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Abstract

Background: Flaxseed has emerged as a potential source of bioactive components that can be utilized in routine
diet to address lifestyle disorders.

Methods: In this context, three studies were carried out on the basis of induction therapies i.e. Study I (Normal
diet), Study II (Hyperglycemic diet; 40% sucrose) and Study III (Hypercholesterolemic diet; 1.5% cholesterol) using
Sprague Dawley rats. Each study was further split into three groups based on diets; Control (free from flaxseed
powder or extract), Functional diet (incorporation of flaxseed powder; 10%) and Nutraceutical diet (inclusion of
ethanolic extract of flaxseed; 5%). During experimental period, hyperglycemic and hyperlipidemic parameters were
evaluated alongside, alterations in hematological aspects were also assessed.

Results: Feed intake and body weight demonstrated significant response (p < 0.05) of diets and study intervals
however, water intake was substantially influenced by study intervals. In study II (hyperglycemic rats), maximum
decline in glucose level was recorded (9.02%) in rats administered with extract based diet. In the same group,
maximum increase in insulin (5.90%) was noted. Regarding lipid profile, the bioevaluation trials revealed maximum
reduction in serum cholesterol (13.10%) in study III (hypercholesterolemic rats) on the provision of flaxseed extract
(nutraceutical diet) followed by flaxseed powder (functional diet) i.e. 7.85%. Further, maximum decrease in low
density lipoprotein-cholesterol (LDL-c) was reported i.e. 14.28% on supplementation of flaxseed extract to
hypercholesterolemic rats.

Conclusions: Thus, flaxseed extract based intervention has shown higher bioefficacy to address hyperglycemia and
hypercholesterolemia in comparison to flaxseed powder.
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Background
The trend of consumers towards natural cure through
dietary modification is the reason for the immense
popularity of nutraceuticals and functional foods. Due to
the presence of bioactive moieties, dietary interventions
are negatively associated with lifestyle related disorders

such as diabetes, hypercholesterolemia, aging and related
oxidative stress like conditions [1–4]. Nowadays, dia-
betes is faced by 4% of the population throughout the
globe and expected to reach up to 5.4% by 2025. This
chronic metabolic ailment is characterized by high blood
glucose level in response to poor insulin release or sensi-
tivity [5]. On the other hand, hypercholesterolemia is a
major risk factor of coronary heart diseases i.e. associ-
ated with elevated cholesterol, triacylglycerols and
LDL-c levels along with suppression of high density
lipoprotein-cholesterol (HDL-c) [6].
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Flaxseed (Linum usitatissimum) is an annual species of
the Linaceae family. It is a worthy source of high quality
proteins, soluble fiber and polyunsaturated fatty acids
[7]. Flaxseed is a rich source of α-linolenic acids (57% of
total fat content i.e. 42.16 g per 100 g of flaxseed) and
dietary fiber i.e. 40% per 100 g of flaxseed, in which 30%
is insoluble in nature [8–11]. Besides that, secoisolaricir-
esinol diglucoside (SDG) is a primary lignan in flaxseed,
found up to 3236–3699 μg/g of flaxseed hence attracts
scientific fraternity to investigate its health perspectives
[12]. SDG molecules linked together to form lignan olig-
omers also called as lignan macromolecules [13, 14].
Microflora in large intestine deglycosylate lignans after
digestion and transformed them into mammalian lignans
known as enterodiol (END) and enterolactone (ENL).
These metabolites possess high antioxidant activity re-
sultantly suppress mRNA expression of sterol regulatory
element binding protein-1c (SREBP-1c), that modulates
the activity of cholesterol and fatty acid synthetase en-
zymes hence likely to control hypercholesterolemia. Fur-
ther, antioxidant ability of flaxseed protects pancreatic
cells and normalizes insulin levels, and reduces the ex-
pression of phosphoenolpyruvate carboxykinase gene
that aid in controlling diabetes [10, 15]. Traditionally,
lignans are recovered through solvent extraction tech-
nique, usually with organic solvents like acetone, metha-
nol and ethanol as these phenolic compounds are polar
in nature [16].
Keeping in view, the present project was designed to

assess the potential of flaxseed powder (10%) and flax-
seed ethanolic extract (5%) to address hyperglycemia
and hypercholesterolemia using rodent model trial.

Methods
Chemicals and preparation of raw materials
The study was carried out in the Functional and Nutra-
ceutical Food Research Section, National Institute of Food
Science and Technology, University of Agriculture Faisal-
abad (NIFSAT-UAF), Pakistan. Flaxseed seeds were pro-
cured from Oil Seed Research Institute, Ayub Agriculture
Research Institute, Faisalabad. Flaxseed seeds were cleaned
and ground (Renker, Model: GMO 1 grinder) prior ex-
perimentation. Reagents and standards were purchased
from Merck (Merck KGaA, Darmstadt, Germany) and
Sigma-Aldrich (Sigma-Aldrich Tokyo, Japan). Male Spra-
gue Dawley rats used in the efficacy trials were acquired
from National Institute of Health (NIH) Islamabad. Diag-
nostic Kits used were from Sigma-Aldrich, Bioassay (Bio-
assays Chemical Co. Germany) and Cayman Chemicals
(Cayman Europe, Estonia).

