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Amaranthus spinosus is a common vegetable of Bangladesh and well-known for
its ethnomedicinal uses. In this study, we have evaluated the ability of powdered
supplementation, methanol extract, and aqueous extract of A. spinosus in attenuating
in high-carbohydrate-high-fat (HCHF) diet-induced obesity and associated metabolic
disorders in female obese rates. Several parameters have been analyzed in this study
including body weight, organ weight, fat deposition, glycemic status, lipid levels, hepatic
and renal biomarkers, hepatic antioxidant status, and hepatosteatosis. All three samples
of A. spinosus significantly reduced weight gain, organ weight, and abdominal fat
deposition. Improved glucose tolerance and lipid parameters were seen in obese rats
administered with A. spinosus powder, methanol extract, and aqueous extract. Serum
alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), and creatine kinase levels were normalized by the test samples. A. spinosus
boosted hepatic antioxidant levels including reduced glutathione (GSH), superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). Histopathology of
liver tissue revealed increased fat infiltration and higher steatosis score in HCHF diet-fed
obese rats which was brought down by A. spinosus. Analyzing all the results it can
be concluded that this medicinal herb is beneficial in the management of obesity and
obesity-induced metabolic disorders, making it a prospective food supplement.

Keywords: Amaranthus spinosus, obesity, glucose intolerance, antioxidant, steatosis

INTRODUCTION

Obesity is a human physiological phenomenon resulting from long-term imbalance between
energy consumption, and expenditure. The obesity society has labeled obesity as a multi-causal
chronic disease characterized by excess adiposity with well-defined pathological signs including
structural anomalies, physiological aberrations, and functional abnormalities (1). Rising rate of
obesity was first noticed in the US in the early 1980s, but now at least 30 countries have claimed
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a noticeable upsurge of obesity, making it a global epidemic.
Though obesity has been claimed to cause several chronic
health conditions, no country has succeeded yet in establishing
effective guidelines to control it (2). It is forecasted that the
levels of obesity will reach 85 and 89% in females and males,
respectively, by 2030 resulting in a hike in the prevalence of
cardiovascular diseases by 97%, diabetes by 21%, and cancers
by 61%, thus, impacting not only on global public health but
also healthcare costs (3). Obesity is considered the pivotal
factor behind metabolic syndrome, one of the major public
health crises of the present world with more than 20% of the
global population suffering from this (4, 5). It is characterized
by a group of abnormalities that involve at least three of five
major clinical symptoms: abdominal fat deposition, insulin
resistance, high serum triglycerides, diminished serum high-
density lipoprotein-cholesterol (HDL-C) and hypertension,
among which abdominal fat deposition or abdominal obesity is
most prevalent (5). Metabolic syndrome can also lead to several
other complications including liver steatosis, hyperuricemia,
type-2 diabetes, endothelial dysfunction, atherosclerosis,
polycystic ovary syndrome, and cognitive disorder (6-11). In
clinical practices, metabolic syndrome is managed through
different approaches involving dietary modification to restrict
calorie intake, increasing physical activities and, therapeutic
management of dyslipidemia to restore optimum triglyceride,
LDL-C and HDL-C levels, hyperglycemia, and hypertension
(12, 13). Functional foods, mainly vegetables and fruits are
highly recommended in such conditions due to the presence of
bioactive constituents, mainly polyphenols (14, 15).

Amaranthus spinosus, belonging to Amaranthaceae family, is
an annual perennial herb commonly known as “Spiny Amaranth”
or “Kantanotey” that grows in lowlands, wastelands, fields,
roadsides, and gardens. Though originated from the lowlands
of Central and South America, now it is very common in
different parts of America, Europe, Africa, and South-East Asia.
In different regions tropical Africa, India, and Sri-Lanka, this
weedy amaranth is cultivated and sold to be consumed as
vegetables (16-18). In Bangladesh, this is becoming very popular
due to its color, odor, and taste, and being harvested as a
leafy vegetable (18). This pine scent herb is widely used in
local ethnomedicinal practices against a wide range of ailments
among different communities. Many of the traditional uses
have been demonstrated in different test models. Researchers
have claimed numerous bio-active phytoconstituents to be
responsible for the pharmacological effects shown by A. spinosus
(Supplementary Table 1). A recent study showed that different

Abbreviations: ABTS, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonate); ALT,
alanine transaminase; Al, atherogenic index; AST, aspartate transaminase; ALP,
alkaline phosphatase; Aq, aqueous; AUC, areas under curve; BMI, body-mass
index; BSA, bovine serum albumin; CAT, catalase; CK, creatine kinase; DTNB, 5,5'-
dithio-bis-(2-nitrobenzoic acid); DPPH, diphenyl-picrylhydrazyl radical; GPx,
glutathione peroxidase; TC, total cholesterol; TG, triglycerides; HDL-C, high-
density lipoprotein-cholesterol; HCHE, high-carbohydrate-high-fat; LDL-C, low-
density lipoprotein-cholesterol; OGT, oral glucose tolerance; GSH, reduced
glutathione; MeOH, methanolic; Aq., aqueous; NAFLD, non-alcoholic fatty liver
disease; ROS, reactive oxygen species; SOD, superoxide dismutase; SD, standard
deviation; VLDL-C, very low density lipoprotein-cholesterol; PPARa, peroxisome
proliferator-activated receptor alpha.

