values were analyzed by 1-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared to raw
shrimp meat. (b): significantly different as compared to shrimped cooked by boiling. (¢): significantly different as compared to shrimp meat cooked by frying.

Table 3
Average analysis of Linoleic acid, docosahexaenoic fatty acid (DHA) and eicosapentaenoic fatty acid (EPA) content (mg/100 g) of shrimp meat with all various cooking methods.
processing Linoleic acid (18:2) DHA EPA
(22:6) (20:5)
Non 189 +3.6 85674 132 121
Boiled 178 £43 87.3+8.1 127.7+7.9
% of raw 93.7+54 102.3 £ 64 96.1+78
Fried 57.8 + 6.7% 45.6 £ 6.4% 88.5 + 7.3%
% of raw 306 + 13.2%° 54.3 + 5.6%° 66.7 + 6.9%°
Grilled 16.9 + 3.2¢ 87.6 £ 7.4° 124.4 + 13.4°
% of raw 894 +6.1° 102.3 + 4.8° 94.5 + 6.9

Data are presented as mean * SD. Values were analyzed by 1-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared to raw
shrimp meat. (b): significantly different as compared to shrimped cooked by boiling. (c): significantly different as compared to shrimp meat cooked by frying.
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insulin and glucose levels measured at the 0.0 min were consid- for lipid extraction and the biochemical analysis (as shown above).
ered fasting levels. For the biochemical evaluation, total liver homogenates were pre-
pared by homogenizing the tissue in ice-cold phosphate buffer sal-
ine (PBS) (pH 7.4) and isolating the supernatant (centrifugation
1200 x g, 4°C, 10 min). Other parts were directly fixed in 10% buf-
Then, the rats were anesthetized (55 mg/kg sodium pentobarbi- fered formalin and forwarded for the histology lab for the routine

tal) (Mohamed et al., 2020). Once anesthesia was confirmed, blood ~ hematoxylin and eosin staining.

samples (1 ml) were collected by cardiac puncture and centrifuged

at 1000 x g to collect serum. This serum was stored at —20°C until 2.9. Biochemical determination in the serum and liver

further biochemical analysis. Then, all rats were killed by cervical

dislocation and livers samples were directly collected on ice. All Serum and hepatic levels of total cholesterol and HDL-C were
liver samples were snap-frozen and stored at —80°C and used later measured by an assay fluorometric kit (Cat. No. STA-384, Cellbio-

2.8. Serum and tissue collection and processing
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Fig. 1. Changes in final body weights among all experimental groups of rats (n = 6/group). Data are presented as mean + SD. Values were analysed by 2-way ANOVA and
considered significantly different at p < 0.05. (a): significantly different as compared to normal diet-fed rats (ND). (b): significantly different as compared to high-cholesterol
(HC) fed rats (HCD), (c): significantly different as compared to HC diet containing boiled shrimp meat (HCBS). (d): significantly different as compared to HC diet containing
fried shrimp meat (HCFS) HCGS: HC diet containing grilled shrimp meat. NDBS, NDFS, and NDGS correspond to rats fed a normal diet containing boiled, fried, or grilled shrimp
meat powder, respectively. For both ND and HC diets, shrimp was mixed at 15% w/w.
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Fig. 2. Changes in glucose levels after the oral glucose tolerance test (OGTT) (A&B) and in glucose and insulin levels after the intraperitoneal insulin tolerance test (IPITT) (C-F)
in all experimental groups of rats (n = 6/group). Data are presented as mean + SD. Values were analyzed by 2-way ANOVA and considered significantly different at p < 0.05.
(a): significantly different as compared to normal diet-fed rats (ND). (b): significantly different as compared to high-cholesterol (HC) fed rats (HCD), (¢): significantly different
as compared to HC diet containing boiled shrimp meat (HCBS). (d): significantly different as compared to HC diet containing fried shrimp meat (HCFS) HCGS: HC diet
containing grilled shrimp meat. NDBS, NDFS, and NDGS correspond to rats fed a normal diet containing boiled, fried, or grilled shrimp meat powder, respectively. For both ND
and HC diets, shrimp was mixed at 15% w/w.
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labs, CA, USA). Hepatic and serum levels of TGs were measured by
an enzymatically colorimetric assay kit (Cat. NO. STA-396, Cellbio-
labs, CA, USA). Hepatic and serum concentrations of LDL-C were
measured using an enzymatic assay kit (Cat. No. 80069, Crystal
Chem, CA, USA). Serum levels of Alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were determined using
MyBioSource assay kits, (Cat. No. MBS2540581 and Cat. No.
MBS2540582, respectively). Hepatic levels of malondialdehyde
(MDA) and glutathione (GSH) were measured using a rat’s ELISA
kit (Cat. No. MBS738685 and Cat No. MBS265966, MyBioSource,
CA, USA). The activity of GPx was measured using rat’s specific
double antibody sandwich ELISA kit (Cat. No. MBS774703, Cat.
No. MBS738685, MyBioSource, CA, USA). The hepatic activity of
SOD was measured in all homogenates using a rat’s specific com-
petitive ELISA kit (Cat. No: MBS036924, MyBioSource, CA, USA).
Hepatic levels of CAT were calculated using a rat’s ELISA kit (Cat.
No. MBS9712526, MyBioSource, CA, USA). All procedures were
done per the manufacture’s instruction. Hepatic levels of tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) were
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measured using rats’ ELISA kit (Cat. No. MBS2507393, Cat. No.
MBS175908, MyBioSource, CA, USA).