Preparation of flaxseed extracts
Ethanolic extract of flaxseed was prepared through con-
ventional solvent extraction process, conditions include

aqueous ethanol (50% v/v), 60 min and 50 C following
the methods of Ho et al. [16]. Further, ethanolic extract
was filtered and concentrated via rotary evaporator
(Eyela, Japan).

Bioefficacy assessment
For efficacy trials, sixty rats were acquired from National
Institute of Health (NIH), Islamabad and kept in Animal
Room of NIFSAT-UAF. Initially, some rats were sacri-
ficed to get baseline values for the study. The study was
carried out in three categories separately. Study I com-
prised of rats fed on normal diet, whereas in study II &
III, high glucose & high cholesterol diets were adminis-
tered to rats, respectively. During entire experimental
period, the Animal Room was maintained at a
temperature of 23 ± 2 C and relative humidity of 55 ±
5%. For an initial period of one week, basal diet was
given to the rats to acclimatize them to the environment.
Later, normal, functional and nutraceutical diets were
administered to the respective groups under each study
to evaluate the effects of individual treatment on the se-
lected parameters including serum lipid profile and glu-
cose & insulin levels. Feed and water intakes were
measured daily throughout the experimental period,
while body weight was assessed on weekly basis. At ter-
mination of animal study, overnight fasted rats were
sacrificed. Blood samples of rats were collected through
cardiac puncture in non-coated tubes (yellow capped
vials) to measure serum lipid profile, glucose & insulin
levels through Microlab-300, Merck, Germany and
EDTA coated tubes (purple capped vials) were employed
to assess hematological aspects via Medonic M Series;
Boule Diagnostics Int AB Stockholm, Sweden.

Study I: Normal diet
In study I, normal diet was given to the rats to check the
effect of functional and nutraceutical diets.

Study II: hyperglycemic diet
Hyperglycemic diet based on 40% sucrose was adminis-
tered to the rats to determine the effect on serum glu-
cose and insulin levels. Simultaneously, the efficacy of
functional and nutraceutical diets against hyperglycemic
rats was assessed.

Study III: Hypercholesterolemic diet
Hypercholesterolemic diet containing 1.5% of cholesterol
was fed to rats to alter their lipid profile i.e. cholesterol,
HDL-c, LDL-c and triacylglycerol levels. Afterwards,
flaxseed powder and extract based diets were provided
to the respective rat groups to evaluate hypocholestero-
lemic potential (Table 1).
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Feed & water intakes and body weight assessments
Average feed intake of each group was measured on
daily basis by eliminating spilt diet from the total diet
given during the whole study period [17]. The water in-
take for each group was also recorded on daily basis.
Gain in body weight of experimental groups was mea-
sured weekly throughout the study period to monitor
the effect of different diets on body weight gain.

Glycemic features
The collected sera were evaluated for glucose by enzymatic
photometric test method GOD-PAP (Breuer & Breuer
Diagnostic, Germany) as described by Kim et al. [18],
whereas insulin level was assessed following the method of
Ahn et al. [19].

Lipid profile
Serum cholesterol level of rats was measured by Fluitest
Chol (Cholesterin CHOD-PAP) using commercial kit;
(Biocon, Vohl-Marienhagen, Germany) by following the
protocol of Kim et al. [18]. Triacylglycerols in serum
samples was estimated by Fluitest TG (Triglyceride
GPO-PAP) kit method as illustrated by Buriro and
Tayyab [20]. HDL-c in serum samples were calculated
by HDL precipitant method using commercially available
Ecolin kits (Merck, Germany) as mentioned by Alshatwi
et al. [21]. Further, LDL-c was calculated by using fol-
lowing formula;

LDL−c ¼ Total cholesterol−HDL−c−VLDL−c

Hematological aspects
Total red blood cell (RBC), white blood cell (WBC) and
platelets count were determined using Medonic M

Series; Boule Diagnostics Int AB Stockholm, Sweden
[22, 23].

Statistical analysis
The data for each parameter were subjected to statistical
modeling through completely randomized design (CRD)
using Statistix 8.1. Furthermore, level of significance was
also estimated (p < 0.05) using analysis of variance
(ANOVA) technique (two-factorial analysis) followed by
posthoc Tukey’s honestly significant difference (HSD)
multiple comparison tests for means separation [24].