genotypes of A. spinosus are a good source of minerals including
Na, K, Ca, Mg, P, S, B, Fe, Cu, Zn, Mo, and Mn, p-xanthins, -
cyanins, betalains, B-carotene, vitamin C, and especially dietary
fiber. They have been claimed to possess a remarked amount
of phenolic content, flavonoid contents and antioxidant capacity
(18). In addition, several polyphenolic compounds have been
reported from A. spinosus (Supplementary Table 1). It is evident
that consumption of dietary fiber and polyphenolic compounds
is beneficial in the treatment and management of obesity and
metabolic syndrome (15, 19). These shreds of evidence intrigued
us to study the effect of A. spinosus on obesity and associated
metabolic disorders. In this study, we evaluated supplementation
of A. spinosus powder, methanolic (MeOH) extract, and aqueous
(Aq.) extract in female obese rats to mimic female obesity
since obesity is becoming a prime health concern among female
community and it is established that gender in a crucial factor
while studying obesity (20, 21). We used high-carbohydrate-
high-fat (HCHF) diet-fed obese rat model to study anti-obesity
effects of A. spinosus. This model is widely accepted for studying
diet-induced obesity and obesity-induced metabolic disorders
such as fat deposition, impaired glucose tolerance, dyslipidemia,
hypertension, and systemic oxidative stress (22). Here we report
that, A. spinosus is capable of attenuating obesity and obesity
induced metabolic disorders in HCHF diet-fed obese female rats.

MATERIALS AND METHODS
Plant Material

The aerial parts of A. spinosus were collected from Koiya Bazar,
Khulna, Bangladesh, and authenticated by the experts from
Bangladesh National Herbarium (Voucher specimen number:
AS 45466). The plant material was shed dried and mechanically
ground to obtain a coarse powder. Then it was soaked separately
in methanol and water in tight containers for 7-10 days,
and filtered to obtain the filtrate. The crude methanol extract
was obtained following evaporation using a rotary evaporator,
whereas aqueous extract was obtained using a freeze drier.

Experimental Animals

Thirty female Wister albino rats (8 weeks old, 130-140g
weight) were used in this study. The experimental animals
were purchased from Jahangirnagar University, Bangladesh, and
housed within clean polypropylene cages in an air-conditioned
animal house. 25 & 5°C temperature, 56-60% relative humidity,
and 12 h dark-light cycle were maintained throughout the study
period. The study protocols were approved by the Animal Ethics
Committee, Pharmacy Discipline, Life Science School, Khulna
University (KU/PHARM/AEC/18/06/01).

Diet Composition

The experimental rats were fed with two types of diets. One
was normal laboratory chow diet and the other was custom
made HCHF diet. The formulations of the diets are shown in
Supplementary Table 2. All the ingredients were purchased from
the local markets and the diets were prepared in a clean and
hygienic environment.
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Study Design and Sampling

The experimental animals were divided into six groups, each
containing five rats to explore the potential of A. spinosus
in ameliorating obesity and associated metabolic disorders in
HCHEF diet-induced obese rats. These groups were given different
diet schemes for 8 weeks on daily basis. The control group
received normal laboratory chow diet, the second group was
fed with HCHEF diet, the third group was given standard lipid-
lowering drug, Atorvastatin (2 mg/kg/ day, p. o.) along with
HCHEF diet, and the other three groups were supplemented with
A. spinosus powder (2.5% of food, w/w), crude methanol extract
(250 mg/kg/day, p. 0.), and aqueous extract (250 mg/kg/day, p. 0.)
with HCHF diet.

Bodyweight, and daily water, food, and calorie intakes were
noted for the whole study period to observe the effect of
A. spinosus on obesity. The daily food intake (W 4) was calculated
as Wy = initial food weight - (left over food weight + spilled food
weight). Following formulas were used to calculate the energy
consumption as kJ/day/rat (4):

(I x amount of daily water intake) + (E; x amount of daily
food intake), where E; is the calculated total energy in kJ/g of diet
which is 16.945 in chow diet and 26.61 kJ/g in HCHF diet.

To evaluate the effects on HCHF induced metabolic disorders
different metabolic parameters including glycemic condition,
serum lipid profile, serum enzyme markers, liver tissue enzymes,
and hepatic tissue architecture were examined. The glycemic
condition of the rats was determined by examining oral
glucose tolerance at the beginning and after completion of the
feeding protocol. After completion of feeding protocol, all the
test animals were sacrificed using chloroform inhalation (10
ml/rat). Blood samples from the abdominal aorta were taken
for evaluating serum lipid profile and serum enzyme markers.
Internal organs including the liver, kidney, heart, and abdominal
fat depots were collected, washed with 0.9% NaCl (pH 7.4)
solution, and weighed. Parts of the liver were used to assess the
antioxidant enzymes and the rest were preserved in formalin
buffer (pH 7.4) for further histopathological analysis.

Oral Glucose Tolerance (OGT) Test

To evaluate the glycemic activity of A. spinosus, an OGT test was
conducted before starting and after completion of the feeding
protocol. After overnight fasting (12h), the test animals were
administered 40% glucose solution (2 g/kg b.w. p.o.). After that
blood samples were collected from the tail vein of each rat at time
intervals of 0, 30, 60, 90, and 120 min, and blood glucose levels
were measured using a glucometer (23).

Serum Biochemical Analysis

Immediately after sacrificing the rats upon completion of feeding
protocol, blood samples were collected from the abdominal aorta
and kept vertically in centrifuge tubes for 30 min at 20-25°C.
Then they were centrifuged at 3,000 rpm for 10-20 min to obtain
clear serum and kept at —20°C. These serum samples were used
to analyze the lipid profile i.e., the levels of total cholesterol,
triglyceride, and HDL-C. These results were further utilized
to determine the levels of low-density lipoprotein-cholesterol
(LDL-C), very low-density lipoprotein-cholesterol (VLDL-C),

and atherogenic index (AI) using Friedewald formula (4):

LDL — C=TC — (HDL — C + TG/5)
VLDL — C = TG/5
Al = (TC — HDL — C)/HDL — C

In addition to lipid profile, separated serum samples were uses to
determine the levels of serum enzyme markers including alanine
transaminase (ALT), aspartate transaminase (AST), alkaline
phosphatase (ALP), and creatine kinase (CK). All the serum
biochemical analyses were conducted using a HumaStar 600
fully automated biochemistry analyzer, Human GmbH-Germany
according to the supplier’s protocol and standards.