2.10. Liver histology

Initially, all liver samples were fixed in 10% buffered formalin
solution for 18 h. Next day, the liver was dehydrated in ethyl alco-
hol (ascending concentrations70-100%), cleared in xylene, embed-
ded in paraffin wax, cut in a microtome (5 pm), and then stained
with hematoxylin and eosin (HE) (Ankle and Joshi, 2011). All pho-
tographs were collected under a light microscope and pho-
tographed by an independent pathologist who was unaware of
the experimental groups.

2.11. Statistical analysis

All data were analyzed using GraphPad Prism (Version 8,
Australia). The analysis was performed using 1 way and 2-way
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Fig. 3. Fasting levels of glucose and insulin, as well as ration of calculated homeostatic Model Assessment of Insulin Resistance (glucose X insulin/405) in both rats fed-
standard diet (A-C) or high-cholesterol diet (HC) (D-F) containing processed shrimps powder. Changes in glucose levels after the oral glucose tolerance test (OGTT) (A&B) and
in glucose and insulin levels after the intraperitoneal insulin tolerance test (IPITT) (C-F) in all experimental groups of rats (n = 6/group). Data are presented as mean = SD.
Values were analyzed by 2-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared to normal diet-fed rats (ND). (b):
significantly different as compared to high-cholesterol (HC) fed rats (HCD), (c): significantly different as compared to HC diet containing boiled shrimp meat (HCBS). (d):
significantly different as compared to HC diet containing fried shrimp meat (HCFS) HCGS: HC diet containing grilled shrimp meat. NDBS, NDFS, and NDGS correspond to rats
fed a normal diet containing boiled, fried, or grilled shrimp meat powder, respectively. For both ND and HC diets, shrimp was mixed at 15% w/w.



N.A. AlFaris et al.

ANOVA followed by Tukey’s t-test. Data were considered signifi-
cantly different at P < 0.05.

3. Results
3.1. Levels of FAs in the raw shrimp

Analysis of total FAs revealed that PUFA is the most dominant
FA in raw shrimp meat (354 + 22.5 mg/100 g), followed by SFA

Fig. 4. Photomicrographs from livers obtained from rats fed a normal diet (ND) (A),
normal diet containing boiled shrimp powder (NDBS) (B), normal diet containing
fried shrimp powder (NDFS), and a normal diet containing grilled shrimp powder
(NDGS). Photos from ND, NDBS, and NDGS showed normal liver architectures with
intact normal size central vein (CV) and sinusoids (short arrow) with normally sized
rounded euchromatic nuclei hepatocytes (long arrow) radiating from the CV. In C
(NDFS-fed rats), the liver showed slight damage in the CV (Curved arrow) with
slightly dilated sinusoids (short arrow) and intact hepatocytes. 200X.