Results
Feed & water intakes and body weight assessments
Statistical inference indicated significant effect of diets
and study intervals on feed intake in study I (normal
rats), study II (hyperglycemic rats) and study III (hyper-
cholesterolemic rats). In study I, maximum feed intake
was observed in control diet group (16.25 g/rat/day)
followed by nutraceutical (15.83 g/rat/day) and func-
tional (15.73 g/rat/day) groups. During 8-week trial, feed
intake in control, functional and nutraceutical groups
has increased from 13.77 to 19.66, 13.42 to 18.77 and
13.17 to 18.56 g/rat/day, respectively. Means of study II
(hyperglycemic rats) portrayed maximum feed intake in
control 17.02 g/rat/day followed by functional and nutra-
ceutical groups as 16.28 and 15.79 g/rat/day, respectively.
In study II, feed intake increased in control, functional
and nutraceutical groups from 1st to 8th week. Study III
(hypercholesterolemic rats) demonstrated maximum
feed intake (17.31 g/rat/day) in control while minimum
level (16.59 g/rat/day) was observed in nutraceutical diet
group. Throughout the trial, maximum increment in
feed intake was observed in control group from 14.42 to
20.98 g/rat/day, functional group from 14.17 to 20.07 g/

Table 1 Diet composition
Ingredients (%) Study I (Normal diet) Study II (Hyperglycemic diet) Study III (Hypercholesterolemic diet)

Control Functional diet Nutraceutical diet Control Functional diet Nutraceutical diet Control Functional diet Nutraceutical diet

Corn oil 10 10 10 10 10 10 10 10 10

Corn starch 66 56 61 26 16 21 64.5 54.5 59.5

Casein 10 10 10 10 10 10 10 10 10

Cellulose 10 10 10 10 10 10 10 10 10

Mineral mix 3 3 3 3 3 3 3 3 3

Vitamin mix 1 1 1 1 1 1 1 1 1

Sucrose – – – 40 40 40 – – –

Cholesterol – – – – – – 1.5 1.5 1.5

Flaxseed powder – 10 – – 10 – – 10 –

Flaxseed extract – – 5 – – 5 – – 5

Mineral mix (per 100 g D.W.) calcium: 7.8 g, phosphorus: 7.6 g, potassium: 6.9 g, sulfur: 1.8 g, magnesium: 1.5 g, sodium: 1.5 g, choline: 0.35 g, iron: 190mg,
manganese: 90mg, zinc: 54 mg, copper: 7 mg, selenium: 4mg, cobalt: 4 mg and iodine: 1 mg
Vitamin mix (per 100 g D.W.) cholecalciferol: 2000 IU, vitamin A palmitate: 1442 IU, niacin: 7.7 mg, folacin: 5.4 mg, α-tocopherol acetate: 4.1 mg, pyridoxine: 1.9 mg,
thiamin: 1.2 mg, vitamin B12: 1.0 mg, vitamin B3: 0.9 mg, riboflavin: 0.4 mg and vitamin K3: 0.1 mg
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rat/day and nutraceutical group from 14.03 to 19.91 g/
rat/day (Fig. 1).
Statistical analysis explicated non-substantial response of

diets however, study intervals presented significant impact
on water intake in study I (normal rats), study II (hypergly-
cemic rats) and study III (hypercholesterolemic rats). In
study I, maximum water intake was viewed in nutraceutical
group (22.44mL/rat/day) followed by functional group
(22.25mL/rat/day) and control (mL/rat/daymg/dL).

Throughout the experimentation phase, water intake in
control, functional and nutraceutical groups raised from
18.16 to 25.73, 18.38 to 25.95 and 18.54 to 26.11mL/rat/
day, respectively. Means of study II (hyperglycemic rats) in-
dicated maximum water intake in nutraceutical group
23.48mL/rat/day followed by functional group 23.28mL/
rat/day and control group 23.04mL/rat/day. In study II,
water intake increased in control group from 19.16 to
27.27mL/rat/day and functional and nutraceutical groups

Fig. 1 Feed intake in different studies (g/rat/day) (a) Study I: Normal rats; (b) Study II: Hyperglycemic rats; and (c) Study III:
Hypercholesterolemic rats
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also showed significant increment in water intake. Further,
study III (hypercholesterolemic rats) depicted maximum
water intake (24.03mL/rat/day) in nutraceutical group
however, water intake up to 23.83 and 23.58mL/rat/day
were noticed in functional and control groups, accordingly.
During animal study period, maximum increase was ob-
served in control group from 19.52 to 28.29mL/rat/day.
Moreover, water intake improved from 19.74 to 28.51 and
19.90 to 28.67mL/rat/day in functional and nutraceutical
groups, respectively (Fig. 2).