Evaluation of Hepatic Antioxidant Status
Hepatic antioxidant status was evaluated by measuring reduced
glutathione (GSH), superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPx) in liver tissue homogenate.
To prepare the tissue homogenate, parts of the liver were from
each test group were thoroughly washed with cold 0.9% NaCl
(pH adjusted to 7.4). Then, an electric homogenizer was used to
homogenize the liver tissue in 10 volumes of 0.15M Tris-HCl
(pH 7.4). A part of tissue homogenate was used to determine
the protein content in hepatic tissue and GSH. The remaining
homogenate was centrifuged (2,500 rpm, 10 min) to collect the
supernatant for estimation of SOD, CAT, and GPx enzyme (24).
We determined the total soluble protein in the supernatant
separated from hepatic tissue according to the Lowry method
from the bovine serum albumin (BSA) standard curve (25).

To determine tissue GSH level, 0.1 mL of 25% TCA was
mixed with 0.5mL tissue homogenate and kept on ice. This
mixture was centrifuged (3,000 x g, few minutes) to get the
supernatant. Then, 0.3 mL supernatant was sequentially mixed
with 0.7 mL 0.2 M sodium phosphate buffer (pH 8), 2 mL freshly
prepared 0.6 mM 5,5’ -dithio-bis-(2-nitrobenzoic acid) (DTNB),
and yellow color was produced. After 10min, this color was
measured at 412 nm against a blank. Tissue GSH concentration
was calculated from standard reduced glutathione curve. GSH
concentration in tissue was calculated as jLg/mg protein present
in hepatic tissue (26).

SOD level in the liver of the experimental rats was determined
using an indirect technique calculating auto-oxidation of
epinephrine (4). 0.3mL separated supernatant from hepatic
tissue homogenate was consecutively mixed with 1.8 mL 50 mM
carbonate buffer having pH 10.2,0.1 mL 3 x 10~* M epinephrine,
and 1 ml EDTA solution having pH 10.2 with the temperature
maintained at 30°C. After 3 min, the absorbance of the reaction
mixture was measured at 480nm. The amount of enzyme
inhibiting the oxidation of epinephrine by 50% was defined as
one unit of SOD and the result was expressed as U/mg protein of
liver tissue.

We determined tissue CAT level using the method of Ulla et al.
(27). 2.5 mL 50 mM phosphate buffer adjusted at pH 7 was added
to 0.1 ml of the supernatant collected from tissue homogenate.
Afterward, 0.4 mL 5.9 mM H,O, solution in buffer was added to
the reaction mixture. After 1 min, the decrease in absorbance was
measured at 240 nm. A decrease in absorbance by 0.01 units/min
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was defined as one unit of CAT and the results were expressed as
U/mg protein of liver tissue.

Finally, GPx activity in the separated supernatant
was determined using a commercial kit according to the
manufacturer’s protocol (BIOXYTECH GPx-340, Colorimetric
Assay for Glutathione Peroxidase, Catalog no.. 21017,
OxisResearch, Portland, USA), and the results were expressed as
mU/mL supernatant.

Histopathological Examination

Liver tissues collected from the experimental rats were fixed
with 10% neutral formalin buffer and embedded in paraffin (5
microns in size). These sections were stained with hematoxylin
and photographed using a light microscope (40x magnification).
The tissue architecture was observed and levels of steatosis were
scored using Image J (28).

Statistical Analysis

All the results were presented as mean =+ standard deviation (SD).
One-way ANOVA followed by Newman-Keuls post-hoc test were
conducted for multiple comparison testing. Tests were conducted
and graphs were prepared using GraphPad Prism software V5.03.

RESULTS AND DISCUSSION

Obesity has emerged as a major health concern in recent days and
consumption of fat and carbohydrate-rich diet plays a central role
in developing obesity (29). Adiposity is a key marker for obesity
resulting from the storage of excess energy by adipose tissue in the
form of triglycerides. Adipocytes, pre-adipocytes, and immune
cells in adipose tissue regulate energy metabolism in our body,
but high adiposity with increased triglyceride deposit causes
hyperplasia and hypertrophy of white adipose tissue resulting in
disrupted lipid homeostasis and local inflammation. This causes
local release of pro-inflammatory cytokines that interfere with
hepatic insulin signaling and contribute to B-cell dysfunction
resulting in insulin resistance and type-2 diabetes (30, 31). In
such a condition, hepatic gluconeogenesis remains unaffected
and blood glucose level increases. Furthermore, with an unaltered
supply of high energy diet, hepatic lipogenesis continues to occur
that can lead to consequences ranging from simple steatosis
to steatohepatitis and fibrosis (32). Disrupted lipid homeostasis
also causes atherogenic dyslipidemia characterized by increased
levels of LDL-C augmenting chances of cardiac complications
(4). Another complexity associated with diet-induced obesity
is the systemic oxidative stress manifested by a decrease in
endogenous antioxidant enzyme activities including GSH, GPx,
SOD, and CAT. Obesity-induced oxidative stress originates from
a number of sources such as hyperglycemia, increased lipid
levels, free radicals, inadequate antioxidant enzyme levels, and
inflammation, and can cause multi-organ damage (33). In this
project, diet-induced obesity and associated metabolic disorders
were successfully induced in test animals by feeding them
with HCHF diet, and the changes in physical and biochemical
parameters were clearly observable.