Fig. 5. Photomicrographs from liver obtained from rats fed high-cholesterol (HC)
diet (HCD) (A), HC containing boiled shrimp powder (HCBS) (B), HC diet containing
fried shrimp powder (HCFS), and HC diet containing grilled shrimp powder (HCGS).
Livers obtained from rats fed HC diet showed accumulation of fat granules of small,
medium, and large sizes (long arrow) with an abundancy of welled hepatocytes
(short arrow). The liver from rats fed HCFS diet showed little improvement with the
abundancy of fat droplets (Long size) of all sizes and swelled hepatocytes (short
arrow). Also, they showed abnormally dilated sinusoids. The liver of rats fed either
HCBS or HCGS showed almost normal architecture like the rats fed a normal diet.
Fat droplets in both groups barely seen. 200X.
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(234 + 14.3 mg/100 g) and MUFAs (112 £ 9.4 mg/ 100 g). (Table 1).
The ratio of total PUFAs/SFA was 1.52 + 0.44% (Table 1). Also, and as
measured per 100 g dry weight, the raw shrimp meat contained
224 + 13.7 mg total n-3 PUFAs in (85.6 + 7.4 mg DHA &
132 + 12.1 mg EPA) and contained 112 * 14.3 mg n-6 PUFA in
which 18.9 + 3.60 mg are LA (Table 2 and Table 3). This resulted
in a ratio of n6/n-3 PUFAs ratio of 0.51 £ 0.07% (Table 3).

3.2. Alteration in FAs composition with different cooking methods

Levels of total SFAs, MUFAs, PUFAs, n-6 PUFAs, n-3 PUFAs, DHA,
EPA, and LA, as well as the ratios of PUFAs/SFAs and n-6/n-3 PUFAs,
were not significantly different between the raw shrimp meat and
boiled shrimp meat (Tables 1-3). However, grilling only and signif-
icantly reduced total levels of SFA (14%), MUFAs (11%), n-3 PUFAs
(13%), and LA (11%) but didn’t affect levels of total PUFAs, n-6
PUFAs, DHA, EPA in the processed shrimp meat as compared to
raw shrimp meat (Tables 1-3). Despite these alterations, normal
ratios of total PUFAs/SFAs and n-6/n-3 PUFAs, like that of the raw
shrimp meat, were seen in the grilled shrimp meat (Table1 and
Table 2). On the other hand, frying in sunflower oil significantly
reduced SFAs (52%) and increased total MUFAs (19%), total PUFAs
(37.5%), and the ratio of total SFAs/PUFAs (2.8 folds) as compared
to raw shrimp meat (Table 1). Besides frying decreased the levels
of n-3 PUFA (41%), DHA (44%), and the levels of EPA (35%) and
increased the levels of n-6 PUFAs (90%) and LA (3 folds) in cooked
shrimps as compared to raw shrimp (Table 2 and Table 3). The cal-
culated ratio of n-6 /n-3 PUFAs in fried shrimp was increased by 3.1
when compared to the corresponding ratio in the raw shrimp meat
(Table 2).

3.3. Effect of shrimp frying, grilling, and boiling on rats’ bodyweight

No significant alterations in final body weights were observed
in rats fed NDBS, NDFS, and NDGS as compared to rats fed ND after
8 weeks feeding (Fig. 1A). However, the administration of the HC
diet for 8 weeks to rats significantly increased rats’ body weights
as compared to rats fed ND (Fig. 1B). On the other hand, while HCFS
diet didn’t affect rat’s body weights, HCBS and HCGS diets signifi-
cantly increased rats’ body weights as compared to rats fed HCFS
diet; where the weights of these rats were not statistically different
as compared to ND-fed rats (Fig. 1B).