Statistical interpretation revealed significant effect of
diets and experiment intervals on body weight in study I
(normal rats), study II (hyperglycemic rats) and study III
(hypercholesterolemic rats). In study I, maximum body
weight was observed in control (174.59 g) followed by
functional (167.64 g) and nutraceutical (163.56 g) groups.
During 8-week trial, body weight in control, functional
and nutraceutical groups had raised from 132.02 to
223.50 g, 128.69 to 212.09 g and 125.75 to 207.86 g, re-
spectively. Means of study II (hyperglycemic rats) had

Fig. 2 Water intake in different studies (mL/rat/day) (a) Study I: Normal rats; (b) Study II: Hyperglycemic rats; and (c) Study III:
Hypercholesterolemic rats
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shown maximum body weight in control 177.17 g
followed by functional and nutraceutical groups as
170.89 and 167.62 g, respectively. In study II, maximum
body weight was recorded in control group as 240.67
from 134.31 g. Further, significant increase in body
weight was also found in functional and nutraceutical
groups. Study III (hypercholesterolemic rats) showed
maximum body weight (177.74 g) in control while mini-
mum weight gain was noted in nutraceutical group

(172.83 g). During 8-week trial, maximum increase was
observed in control group from 130.04 to 246.42 g and
functional and nutraceutical groups also showed increase
in body weight from 128.18 to 234.20 g and 125.04 to
227.12 g, respectively (Fig. 3).

Glycemic features
Statistical scrutiny presented non-substantial effect of di-
ets and study intervals on glucose level in study I

Fig. 3 Body weight of rats in different studies (g/rat) (a) Study I: Normal rats; (b) Study II: Hyperglycemic rats; and (c) Study III:
Hypercholesterolemic rats
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(normal rats). The effect of diets was significant how-
ever, response of study intervals was non-significant in
study II (hyperglycemic rats) and study III (hypercholes-
terolemic rats). The decrease in glucose level of normal
rats fed on functional and nutraceutical diets were 1.57
and 2.98%, respectively. In glucose level, 7.21% reduction
was observed in hyperglycemic rats fed on functional
diet while 9.02% decrease was noted via nutraceutical
diet. Hypercholesterolemic rats fed on functional and
nutraceutical diets resulted in decrement in glucose up
to 3.05 and 4.85%, accordingly (Table 2).
Regarding insulin level, non-significant effect of di-

ets and study intervals was noted in study I (normal

rats). However, significant effect of diets and non-
significant effect of study intervals was viewed with
respect to insulin level in study II (hyperglycemic
rats) and study III (hypercholesterolemic rats). The
insulin levels of normal rats fed on functional and
nutraceutical diets were 1.06 and 1.93%, respectively.
The increase in insulin level (4.46%) was observed in
hyperglycemic rats fed on functional diet while it
increased up to 5.89% in hyperglycemic rats
administered with nutraceutical diet. Insulin level of
hypercholesterolemic rats fed on functional and
nutraceutical diets increased by 2.22 and 3.87%, re-
spectively (Table 3).

Table 2 Effect of diets and study intervals on glucose level (mg/dL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 89.72 ± 4.48 89.95 ± 4.49 90.85 ± 3.63 90.17 ± 5.12

Functional 90.05 ± 4.62 89.02 ± 3.82 88.62 ± 3.32 89.91 ± 4.94

Nutraceutical 91.46 ± 4.81 89.56 ± 4.32 88.73 ± 3.72 89.23 ± 4.12

Means 90.41 ± 4.78 89.51 ± 4.72 89.40 ± 4.54

Study II Control 122.12 ± 6.10b 135.47 ± 6.77a 139.35 ± 6.96a 132.31 ± 6.42a

Functional 118.35 ± 5.91bcd 113.17 ± 5.40cde 109.78 ± 5.26e 113.77 ± 5.08b

Nutraceutical 117.08 ± 5.72bc 109.15 ± 5.12de 106.51 ± 4.68e 110.91 ± 5.42b

Means 119.18 ± 5.66 119.26 ± 5.37 118.54 ± 5.06

Study 111 Control 95.69 ± 5.22bc 101.95 ± 5.56ab 104.73 ± 6.12a 100.79 ± 5.42a

Functional 97.14 ± 5.82abc 95.81 ± 5.44bc 94.17 ± 5.08bc 95.71 ± 5.06b

Nutraceutical 96.55 ± 6.24abc 93.19 ± 5.32c 91.86 ± 4.82c 93.87 ± 4.92b

Means 96.46 ± 4.8 96.98 ± 4.65 96.92 ± 4.32

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test

Table 3 Effect of diets and study intervals on insulin level (μU/mL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 9.17 ± 0.32 9.22 ± 0.38 9.26 ± 0.42 9.21 ± 0.41