Amaranthus spinosus Improved the

Parameters of Obesity

Bodyweight, body-mass index (BMI), waist circumference,
and fat accumulation are common physical parameters of
obesity (34). We recorded the bodyweight of experimental rats
throughout the study to observe the effect of HCHF diet and
test samples on this parameter, and the result is shown in
Figure 1A. Feeding with HCHF diet resulted in an observable
increase in body weight compared to the control rats. HCHF
fed obese rats gained a significantly higher amount of body
weight (99.00 & 9.82 g) than normal diet-fed rats (46.00 £ 4.53 g).
This value was significantly lesser in obese rats administered
with atorvastatin (82.40 &+ 4.45 g) than the HCHF diet fed rats.
Supplementation of A. spinosus powder, MeOH extract, and Aq.
extract along with HCHF diet caused a significant reduction
in the increase in body weight (57.60 £ 4.04, 62.20 %+ 6.50,
and 66.80 £ 4.92g, respectively) compared to that observed
in only HCHF diet fed rats. We also performed a nutrient
tracking study and the results are shown in Figures 1B,C.
Average calorie intakes by different groups fed with HCHF
diet were relatively higher irrespective of average food intake
than chow diet-fed control rats (Table 1) contributed to the
presence of higher fat and carbohydrate content in HCHF
diet, and the results are positively related to weight gains.
These results are indicative of the anti-obesity potential of A.
spinosus. We measured the organ weights after completion of the
feeding protocol (Table 1). No significant differences were seen
in kidney and heart weights among experimental groups. But
liver weight significantly increased in the HCHF diet-fed obese
rats developing fatty liver compared to control rats, which was
brought back to normal by all the test samples and atorvastatin
(Table 1). Abdominal fat accumulation is an early sign of obesity
and beef fat used to produce the HCHF diet of our study
is a proven contributor of abdominal fat deposition (4). We
found marked differences in abdominal fat deposition between
control and HCHF diet-fed obese rats, whereas this amount was
reduced in obese rats supplemented with atorvastatin and A.
spinosus samples (Table 1). The relative abdominal fat contents
to bodyweight were found to be 3.07, 4.14, 2.93, 2.81, 3.15,
and 3.24% in control, HCHF, HCHF + Atorvastatin, HCHF+
A. spinosus powder, HCHF+ A. spinosus MeOH extract, and
HCHF+ A. spinosus Aq. extract group, respectively. It is reported
that polyphenol-rich food supplementations can ameliorate
physical parameters of obesity including body weight, organ
weight, and fat accumulation (23, 27, 28). A. spinosus is a good
source of polyphenolic compounds (Supplementary Table 1). In
addition, the high fiber content of A. spinosus makes it a potential
anti-obesity agent as dietary fiber binds with fat and helps in their
excretion (4, 18).

Amaranthus spinosus Ameliorated

Glucose Intolerance in Obese Rats

Impaired glucose tolerance is a precursor of diabetes and
serves as a vital risk factor behind cardiovascular disorders
increasing mortality rate by several times (35). Obesity-associated
dysfunction in adipokine secretion from adipose tissue is directly
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FIGURE 1 | (A) Body weight, (B) food intake, and (C) energy intake by experimental animals during the study period. Values are presented as mean + SD, n = 5.
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TABLE 1 | Body weight gain, food intake, energy intake, and organ weight variations in experimental groups.

Group Control

HCHF HCHF + Atorvastatin HCHF + AS powder HCHF + AS MeOH HCHF + AS
extract Ag. extract

Body weight gain (g) 46.00 + 4.53 99.00 + 9.822 82.40 + 4.45° 57.60 + 4.04° 62.20 + 6.50° 66.80 + 4.92°
Food intake (g/day) 15.51 +£ 1.19 1555+ 1.4 15.69 + 1.24 16.29 + 1.21° 17.23 & 1.27P° 16.64 + 1.01°d
Energy intake (KJ/day) 282.2 + 20.27 433.9 + 37.342 437.5 + 33.06% 453.6 + 32.11° 478.4 + 33.86°° 462.9 + 27.17°#
Liver (g) 493 +£0.72 6.62 + 0.592 5.03 + 0.50° 5.06 + 0.38° 4.57 +0.34° 4.94 + 0.38°
Kidney (g) 1.00 £+ 0.12 1.36 +£0.28 0.93 £ 0.15 111 £ 0.18 1.21 £0.37 1.06 &+ 0.06
Heart (g) 0.56 + 0.60 0.68 + 0.23 0.59 + 0.14 0.65 £ 0.10 0.67 + 0.08 0.73 + 0.08
Abdominal fat deposition (g) 5.64 + 0.83 9.93 + 0.822 6.41 + 1.00° 7.24 + 2,05° 6.21 + 0.72b¢ 6.58 + 1.03°

Values are presented as mean + SD, where n = 5.
ap < 0.005 vs. control.

bp < 0.005 vs. HCHF.

¢p < 0.005 vs. HCHF + AS powder.

9p < 0.05.