3.4. Effect of shrimp frying, grilling, and boiling on the levels of glucose
and insulin in the normal and HC-fed rats

Fasting blood glucose and insulin levels, as well as calculated
MOHA-IR index didn’t significantly vary between rats fed NDBS,
NDFS, or NDBS but significantly increased in rats fed HC and HCFS
diets as compared to ND-fed rats (Fig. 2 A-F). There was no signif-
icant difference in the levels of fasting glucose and insulin, as well
as levels of HOMA-IR index when rats fed-HC and HCFS diets rats
were compared to each other (Fig. 2D-F). However, levels of all
these biochemical endpoints were significantly decreased in rats
fed the HCBS and HCGS diets as compared to HC diet-fed rats. Also,
there were no significant variations in the glucose and insulin
levels between the ND, NDFS, NDBS, NDGS-fed rats as measured
at 15, 30, 60, 120 min during the OGTT and IPITT (Fig. 3 A, C, E).
On the other hand, the HC diet significantly increased the levels
of glucose levels in rats during the OGTT and increased both glu-
cose and insulin levels during the IPITT at all measured time inter-
vals as compared to ND-fed rats (Fig. 3B, D, F). Of interest, levels of
glucose and insulin levels measured at 15, 30, 60, 120 min during
the OGTT and IPITT were significantly decreased in rats fed HCBS
and HCGS as compared to rats fed HC diet and their levels at (all
these time intervals) were not significantly different as compared
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to those measured in ND-fed rats (Fig. 3B, D, F). Nonetheless, rats
fed HCFS diet showed a slight but a significant decrease in
glucose and insulin levels at 30, 60, 120 min during the OGTT
and IPITT as compared to rats fed HC diet but their levels remained
significantly higher than those measured in ND, NDBS, NDGS-fed
rats (Fig. 3B, D, F).

3.5. Effect of shrimp frying, grilling, and boiling on liver architectures
in the normal and HC-fed rats

Liver architectures with an intact central vein normally sized
rounded euchromatic nuclei radiating from the central vein, and
sinusoids were observed in rats fed ND, NDBS, and NDGS. Although
they had intact hepatocytes and almost normal hepatocytes orga-
nization, livers obtained from NDFS showed slight damage in the
central vein with dilated sinusoids (Fig. 4A-D). On the other hand,
disorganized swollen hepatocytes with increased accumulation of
fat droplet of all sizes (small, medium, and large), and infiltration
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of leukocytes were observed in the liver of both HC and HCFS-fed
rats but were not seen in the livers of HCBS and HCGS-fed rats
(Fig. 5A-D). In fact, the liver of both HCBS and HCGS-fed rats had
a normal structure similar to ND-fed rats (Fig. 5A-D).

3.6. Effect of shrimp frying, grilling, and boiling on serum and hepatic
lipid profile in normal and HC-fed rats

Serum levels of total cholesterol, TGs, and LDL-c, as well as hep-
atic levels of total cholesterol and TGs, were not significantly dif-
ferent between ND, NDBS, NDFS, and NDGS-fed rats when
compared with each other (Fig. 6A, C, E, and Fig. 7-A&C). On the
other hand, levels of all these biochemical markers were signifi-
cantly increased in the serum and liver of HC diet-fed rats and
HCFS-fed rats as compared to ND-fed rats (Fig. 6B, D, F, and
Fig. 7Band D). However, the levels of all these markers were not
significantly different between HC and HCFS-fed rats (Fig. 6B, D,
F, and Fig. 7B and D). Nevertheless, the serum levels of total choles-
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Fig. 6. Serum levels of total cholesterol (A&B), triglycerides (TGs) (C&D), and low-density lipoprotein-cholesterol (LDL-c) in all experimental groups of rats. Data are
presented as mean + SD for n = 6 rats/group. Values were analyzed by 2-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared
to normal diet-fed rats (ND). (b): significantly different as compared to high-cholesterol (HC) fed rats (HCD), (c): significantly different as compared to HC diet containing
boiled shrimp meat (HCBS). (d): significantly different as compared to HC diet containing fried shrimp meat (HCFS) HCGS: HC diet containing grilled shrimp meat. NDBS,
NDFS, and NDGS correspond to rats fed a normal diet containing boiled, fried, or grilled shrimp meat powder, respectively. For both ND and HC diets, shrimp was mixed at 15%
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terol, TGs, and LDL-c, as well hepatic levels of total cholesterol and
TGs were significantly decreased to in HCBS and HCGS-fed rats as
compared to HC diet-fed rats (Fig. 6B, D, F and Fig. 7B and D).
The serum and hepatic levels of all these markers in HCBS and
HCGS-fed rats were not significantly different from their corre-
sponding levels measured in ND-fed rats (Fig. 6B, D, F, and
Fig. 7B and D).