Functional 9.49 ± 0.51 9.56 ± 0.58 9.59 ± 0.54 9.54 ± 0.55

Nutraceutical 9.57 ± 0.47 9.69 ± 0.54 9.75 ± 0.48 9.67 ± 0.46

Means 9.41 ± 0.42 9.47 ± 0.48 9.53 ± 0.49

Study II Control 10.08 ± 0.50 10.14 ± 0.61 10.21 ± 0.57 10.14 ± 0.54b

Functional 10.34 ± 0.52 10.71 ± 0.56 10.85 ± 0.60 10.63 ± 0.58ab

Nutraceutical 10.66 ± 0.58 11.05 ± 0.54 11.29 ± 0.63 11.00 ± 0.62a

Means 10.36 ± 0.54 10.56 ± 0.58 10.65 ± 0.68

Study 111 Control 9.36 ± 0.35 9.41 ± 0.39 9.48 ± 0.44 9.42 ± 0.58

Functional 9.68 ± 0.54 9.83 ± 0.46 9.89 ± 0.37 9.80 ± 0.43

Nutraceutical 9.86 ± 0.49 10.12 ± 0.54 10.24 ± 0.42 10.07 ± 0.41

Means 9.63 ± 0.44 9.78 ± 0.48 9.87 ± 0.44

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test
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Lipid profile
The effect of diets and study intervals was significant on
serum cholesterol in study I (normal rats). In study II
(hyperglycemic rats) and study III (hypercholesterolemic
rats), serum cholesterol was significantly affected by di-
ets while non-significantly with respect to study dur-
ation. The serum cholesterol of normal rats fed on
functional diet was decreased up to 1.45%, whereas
2.25% reduction was observed on supplementation of
nutraceutical diet. A reduction of 4.23% was observed in
serum cholesterol level of hyperglycemic rats + func-
tional diet group while it reduced up to 6.65% in
hyperglycemic rats fed on nutraceutical diet. Serum
cholesterol of hypercholesterolemic rats provided with

functional and nutraceutical diets were decreased by
7.84 and 13.10%, respectively (Table 4).
Statistical analysis portrayed significant impact of diets

on triacylglycerol level however, non-substantial effect of
study intervals was noticed on triacylglycerol level in
study I (normal rats). Further, the effect of diets was
significant while impact of study intervals was non-
significant in study II (hyperglycemic rats) and study III
(hypercholesterolemic rats). The decrease in triacylglyc-
erol level of normal rats was 3.27% fed on functional
diet, whereas 4.85% reduction was observed in normal
rats administered with nutraceutical diet. In hypergly-
cemic rats, triacylglycerol level was reduced by 6.43%
(functional diet) and 8.76% (nutraceutical diet).

Table 4 Effect of diets and study intervals on cholesterol (mg/dL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 79.95 ± 3.19 80.70 ± 4.86 81.11 ± 2.43 80.58 ± 4.65

Functional 80.47 ± 3.21 79.59 ± 3.05 79.30 ± 5.30 79.78 ± 3.84

Nutraceutical 78.52 ± 4.71 77.28 ± 4.68 76.75 ± 5.32 77.51 ± 3.91

Means 79.65 ± 4.77 79.19 ± 3.14 79.05 ± 4.43

Study II Control 109.26 ± 6.55 115.82 ± 4.63 119.08 ± 5.95 114.72 ± 4.58a

Functional 108.50 ± 5.51 105.54 ± 4.06 103.91 ± 4.94 105.98 ± 5.15b

Nutraceutical 108.82 ± 5.61 103.28 ± 4.96 101.56 ± 3.85 104.55 ± 5.07b

Means 108.86 ± 4.35 108.21 ± 3.16 108.18 ± 5.24

Study 111 Control 128.69 ± 5.14c 140.43 ± 8.42b 148.02 ± 4.40a 139.05 ± 4.17a

Functional 128.06 ± 5.12cd 121.55 ± 3.49de 118.01 ± 5.76e 122.54 ± 5.95b

Nutraceutical 127.31 ± 5.45cd 115.98 ± 4.55ef 110.63 ± 5.47f 117.97 ± 6.01c

Means 128.02 ± 6.40 125.99 ± 4.94 125.55 ± 5.40

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test

Table 5 Effect of diets and study intervals on triacylglycerol level (mg/dL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 70.82 ± 3.52 72.02 ± 2.88 72.89 ± 4.02 71.91 ± 3.59a

Functional 71.61 ± 2.86 70.253 ± 4.21 69.26 ± 3.14 70.37 ± 3.17ab

Nutraceutical 70.67 ± 4.24 68.82 ± 3.44 67.19 ± 2.72 68.89 ± 4.15b

Means 71.03 ± 3.61 70.36 ± 3.16 69.78 ± 4.21

Study II Control 75.61 ± 3.78bc 80.39 ± 4.01a 81.98 ± 4.10a 79.32 ± 3.96a

Functional 75.04 ± 3.02bc 71.84 ± 3.54cd 70.21 ± 3.81d 72.36 ± 3.58b

Nutraceutical 74.29 ± 4.12b 69.41 ± 3.94d 67.78 ± 4.42d 70.49 ± 3.69b

Means 74.98 ± 4.32 73.88 ± 3.97 73.32 ± 3.62

Study 111 Control 91.24 ± 4.98bc 99.52 ± 5.47a 102.32 ± 5.11a 97.69 ± 4.88a

Functional 93.75 ± 4.56b 87.44 ± 5.12cd 85.71 ± 3.82d 88.96 ± 4.32b

Nutraceutical 92.66 ± 4.08b 85.69 ± 4.98d 83.25 ± 3.67d 87.20 ± 4.12b

Means 92.55 ± 4.72 90.88 ± 5.32 90.42 ± 4.16

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test
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Triacylglycerol level of hypercholesterolemic rats fed
with functional and nutraceutical diet showed decrease
up to 8.57 and 10.14%, respectively (Table 5).
Statistical inference portrayed significant effect of diets