®p < 0.005 vs. HCHF + AS MeOH extract.

involved with the development of glucose intolerance. The levels
of secreted adipokines are a direct function of adiposity and BMI,
and they are responsible for modulating insulin mediated glucose
uptake, thus affecting glycemic condition (36). Diet-induced
adiposity has long been related to glucose intolerance. Sumiyoshi

et al. showed that increased fat deposition or TG storage,
increased level of free fatty acid, and decreased expression
of PPARa caused by long-term feeding of high-fat and high-
sucrose diet can produce peripheral insulin intolerance and
resultant glucose intolerance (37). In this study, we evaluated
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glucose tolerance of the test animals by a 2-h oral glucose
tolerance test which is a standard predictor of type-2 diabetes
(38). At the beginning of the study, all the test groups showed
no significant difference in blood glucose levels measured in
different sampling points (Figure 2A). The pattern was similar
with a rise in blood level reaching the peak at 60 min that
decreased afterward. But after completing the feeding protocol
HCHEF diet-fed obese rats showed elevated blood glucose levels
compared to control rats manifesting obesity-induced glucose
intolerance. The highest blood glucose level in HCHF diet-
fed rats was found 9.85 mmol/L at 60min that declined to
7.7 mmol/L at 120 min, whereas in control rats these values
were 8.3 and 4.2 mmol/L, respectively. This pattern observed
in the HCHF diet-fed obese rats perfectly mimics type-2
diabetes. On the contrary, blood glucose levels were found
to be relatively lower in rats receiving A. spinosus powder
supplementation, MeOH extract, and Aq. extract compared
to HCHF fed obese rats, providing evidence for the ability
of this medicinal herb in improving obesity-induced glucose
intolerance (Figure 2B). The effects were more observable when
areas under curve (AUC) of the experimental groups were
calculated and compared. No statistical differences in AUC were

found between different test groups before starting the designed
feeding protocol (Figure 2C). At the end of the study, AUC was
significantly elevated in HCHF fed rats (1,026 & 16.71) compared
to control rats (772.8 £ 38.48) (Figure 2D). This increased AUC
in HCHF diet-induced obese rats were significantly lowered by
A. spinosus powder supplementation (873.0 £+ 43.31), MeOH
extract (873.9 + 51.66), and Aq. extract (848.7 £ 67.56)
(Figure 2D). Obese rats receiving atorvastatin also showed
reduced blood glucose levels and AUC, but the results were
not so prominent.

Different studies suggest that A. spinosus is capable of
improving the glycemic conditions in both diabetic and non-
diabetic animal models (39-42). Several mechanisms have
been proposed behind the antidiabetic and glucose-lowering
capacity of this plant. It is capable of delaying glucose
absorption by inhibiting carbohydrate hydrolyzing enzymes,
a-glucosidase, and o-amylase, in the digestive tract (43, 44).
Mondal et al. reported that (14E,18E,22E,26E)—methyl non-
acosa-14,18,22,26-tetraenoate is the active constituent with
a-glucosidase inhibitory activity (45). Ethanolic extract of
A. spinosus increases incretin-induced insulin secretion by
inhibiting dipeptidyl peptidase IV (43). Studies also suggest
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TABLE 2 | Effect of Amaranthus spinosus on serum lipid profile.

Group Control HCHF HCHF + Atorvastatin HCHF + AS powder HCHF + AS MeOH HCHF + AS
extract Aqg. extract

Total Cholesterol (mg/dl) 85 + 8.63 157.8 + 6.53° 106.4 + 8.449 140.6 + 5.949 131.8 £ 6.61¢ 127.6 + 6.23%¢

Triglyceride (mg/dl) 102.2 £+ 8.56 165.5 + 7.16° 120.8 + 3.494 140.4 + 6.07¢ 137.4 + 3.36¢ 134 + 6.129

HDL-C (mg/d) 41.6 + 4.22 20.8 + 3.19° 35.6 + 3.96 31.8 £ 3.27° 33.8 + 5.382 36.2 + 3.83f

LDL-C (mg/dl) 22.96 + 9.33 94.92 + 9,524 46.64 + 11.059 82.92 + 4.55° 70.52 + 4.649 64.6 + 5.86%

V-LDL-C (mg/dl) 20.44 £ 1.71 33.08 + 1.434 24.16 + 0.69¢ 28.08 + 1.219 27.48 + 0.67¢ 26.8 + 1.229

Values are presented as mean + SD, where n = 5.

ap < 0.05.

bp < 0.005 vs. control.

p < 0.05.

9p < 0.005 vs. HCHF.

ep < 0.05.

b < 0.005 vs. HCHF + AS powder.

that A. spinosus reduces systemic oxidative stress and damage
to pancreatic cells in diabetic animals (44, 46). The results of
our study are in harmony with these findings since HCHF diet
can cause systemic oxidative stress in obese rats (28). Glucose
intolerance is also correlated inflammation in obese rats and A.
spinosus is reported to possess anti-inflammatory activity (47,
48). Taken all these together, it can be resolved that A. spinosus
would be a promising food supplement in the management of
glucose intolerance in diet-induced obesity.

Amaranthus spinosus Corrected
Dyslipidemia in Obese Rats Improving

Atherogenic Index

Atherogenic dyslipidemia is a complex disorder associated with
obesity, metabolic syndrome and diabetes that contributes to
the progression of atherosclerotic cardiovascular disease. It
is characterized by increased levels of triglycerides, LDL-C,
and low levels of HDL-C in blood. Though genetic factors
significantly contribute to the development of dyslipidemia,
researchers have claimed diet rich in fat and carbohydrate
as the most common cause (49, 50). High-carbohydrate-high-
fat containing diet can also induce dyslipidemia in laboratory
rats in a similar way to humans (4, 23, 32). In our study,
significantly elevated serum levels of TC, TG, LDL-C, and
VLDL-C, and decreased HDL-C level were found in HCHF
diet-fed rats compared to control rats (Table 2), thus showing
evidence for the development of atherogenic dyslipidemia. These
levels were brought to near normal by the administration
of atorvastatin along with the HCHF diet. Prominent anti-
dyslipidemic activity was seen in case of A. spinosus. Powder
supplementation, MeOH extract, and Aq. extract significantly
lowered serum TC, TG, LDL-C, and VLDL-C, and decreased
serum HDL-C levels in HCHF diet fed obese dyslipidemic rats
(Table 2). Similar results were found previously by treating
A. spinosus in different animal models (51, 52). We calculated
another parameter of atherogenic dyslipidemia, the atherogenic
index (AI), that is an established predictor of cardiovascular
disease (53). Higher AI value was found in HCHF diet-fed
rats than the control rats (Figure 3) indicating the presence