3.7. Effect of shrimp frying, grilling, and boiling on serum liver enzymes
and hepatic markers of oxidative stress and inflammation in normal
and HC-fed rats

Serum levels of ALT, AST, as well as hepatic levels of TNF-ot and
IL-6 were not significantly different between rats fed ND, NDBS,
NDFS, and NDGS (Fig. 8A&C and Fig. 9A&C). However, feeding the
rats NDBS and NDGS significantly increased levels of GSH and
activity of SOD and suppressed levels of MDA as compared to
ND-fed rats (Fig. 10 A, C, E). However, levels of GSH and MDA, as
well as the activity of SOD were not significantly varied between
ND and NDFS-fed rats (Fig. 10A, C, E). However, the liver obtained
from HC and HCFS-fed rats showed a significant increase in the
serum levels of ALT and AST and hepatic levels of TNF-a and IL-
6, and MDA with a concomitant decrease in the hepatic levels of
GSH and levels of SOD, without any significant difference in the
levels of these markers between the two groups (Fig. 8B&D,
Fig. 9B&D, and Fig. 10B, D, F). The levels of all these parameters
were returned to normal levels like those measured in the ND-
fed rats in HCBS and HCGS-fed rats (Fig. 8B&D, Fig. 9B&D, and
Fig. 10B, D, F).
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4. Discussion

In this study, we evaluated the impact of different cooking
methods (i.e. boiling, frying, & grilling) on FAs content of the meat
of the pacific white shrimp and examined its metabolic effect in
control and high cholesterol (HC) diet-fed rats. The major findings
reported in this study show that only frying reduces the total levels
of SFAs, MUFAs, and PUFAs, lowers levels of n-3 PUFA (EPA & DHA),
and increase the ratio of n-3/n-6 PUFAs (3 folds). However, only
boiled and grilled shrimp, but not the fried shrimp, and possibly
due to their high content of n-3 PUFAs, were able to suppress hep-
atic and serum lipid levels, improves glucose and insulin tolerance,
and suppress hepatic oxidative stress and inflammation in HC diet-
fed rats and to stimulated levels of endogenous antioxidants (i.e.
GSH, SOD, and CAT) in the liver of control rats fed the standard diet.

Previous studies have demonstrated that stable ratios of SFAs,
n-3 PUFAs, and n-6 PUFAs are determinant to our health
(Simopoulos, 2008, 2016; Peter et al., 2013; Khandelwal et al.,
2013; Briggs et al., 2017). Generally, diets rich in SFA and n-6
PUFAs are associated with inflammation, adiposity, IR, and CVDs
(Simopoulos, 2008, 2016). On the other hand, n-3 PUFAs are asso-
ciated with contradictory effects and exert many metabolic health
benefits due to their antioxidant, hypolipidemic, and anti-
inflammatory effects (Zanetti et al., 2015). A healthy diet should
contain PUFAs/SFAs ratio of at least 0.54 and above and n-3/n-6
PUFAs ratio no <0.2 with a daily uptake of EPA and DHA of
1 g/day (Arts et al.,, 2001; Dayal et al., 2013; Gladyshev et al.,
2006; Simopoulos, 2008: Naseri et al., 2013). Therefore, consuming
seafood was shown to protect against metabolic and chronic disor-
ders due to its high levels of n-3 PUFAs (Simopoulos, 2008, 2016).
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Fig. 7. Hepatic levels of total cholesterol (A&B) and triglycerides (TGs) (C&D) in all experimental groups of rats. Data are presented as mean * SD for n = 6 rats/group. Values
were analyzed by 2-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared to normal diet-fed rats (ND). (b): significantly
different as compared to high-cholesterol (HC) fed rats (HCD), (c): significantly different as compared to HC diet containing boiled shrimp meat (HCBS). (d): significantly
different as compared to HC diet containing fried shrimp meat (HCFS) HCGS: HC diet containing grilled shrimp meat. NDBS, NDFS, and NDGS correspond to rats fed a normal
diet containing boiled, fried, or grilled shrimp meat powder, respectively. For both ND and HC diets, shrimp was mixed at 15% w/w.
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Unlike the fish, the shrimp diet was always considered a
healthy functional food due to its high low-calorie intake (89
Kcal/100 g), high water and protein content (76 and
19.4 mg/100 g) and very low lipid content (1.15 mg/100 mg)
(Dayal et al., 2013). The phospholipids represent 65-70% of raw
shrimp- where the relative average levels of SFAs, MUFAs, and
PUFAs are 275, 163, and 321 mg/100 g, respectively (Dayal et al.,
2013). Besides, 100 g of raw shrimp contains106 mg n-6 PUFA
and 204 mg n-3 PUFAs (EPA 112 mg and DHA 75 mg), thus giving
aratio of n6/n-3 of 0.5. (Dayal et al., 2013). Also, the ratio of PUFAs/
SFA in raw shrimp is 1.3 (Dayal et al., 2013). In the same line with
this evidence, we have also analyzed the content of major fatty
acid in the raw shrimp meat and found that PUFAs were the abun-
dant FAs. The ratio of PUFAs/SFA in the raw shrimp of this study
was 1.5. Besides, we have found that the n-3 PUFAs were 2 folds
higher n-6 PUFA, thus yielding a ratio of 0.51. Besides, we have
found that EPA levels were higher than those of DHA and LA
(132, 85, and 19 mg/100 g, respectively). These findings are the
same page to many other authors who showed that shrimps is true
functional food with a high content of n-3 PUFAs (De Oliveira e
Silva, 1996; Seok et al., 2004; Dayal et al., 2013).