on LDL-c while the effect of study intervals was non-
substantial for study I (normal rats). However, in study
II (hyperglycemic rats), diets impacted significantly on
LDL-c while non-significant effect was noticed regarding
study intervals. In study III (hypercholesterolemic rats),
both diets and study intervals impacted substantially on
LDL-c. In normal rats, there was a decrease of 2.94% in
LDL-c of rats fed on functional diet and 4.53% through
nutraceutical diet. In hyperglycemic rats, the reductions

in LDL-c were up to 7.43% (functional diet) and 10.18%
(nutraceutical diet) during the whole study period. LDL-
c of hypercholesterolemic rats fed with functional and
nutraceutical diets showed decrease up to 11.11 and
14.28%, respectively (Table 6).
Non-substantial response of diets and study intervals

was viewed on HDL-c in study I (normal rats) study II
(hyperglycemic rats) and study III (hypercholesterolemic
rats). The normal rats fed on functional diet responded
1.23% increase in HDL-c, whereas 1.77% increment was
observed via nutraceutical diet. An increase of 1.21%
was observed in HDL-c of hyperglycemic rats on admin-
istration of functional diet while it increased up to 2.03%

Table 6 Effect of diets and study intervals on LDL-c (mg/dL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 31.88 ± 2.09 32.22 ± 1.51 32.33 ± 1.81 32.14 ± 1.50a

Functional 31.63 ± 1.58 30.98 ± 2.16 30.70 ± 1.23 31.10 ± 1.55b

Nutraceutical 31.76 ± 1.27 30.68 ± 1.53 30.33 ± 2.12 30.92 ± 1.54b

Means 31.75 ± 1.86 31.29 ± 1.22 31.12 ± 1.52

Study II Control 54.87 ± 3.84bcd 58.97 ± 2.94ab 60.34 ± 2.41a 58.06 ± 2.90a

Functional 56.90 ± 2.84abc 53.78 ± 2.09cd 52.67 ± 3.56cd 54.45 ± 2.66b

Nutraceutical 56.13 ± 3.36abc 52.40 ± 2.52cd 50.44 ± 1.94d 52.99 ± 2.58b

Means 55.96 ± 3.35 55.05 ± 2.15 54.48 ± 2.66

Study 111 Control 62.72 ± 3.76b 69.15 ± 2.76a 71.32 ± 3.56a 67.73 ± 4.74a

Functional 63.92 ± 3.19b 58.43 ± 3.44c 56.81 ± 3.86c 59.72 ± 3.53b

Nutraceutical 62.20 ± 2.48b 55.27 ± 3.25cd 53.32 ± 2.58d 56.93 ± 3.92c

Means 62.94 ± 3.14a 60.95 ± 3.61b 60.48 ± 2.97b

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test

Table 7 Effect of diets and study intervals on HDL-c (mg/dL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 33.75 ± 2.02 33.29 ± 1.33 33.25 ± 1.66 33.43 ± 1.02

Functional 33.87 ± 1.69 34.08 ± 1.36 34.29 ± 2.40 34.08 ± 1.70

Nutraceutical 32.81 ± 1.96 33.22 ± 1.33 33.39 ± 1.67 33.14 ± 2.32

Means 33.47 ± 1.67 33.53 ± 1.34 33.64 ± 2.36

Study II Control 39.05 ± 2.73 37.68 ± 2.11 37.22 ± 2.16 37.98 ± 1.66

Functional 38.51 ± 1.92 38.82 ± 2.43 38.97 ± 1.63 38.76 ± 2.82

Nutraceutical 39.84 ± 1.99 40.38 ± 2.36 40.64 ± 1.98 40.28 ± 2.74

Means 39.13 ± 1.95 38.96 ± 2.85 38.94 ± 1.65

Study 111 Control 45.12 ± 2.25 44.53 ± 3.17 43.79 ± 2.23 44.48 ± 3.07

Functional 45.94 ± 3.21 46.58 ± 2.39 46.82 ± 3.38 46.44 ± 1.42

Nutraceutical 46.71 ± 2.80 47.68 ± 2.84 48.02 ± 2.39 47.48 ± 2.35

Means 45.92 ± 3.21 46.26 ± 2.46 46.21 ± 2.22

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test
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in hyperglycemic rats fed on nutraceutical diet through-
out the experimentation phase. HDL-c levels of hyper-
cholesterolemic rats fed on functional and nutraceutical
diets were raised up to 1.93 and 2.79% from baseline
values, respectively (Table 7).