Atherogenic index

FIGURE 3 | Atherogenic indexes in control and experimental groups. Values
are presented as mean + SD, where n = 5. °p < 0.005 vs. control; p <
0.005 vs. HCHF; ¢p < 0.05 vs. HCHF + AS powder.

of dyslipidemia in obese rats. The values were relatively lower
in rats administered with supplemented with A. spinosus
powder, MeOH extract, and Aq. extract compared to HCHF
fed rats (Figure 3). These results are in accordance with the
pattern seen in the results of body weight and abdominal fat
deposition since higher body weight and abdominal fat are
positively related to values of AI (54). The anti-dyslipidemic
effect of A. spinosus was comparable with the test group
receiving atorvastatin, a standard lipid-lowering drug. Thus,
A. spinosus can be utilized as a functional food supplement in the
prevention and management of obesity-related dyslipidemia and
cardiovascular complications.

Polyphenolic compounds from vegetables and fruits improve
dyslipidemia and prevent the development of atherogenic
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lesions. It has been found that trimethylamine-N-oxide, a
pro-atherosclerotic metabolite, is found in less quantity in
individuals primarily on a plant-based diet (55, 56). Several
mechanisms have been proposed behind the anti-atherogenic
activity of polyphenols including modulation of vascular
and endothelial function, preventing free radical-mediated
oxidation of LDL-C, increasing circulating HDL-C levels,
inhibiting platelet activation factors, inflammatory mediators,
and oxidative stress (57). Several polyphenolic compounds
including phenolic acids and flavonoids have been reported in
A. spinosus (Supplementary Table 1). In addition, betacyanins
have the ability to improve lipid profile and prevent atherogenic
risk factors (58). Hence, the polyphenols and betacyanins
present in A. spinosus can be held responsible for the anti-
dyslipidemic activity.

Amaranthus spinosus Lowered the Levels

of Serum Marker Enzymes

Obesity or increased adiposity can lead to multi-organ damage
including heart, kidney, liver, and brain, primarily manifested
by changes in biomarkers specific to the organs (59-62). In
this study we examined alanine transaminase (ALT), aspartate
transaminase (AST), and alkaline phosphatase (ALP) levels
in serum of the experimental animals to predict the effect
of HCHF diet and A. spinosus on liver function. Among
these marker enzymes, ALT and AST are leaked from liver
tissue to bloodstream upon any hepatocellular damage. On
the other hand, ALP is an inducible enzyme bound to the
hepatic cell membrane and increased circulating ALP also
indicates primary liver dysfunction. Though this enzyme can
be released from extra-hepatic sources, the impact is not
significant to consider. Thus, these enzyme levels serve as
standard indicators of hepatic function and condition (63).
Figures 4A-C show the results of ALT, AST, and ALP levels
found in the experimental animals of our study. We found
elevated levels of serum ALT (124.0 + 3.24 U/L), AST (280.2
+ 46.66 U/L), and ALP (3599 + 483.7 U/L) in HCHF diet-
induced obese rats compared to the control rats (87.20 =+
7.95, 191.6 £+ 18.58, and 1,825 £ 417.2 U/L, respectively).
This complies with the results previously found in HCHF diet-
induced obese rat model (4, 23, 28, 32). Supplementation of
powder, MeOH extract, and Aq. extract significantly reduced
the levels of serum ALT, AST, and ALP in obese rats indicating
amelioration of hepatic injury (Figures 4A-C). Among these
test samples, administration of A. spinosus MeOH extract
resulted in the highest reduction in these enzyme levels, but
the results were not statistically significant compared to other
two sample groups. HCHF diet-induced oxidative stress and
following hepatic damage is has been linked with the increased
liver marker enzyme activities (23). Thus, the polyphenolic
compounds with the profound antioxidant potential present
in A. spinosus can be accountable for the improvement
in serum marker enzyme levels. Atorvastatin also caused a
reduction in serum levels of these enzymes, contributed to
the ability of atorvastatin to inhibit hepatic fat accumulation.
The level of AST also serves as a non-specific marker of

myocardial infarction. It indicates the state of the heart muscle
as damage in AST-rich myocardium leads to AST leakage
(63). Hence, A. spinosus can ameliorate heart damage in diet-
induced obesity.

We also examined the levels of serum creatine kinase in the
experimental rats and the results are shown in Figure 4D. Serum
creatine kinase level was significantly increased in HCHF diet-
induced obese rats compared to the control group. Inflammation
and oxidative stress-mediated renal dysfunction give rise to
augmented serum creatine kinase level increasing creatinine
production, and this can be induced by high fat-containing diet
(64, 65), thus serving as an ideal biomarker for liver function
in our study. All the test samples caused a drastic decrease in
this marker level in obese rats, which can be contributed to
the antioxidant and anti-inflammatory properties of A. spinosus.
We also found decreased creatine kinase level in atorvastatin
administered rats as it is reported to improve renal function by
reducing renal lipid accumulation (66).