However, several studies have shown that cooking of various
methods can induce physical and chemical interactions that
improve or impair the nutritional value of the seafood by altering
the quantities and structure of FAs, vitamins, and other essential
minerals and components (Czech et al.,, 2015; Gladyshev et al,,
2006; Larsen et al., 2010; Naseri et al., 2013; Choo et al., 2020).
However, this was shown to depend on fish (seafood) type, cooking
method, cooking duration, and food processing (Naseri et al.,
2013). Nowadays, frying becomes the most common method for
preparing kinds of seafood due to the high fast rate, distinctive
modifications it produces on aroma, flavor, color, and texture,
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and the consumers believe that it kills most microorganisms
(Bordin et al., 2013). Of note, most of these studies have investi-
gated the effect of various cooking methods on FAs composition
in craps and various fish species, which makes our study unique
to be first done on shrimp. The data of this study confirm that boil-
ing and grilling are the safest methods to preserve the FAs compo-
sition in shrimps. Herein, we are showing stable levels of SFAs,
MUFAS, n-3/n-6 PUFAs, LA, DHA, and EPA in shrimp after grilling
or boiling. On the other hand, a significant reduction in the total
levels of SFAs, n-3 PUFAs (i.e. EPA & DHA) with a parallel increase
in the total levels of MUFA, PUFAs, and LA were observed in fried
shrimp. These alterations resulted in a significant increase in
PUFA/SFA and n-6/n-3 PUFAs, both to almost three folds, thus con-
firming that frying methods alter the chemical composition of FAs
in shrimp.

Although poorly investigated in shrimp, many other studies in
other marine species support our findings. Indeed, deep frying
rose-shrimp croquettes in corn oil decreased SFAs and increased
levels of LA (Cankiriligil and Berik, 2017). Also, frying sardines
and salmons in sunflower oil but not boiling, grilling, baking, roast-
ing, and microwave heating significantly decreases n-3 PUFAs and
increased those of n-6 PUFAs (Garcia-Arias et al., 2003; Gladyshev
et al., 2006; Larsen et al., 2010; Naseri et al., 2013). Besides, frying
the silver carp with sunflower, soybean, or corn oil increased total
PUFAs and n-6 PUFAs levels, decrease total levels SFAs and MUFAs,
and increased n-6/n-3 PUFAs (Zakipour-Rahimabadi and Dad,
2012; Naseri et al., 2013). In the same line, frying the New Zealand
king salmon in sunflower oil significantly reduced n-3 PUFAs and
increased n-6 PUFAs, as well as the content of LA (Larsen et al.,
2010). Moreover, deep frying significantly decreased SFAs and
n-3 PUFAs and increased total PUFAs and n-6 PUFAs in frozen
shrimp, squid, and octopus (Czech et al., 2015). Furthermore, frying
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Fig. 8. Levels of alanine aminotransferase (ALT) (A&B) and aspartate aminotransferase (AST) (C&D) in the serum of all experimental groups of rats. Data are presented as
mean + SD for n = 6 rats/group. Values were analyzed by 2-way ANOVA and considered significantly different at p < 0.05. (a): significantly different as compared to normal
diet-fed rats (ND). (b): significantly different as compared to high-cholesterol (HC) fed rats (HCD), (c): significantly different as compared to HC diet containing boiled shrimp
meat (HCBS). (d): significantly different as compared to HC diet containing fried shrimp meat (HCFS) HCGS: HC diet containing grilled shrimp meat. NDBS, NDFS, and NDGS
correspond to rats fed a normal diet containing boiled, fried, or grilled shrimp meat powder, respectively. For both ND and HC diets, shrimp was mixed at 15% w/w.
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significantly reduced EPA, DHA, SFAs, and increased n-6 PUFAs in
selected Fish fillets (Choo et al., 2020). Similar results were also
observed in fried sardines (Sanchez-Muniz et al., 1992).