Hematological aspects
Statistical analysis demonstrated non-significant effect of
diets while substantial effect of study intervals on RBC
count in study I (normal rats). Further, significant effect
of diets and non-significant response of study intervals
was viewed in study II (hyperglycemic rats) and study III
(hypercholesterolemic rats). In case of WBCs, non-
substantial effect of diets and study intervals was noted

in study I (normal rats), study II (hyperglycemic rats)
and study III (hypercholesterolemic rats). For platelets,
the impact of diets and study intervals was significant in
case of study I (normal rats). In study II (hyperglycemic
rats) and study III (hypercholesterolemic rats), the effect
of diets and study intervals was non-significant on plate-
lets (Tables 8, 9 and 10).

Discussion
Current explorations were in harmony with the findings
of Coudray et al. [25] who reported that rats preferred
control diet (25.10 g/day) over funtional diet (19.40 to
22.20 g/day). In another study, Khalesi et al. [9] fed dif-
ferent levels of raw and heated flaxseed to Sprague

Table 8 Effect of diets and study intervals on RBC (106/μL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 7.74 ± 0.16 7.53 ± 0.25 7.93 ± 0.20 7.73 ± 0.21

Functional 7.65 ± 0.19 7.70 ± 0.30 7.96 ± 0.33 7.77 ± 0.27

Nutraceutical 7.70 ± 0.15 7.94 ± 0.16 8.21 ± 0.19 7.95 ± 0.17

Means 7.70 ± 0.12b 7.72 ± 0.27b 8.03 ± 0.23a

Study II Control 8.44 ± 0.22 8.37 ± 0.23 8.32 ± 0.20 8.37 ± 0.21a

Functional 8.29 ± 0.23 8.60 ± 0.28 8.95 ± 0.26 8.61 ± 0.24b

Nutraceutical 8.38 ± 0.22 8.68 ± 0.25 8.91 ± 0.23 8.65 ± 0.22b

Means 8.37 ± 0.24 8.55 ± 0.26 8.72 ± 0.21

Study 111 Control 9.21 ± 0.11 9.16 ± 0.18 9.11 ± 0.22 9.16 ± 0.17a

Functional 9.36 ± 0.19 9.47 ± 0.16 9.58 ± 0.21 9.46 ± 0.18b

Nutraceutical 9.54 ± 0.14 9.61 ± 0.21 9.63 ± 0.19 9.59 ± 0.20b

Means 9.37 ± 0.16 9.41 ± 0.20 9.44 ± 0.19

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test

Table 9 Effect of diets and study intervals on WBC (103/μL) of rats in different studies

Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 10.56 ± 0.13 10.98 ± 0.18 11.04 ± 0.20 10.86 ± 0.17

Functional 10.37 ± 0.21 10.54 ± 0.23 10.74 ± 0.18 10.55 ± 0.19

Nutraceutical 10.67 ± 0.12 10.75 ± 0.19 10.83 ± 0.21 10.75 ± 0.18

Means 10.53 ± 0.18 10.76 ± 0.20 10.87 ± 0.19

Study II Control 10.87 ± 0.23 10.75 ± 0.27 10.64 ± 0.41 10.75 ± 0.35

Functional 10.81 ± 0.24 11.14 ± 0.35 11.43 ± 0.19 11.13 ± 0.27

Nutraceutical 10.90 ± 0.35 11.18 ± 0.41 11.42 ± 0.34 11.17 ± 0.38

Means 10.86 ± 0.25 11.02 ± 0.32 11.16 ± 0.38

Study 111 Control 11.28 ± 0.29 11.21 ± 0.25 11.15 ± 0.27 11.21 ± 0.26

Functional 11.37 ± 0.29 11.42 ± 0.34 11.48 ± 0.32 11.42 ± 0.31

Nutraceutical 11.52 ± 0.38 11.58 ± 0.30 11.64 ± 0.35 11.58 ± 0.34

Means 11.39 ± 0.34 11.40 ± 0.28 11.42 ± 0.31

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test
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Dawley rats and observed that feed consumptions was
slightly lower in groups fed with higher percentage of
flaxseed. Moreover, they mentioned comparatively less
weight gain in rats fed on flaxseed (30% of total diet) as
compared to control animals. In the current study, non-
significant increase in water intake was noted through-
out the trial among different diet groups. Likewise, Yang
et al. [26] observed non-substantial variances in water
intake among functional or control diets fed groups.
Hypoglycemic prespectives of flaxseed as observed in