Amaranthus spinosus Improved Hepatic

Anti-oxidant Status

Oxidative stress is a key component of obesity or excess adiposity-
induced metabolic syndrome. Accumulated fat or adipose tissue
is a primary site for oxidative stress to occur. This leads to the
deregulated secretion of adipokines causing local inflammation
and tissue dysfunction. Furthermore, fat accumulation results
in increased production of reactive oxygen species (ROS) and
elevated systemic oxidative stress causing multi-organ damage
(67). Cells of our body have their own defense against oxidative
stress. This defense machinery is composed of enzymatic and
non-enzymatic antioxidants including superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), reduced
glutathione (GSH), etc. These entities reduce oxidative stress
by detoxifying oxidizing elements (68). When levels of these
endogenous antioxidants fall short compared to ROS production,
oxidative stress results. Thus, these levels serve as the absolute
biomarkers for obesity-induced oxidative stress since these levels
decrease as obesity develops because of their rapid consumption
in neutralizing free radicals (33).

In our study, we examined the levels of non-enzymatic
antioxidant GSH as well as antioxidant enzymes SOD, CAT,
and GPx in liver tissue of the experimental rats. Liver is
the key metabolizing organ and the most affected one by
excess adiposity-induced oxidative stress leading to pathological
conditions ranging from non-alcoholic fatty liver disease
to hepatocellular carcinoma (69). Results show that these
antioxidants were significantly depleted in HCHF diet fed obese
rats compared to the control group (Figure5). The levels of
tissue GSH, SOD, CAT, and GPx were found to be 701.2
£ 103.2 pg/mg protein, 50.78 £ 3.1 U/mg protein, 224.1 +£
6.29 U/mg protein, and 8.12 £+ 0.41 mU/mL supernatant in
HCHF group, while these values were 1,490 £ 98.97 pg/mg
protein, 76.79 £ 4.8 U/mg protein, 265.2 & 3.06 U/mg protein,
and 15.52 &+ 1.32 mU/mL supernatant for the control group,
providing evidence for the generation of oxidative stress and
hepatic antioxidant mediated neutralization of free radicals.
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FIGURE 4 | Effect of Amaranthus spinosus on serum (A) Alanine transaminase (ALT), (B) aspartate transaminase (AST), (C) alkaline phosphatase (ALP), and (D)
creatine kinase levels in HCHF diet-induced obese rats. Values are presented as mean =+ SD, where n = 5. 2p < 0.05, °p < 0.005 vs. control; 9o < 0.005 vs. HCHF.
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Administration of standard hypolipidemic drug atorvastatin also
resulted in elevated hepatic antioxidant levels in obese rats
attributed to its ability to inhibit hepatic fat accumulation and
in-vivo antioxidant capacity (70). The levels of serum GSH,
SOD, CAT, and GPx were found to be significantly lower in
obese rats supplemented with A. spinosus powder (1,004 &+ 124.2
pg/mg protein, 67.03 &= 8.19 U/mg protein, 245.3 £ 2.51 U/mg
protein, and 12.81 £ 0.31 mU/mL supernatant, respectively),
MeOH extract (999.6 = 217.1 pg/mg protein, 65.86 &= 5.81 U/mg
protein, 246.0 & 3.76 U/mg protein and 12.33 £ 0.55 mU/mL
supernatant, respectively) and Aq. extract (934.6 & 205.4 pg/mg
protein, 65.73 £ 6.01 U/mg protein, 249.3 &= 1.41 U/mg protein,
and 12.88 £ 0.44 mU/mL supernatant, respectively) compared to
HCHE group. A. spinosus is a good source of dietary antioxidants
including betalains, carotenoids, flavonoids, and phenolic acids
(Supplementary Table 1). Sarker and Uba studied the free
radical neutralizing capacity of different genotypes of A. spinosus
growing in Bangladesh, and found that they are potent

inhibitors of diphenyl-picrylhydrazyl (DPPH) radical and 2,2-
azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTSe+) radical
(18). Thus, A. spinosus can neutralize oxidative stress and
free radicals formed in HCHF diet-fed obese rats relieving
strain from endogenous antioxidants. Restoration of hepatic
antioxidant status in rats provided with A. spinosus powder,
MeOH extract, and Aq. extract can also be attributed to the
hypertriglyceridemia found in our study since lower circulating
triglyceride level is an indicator of the lower fat depot in
the liver, hence, reduced chance of oxidative stress (71).

Amaranthus spinosus Reduced Fat
Deposition in Liver Tissue Preventing

Steatosis
Non-alcoholic fatty liver disease (NAFLD) is comprised of
multiple metabolic fatty liver disorders ranging from simple

Frontiers in Nutrition | www.frontiersin.org

May 2021 | Volume 8 | Article 653918


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Prince et al.

Anti-obesity Effect of Amaranthus spinosus

A B
181040 5 100+
15004
g d -~ %04
& C |
z 12004 c c E
o - S ond
= Y04 b =t
5 £
3 = 404
E LR a
& z
RUTE £ -
ULE ()
[ (6.4
C D
20+
5 154
g =
£ £
E E 104
= <
S ¥
0t
C
FIGURE 5 | Effect of Amaranthus spinosus on liver tissue (A) reduced glutathione (GSH) level, (B) superoxide dismutase (SOD) activity, (C) catalase (CAT) activity, and
(D) glutathione peroxidase (GPx) enzyme level of HCHF diet-induced obese rats. Values are presented as mean + SD, where n = 5. °p < 0.005 vs. control; °p <
0.05; 9p < 0.005 vs. HCHF.

steatosis to fibrosis and cirrhosis. The severity of this disease is
well-forecasted by histological changes in liver tissue. Though
referred to as the disease of the west, at present NAFLD is
highly prevalent all over the world and considered one potential
cause for the development of hepatocellular carcinoma (72,
73). A number of driving factors have been identified behind
the progression of NAFLD, with obesity, insulin resistance,
hyperlipidemia, and inflammation being most familiar (73). To
date, several animal models have been established to study this
hepatic manifestation of metabolic syndrome. Among them, the
high fat diet-induced model is very popular manifesting all signs
of NAFLD (74).