Such increase in PUFAs and LA content, as well as the slight
increase in MUFAs after frying in sunflower oil, is expected and
can be explained by the absorption of n-6 PUFAs (LA) from the culi-
nary sunflower oil during the frying process which has been sug-
gested and confirmed by many authors (Czech et al., 2015;
Garcia-Arias et al., 2003; Naseri et al., 2013; Sioen et al., 2006;
Varela and Ruiz-Roso, 1992; Zakipour-Rahimabadi and Dad,
2012). On the other hand, some other studies contradict our find-
ings and have shown reduced levels of n-3 PUFAs after streaming,
boiling, and grilling of salmon (Al-Saghir et al., 2004; Choo et al.,
2020). Such a contradiction with our results could be explained
by the difference in the meat texture, cooking period, cooking
methods procedure, and FAs contents between fish, salmon, and
shrimp.

On the other hand, NAFLD can occur in obese and non-obese
individuals (Kim and Kim, 2017; Kumar and Mohan, 2017).
Although it is mainly induced by high TGs rich diet, IR, and obesity,
the currently available data suggest that high HC diet associated
bile toxicity are independent risk factors to induce NAFLD in
non-obese individuals and animals (Hirsch et al., 2016; Tirosh,
2018). In rodents, high cholesterol diet results in similar NAFLD
and hepatic features like those seen in non-obese individuals with
visceral adiposity, and dyslipidemia but with a slight loss in body
weight and adipose tissue mass and higher mortality rate (Hirsch
et al, 2016; Kim and Kim, 2017; Kumar and Mohan, 2017;
Tirosh, 2018). However, HC diet-induced NAFLD in rodents is asso-
ciated with minimum IR but is always associated with impairing
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glucose homeostasis and severe hepatic IR by altering caveolin-1
expression and insulin receptors localization (Schattenberg and
Galle, 2010; Hahn-Obercyger et al., 2009; Tirosh, 2018).

Hepatic inflammation and oxidative stress are the key mecha-
nisms by which HC diet induces NAFLD (Tirosh, 2018). In this
regard, free cholesterol can impair the mitochondria membrane
fluidity, depletes its endogenous GSH levels, and induces ROS
and mitochondria damage (Mari et al., 2006; Tirosh, 2018). Besides,
the hydrolysis of cholesterol to cholesteryl ester in the kupffer cells
activates oxidative stress and inflammation and induces endoplas-
mic reticulum (ER) stress and apoptosis (Tirosh, 2018). Moreover,
the free cholesterol can upregulate several transcription factors
that induces cholesterol synthesis and NAFLD (i.e. the sterol regu-
latory element-binding protein 2 (SREBP-2) (Van Rooyen and
Farrell, 2011). Accumulated hepatic cholesterol can also supresses
the conversion of cholesterol to bile leading to lipotoxicity which
stimulates oxidative stress and inflammation (Van Rooyen and
Farrell, 2011). Furthermore, HC diet stimulates hepatocytes oxida-
tive stress, apoptosis, and the progression to NASH by mechanisms
including induction of endoplasmic reticulum stress, mitochondria
dysfunction, and activation of apoptotic pathways (i.e. Cyps)
(Tirosh, 2018).

Similar to other findings (Tous et al., 2005; Ma et al., 2008; Kim
et al., 2014; Arguello et al., 2015; Lee et al., 2019), HC diet induces
features to NAFLD as evidenced by the hepatic accumulation of fat
droplet, dyslipidemia, increased hepatic TGs, and cholesterol syn-
thesis. Also, HC diet exaggerated the oxidative stress response by
decreasing the levels of endogenous antioxidants (SOD, CAT, &
GSH) induced lipid peroxidation, and increased hepatic inflamma-
tory cytokine levels (TNF-o & IL-6) in the livers of rats. Besides, HC
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diet used in this study didn’t alter rat’s weights but significantly
induces hyperglycemia and hyperinsulinemia. HOMA-IR is the
most widely accepted model to measure central (hepatic) IR
(Qureshi et al., 2010). HC diet of this study impaired OGTT and
IPITT and significantly increased the HOMA-IR index. All these data
validate our animal model and suggest that HC diet in rats is asso-
ciated with NAFLD and hepatic IR. Many other authors reported
similar effects (Tous et al., 2005; Ma et al., 2008; Kim et al.,
2014; Arguello et al.,, 2015; Lee et al., 2019).