the current research were in acordance to the outcomes
of Hejazi [15]. In the mentioned study, blend of flaxseed
(50%) and hull-less barley (50%) was administered to rats
that indicated reduction in glucose (34.61%), cholesterol
(49.05%), LDL-c (69.09%) and triacylglycerols (55.19%)
along with improvent in HDL-c (69.13%) in streptozoto-
cyin induced diabetic rats. Conclusively, they found that
barley and flaxseed blend is a unique combination of sol-
uble fiber and polyunsaturated fatty acids that protect
against heart disorders. Earlier, Elshal et al. [27] found
flaxseed helpful in controlling glucose, cholesterol, tri-
acylglycerol and LDL-c up to 68, 51, 52 and 66% along
with increase in HDL-c by 58% as compared to positive
control (diabetic rats). Moreover, Makni et al. [5] ad-
ministered flaxseed and pumpkin seed mixture to dia-
betic rats that resulted in significant drop of plasma
cholesterol and triacylglycerols up to 47%, each in con-
trast to diabetic rats. The combination of flaxseed and
pumpkin ensures the provision of phytosterols, polyun-
saturated fatty acids, tocopherols and β-carotene.
Previously, Haliga et al. [28] demonstrated that supple-
mentation of flaxseed down-regulated cholesterol by
24.90% and raised serum HDL-c up to 91% in strepto-
zotocin induced diabetic hamsters as compared to con-
trol diabetic hamsters.

Regarding lipid profile, Gambus et al. [29] found that
rats administered with bread containing flaxseed (10 and
13%) achieved impressive hypocholesterolemic effects in
rats in response to higher dietary fiber and micro-
minerals. Earlier, Khalesi et al. [9] studied the effect of
10, 20 and 30% raw and heated flaxseed on the serum
lipid profile of normal diet fed rats and noted that group
fed on 30% flaxseed showed maximum reduction in
cholesterol (22.08%), LDL-c (4.00%) and triacylglycerols
(7.69%) along with maximum increment in HDL-c
(6.02%) followed by 20% and 10% flaxseed groups. They
associated such effects with soluble dietary fiber and
SDG content in flaxseed. Further, Zhang et al. [30]
showed significant decline in total cholesterol & LDL-c
upto 24.38% and fasting plasma glucose by 24.96% in hy-
percholesterolemic subjects, administered with 600 mg
of SDG at 8th week as compared to placebo or baseline.
One of the researchers group, Jenkins et al. [31] reported
that subjects supplemented with partially de-fatted flax-
seed based muffins for 3 weeks helped in lowering chol-
esterol level by 5.5% in response to flaxseed gum i.e. a
rich source of phenolic lignan however, non-significant
responses were noted in lipoprotein fractions.
Hematological aspects in the current study showed

non-significant results that were in line with findings of
Prasad [32] who explicated that counts of red blood
cells, white blood cells and platelets remained unaltered
after flaxseed diet in normal and hypercholesterolemic
rabbits. One of the scientists group, Babu et al. [33] also
elucidated that dietary flaxseed meal had no adversities
on hematological traits in Sprague-Dawley rats.

Conclusions
The flaxseed extract (5%) based diet demonstrates better
control on glucose, cholesterol, LDL-c and triacylglycerols

Table 10 Effect of diets and study intervals on platelets (103/μL) of rats in different studies
Studies Diets Study intervals (Days) Means

0 28 56

Study 1 Control 1021.70 ± 51.05 1029.70 ± 48.10 1038.10 ± 51.90 1029.80 ± 50.40b

Functional 1015.70 ± 50.10 1056.70 ± 49.30 1082.10 ± 54.20 1051.40 ± 52.50ab

Nutraceutical 1018.70 ± 52.45 1076.70 ± 53.60 1103.30 ± 55.80 1066.20 ± 53.30a

Means 1018.70 ± 50.90b 1054.30 ± 52.70a 1074.40 ± 53.85a

Study II Control 1034.30 ± 52.20 1023.00 ± 52.65 1016.30 ± 53.10 1024.53 ± 52.80

Functional 1037.70 ± 53.60 1046.70 ± 51.40 1059.30 ± 51.30 1042.30 ± 52.65

Nutraceutical 1029.70 ± 52.05 1044.70 ± 52.80 1052.70 ± 50.05 1047.90 ± 51.40

Means 1033.90 ± 51.90 1038.13 ± 52.05 1040.76 ± 52.50

Study 111 Control 1035.10 ± 49.50 1023.70 ± 50.20 1011.70 ± 48.90 1023.40 ± 49.70

Functional 1034.70 ± 50.85 1045.00 ± 49.15 1049.30 ± 46.40 1043.00 ± 51.30

Nutraceutical 1041.70 ± 49.25 1048.70 ± 51.40 1064.10 ± 47.20 1051.40 ± 50.65

Means 1037.16 ± 47.65 1039.13 ± 50.95 1041.70 ± 49.10

Study I (Normal rats), Study II (Hyperglycemic rats), Study III (Hypercholesterolemic rats). Lettering indicates significant differences between means using ANOVA
(two-way factorial) with posthoc Tukey’s honestly significant difference (HSD) test
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as compared to flaxseed powder (10%). On the other
hand, functional and nutraceutical diets portray increment
in insulin and HDL-c levels in hyperglycemic and hyper-
cholesterolemic diet fed rats. Thus, incorporation of flax-
seed in dietary regimen helps to mitigate lifestyle related
dysfunctions.
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