On the other hand, a novel finding in this study is that only
boiled and grilled shrimp powders were able to completely prevent
all the above-mentioned adverse effects of HC diet in rats. How-
ever, feeding the rats the HC diet containing the fried shrimp failed
to ameliorate the loss on body weights, hyperglycemia, hyperinsu-
linemia, the impairment in glucose and insulin tolerance, dyslipi-
demia, hepatic oxidative stress and inflammation and the liver of
these rats showed high levels of TGs and cholesterol, as well as
fat accumulation. Such variation between the effects of these diets
could be explained by the alterations in n-3/n-6 PUFAs due to the
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cooking method as discussed above. Indeed, the lower levels of n-3
PUFAs (i.e. EPA and DHA), the higher levels of n-6 PUFA, and the
lower ratio of n-3/n-6 PUFAs in the fried shrimp may explain the
inability of this cooked shrimp to ameliorate NAFLD features in
these HC diet-fed rats.

Indeed, the antioxidant, hypolipidemic, and anti-inflammatory
effects of n-3 PUFA and their underlying mechanisms are well
reported in both humans and animals and discussed in more detail
in excellent reviews (Scorletti and Byrne, 2013; Zanetti et al,
2015). Herein, n-3 PUFAs was shown to a potent ability to supress
hepatic FAs and cholesterol synthesis and stimulate FAs oxidiation
by downregulating of SREBP1/2 and activation of PPRAa (Scorletti
and Byrne, 2013; Zanetti et al., 2015). Besides, n-3 PUFAs can inhi-
bit lipid synthesis and glucose production by suppressing the activ-
ity of ChREBP (Dentin et al., 2005). Besides, omega-3 fatty acids can
inhibit macrophage infiltration and downregulate the levels of
inflammatory cytokines chemoattractant, and adhesive molecules
by several mechanisms including suppression of nuclear factor
kappa beta (NF-kB) (Calder, 2013; Oh et al., 2010; Oh and
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shrimp meat. NDBS, NDFS, and NDGS correspond to rats fed a normal diet containing boiled, fried, or grilled shrimp meat powder, respectively. For both ND and HC diets,
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Walenta, 2014; Raphael and Sordillo, 2013; Scorletti and Byrne,
2013; Zanetti et al., 2015). Furthermore, n-3 PUFAs can ameliorate
oxidative stress and increases the expression of serval antioxidant
genes with or without increasing the activity of the nuclear factor-
2 (Nrf-2) transcription factor (Xi and Chen, 2000; Romieu et al.,
2008; Patten et al., 2013; Tatsumi et al., 2019). This could explain
why the liver of control rats fed the standard diet which contained
the boiled and grilled shrimp showed higher basal levels of GSH,
SOD, and CAT which were absent in the liver of control rats fed a
standard diet containing the fried shrimp.

However, in interesting observation noticed here is that
although the frying the shrimp in sunflower oil increased the ratio
of n-6/n-3 PUFA which is expected to induced obesity, IR, and pos-
sibly NAFLD in rats, we didn’t observe significant alterations in
these parameters in control rats fed the standard diet containing
the fried shrimp. In fact, as happened with the western diet, studies
have shown that higher ratios of n-6/n-3 ratios (18-20:1) induce
obesity, IR, and NAFLD (Simopoulos, 2008, Simopoulos, 2016).
However, the ratio of n-3/n-6 in the fried shrimp diet was 1:3
which much lower than the ratio needed to induce obesity and
NAFLD. Such a ratio seems to be safe and may explain these results.
However, further studies using longer treatment period is needed
to establish awareness about this.

5. Conclusion

Frying the shrimp in sunflower oil reduces its content of EPA
and DHA. Such an effect could lead to losing its functional proper-
ties in ameliorating NAFLD. However, cooking the shrimp by boil-
ing and grilling seems to be the most suitable methods to preserve
the FAs composition and the nutritional value of the shrimp.
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