Figure 6 shows the liver sections from different experimental
groups. We observed typical tissue appearance with a regular
distribution of parenchymal cells in liver sections from control
rats (Figure 6A), while hepatic histopathology of HCHF diet

group revealed steatosis with intense fat deposition (Figure 6B).
Our results comply with previous studies reporting HCHF diet-
induced hepatic steatosis with inflammation and fibrosis in obese
rats (4, 23, 27, 28). Co-administration of atorvastatin in HCHF
diet-fed obese rats resulted in a reduced amount of lipid droplets
in hepatic tissue (Figure 6C). Martin-Castillo et al. reported that
atorvastatin is a hepatic steatosis reducer and found a positive
correlation of this with plasma cholesterol and triglycerides (75).
Liver sections from obese rats supplemented with A. spinosus
powder (Figure 6D), MeOH extract group (Figure 6E), and Aq.
extract (Figure 6F) also showed reduced fat infiltration. We
also scored hepatic steatosis of different experimental groups
and the results are shown in Figure 6G. A significantly higher
score was found in HCHF diet-fed rats compared to control
rats. These scores were brought back to normal by concomitant
administration of atorvastatin and A. spinosus samples along with
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FIGURE 6 | Liver sections from (A) control group, (B) HCHF diet group, (C) HCHF + Atorvastatin group, (D) HCHF + Amaranthus spinosus powder group, (E) HCHF
+Amaranthus spinosus MeOH extract group, and (F) HCHF +Amaranthus spinosus Aqg. extract group. Arrows indicate fat infiltration. Magnification is 40x. (G)
Scores of steatosis among different treatment groups. Values are presented as mean & SD, where n = 15. °p < 0.005 vs. control; 9p < 0.005 vs. HCHF.

HCHEF diet. There is a significant correlation between hepatic fat
storage with circulating triglyceride level and fat mass (71). In
our study we also found that A. spinosus samples reduced serum
triglyceride level and abdominal fat deposition, thus supporting
the results of histopathology and steatosis scores. The results of
serum TC, HDL-C, LDL-C, ALT, and AST also support the ability
of A. spinosus to reduce steatosis as these are established markers
of hepatic steatosis (4).

Polyphenols are complex organic compounds found in plants
that have profound biological potential. It is evident that a
diet rich in polyphenols can protect us from several chronic
disease including cancer, neurodegenerative diseases, diabetes,
obesity, cardiovascular diseases, gastrointestinal disorders, and
inflammatory conditions (76). Epidemiological studies show that
polyphenol-rich diet can improve the parameters of obesity
including body weight and fat deposition. It can improve

glycemic condition, lipid profile, and other components of
obesity caused metabolic syndrome. Furthermore, it can reduce
the inflammatory condition and oxidative stress generated by
excess fat deposition imparting a protective effect on vital
organs, especially liver (15, 77, 78). A variety of polyphenols,
mainly phenolic acids, flavonoids, and their derivatives, have
been identified and isolated from A. spinosus, and they include
gallic acid, caffeic acid, vanillic acid, catechin, epicatechin,
luteolin, ferulic acid, coumaric acid, cinnamic acid, derivatives
of cinnamic acid, benzoic acid, derivatives of benzoic acid, rutin,
derivatives of quinic acid, quercetin, derivatives of quercetin,
kaempferol diglucoside, spinoside, amaranthoside, amaricin, and
hesperidin (Supplementary Table 1). Many of these polyphenols
are reported to have a ameliorating effect on obesity and different
components of obesity-induced metabolic disorders including
glucose intolerance, dyslipidemia, and hypertension, and impart
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protection against organ damage (79-86). Thus, results obtained
from this study narrating the ability of A. spinosus in inhibiting
obesity and associated metabolic alterations are attributed for
sure to the presence of these polyphenolic compounds.

CONCLUSION

In conclusion, A. spinosus ameliorated high-fat-high-

carbohydrate-containing diet-induced obesity and different
manifestations of metabolic syndrome in female Wister rats. It
has proven to be beneficial in the management of body weight,
abdominal fat deposition, glucose tolerance, and lipid profile.
It improved liver and kidney function manifested by serum
ALT, AST, ALP, and creatine kinase level. It also boosted hepatic
antioxidant status and reduced steatosis. A. spinosus is reported
to contain a wide variety of polyphenolics that have been
reported to inhibit obesity and associated metabolic alterations.
Thus, the observed pharmacological potential A. spinosus in this
study can be attributed to the presence of those polyphenols.
Winding up the findings, the current study provides a scientific
basis for the use of this medicinal herb as a functional food to
improve health status among mass people.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

REFERENCES

1. Jastreboff AM, Kotz CM, Kahan S, Kelly AS, Heymsfield SB. Obesity as a
disease: the obesity society 2018 position statement. Obesity. (2019) 27:7-9.
doi: 10.1002/0by.22378

2. Ravussin E, Ryan DH. Three new perspectives on the perfect storm: what’s
behind the obesity epidemic? Obesity. (2018) 26:9-10. doi: 10.1002/oby.
22085

3. Engin A. The definition and prevalence of obesity and metabolic syndrome.
In: Engin AB, Engin A, editors. Obesity and Lipotoxicity. Cham: Springer
(2017). p. 1-17.

. Sifat N, Zihad SMNK, Lovely E Rouf R, Shajib GMA, Alam MA,
et al. Supplementation of Heliotropium indicum Linn attenuates obesity
and associated metabolic disorders in high-carbohydrate-high-fat diet-
induced obese rats. ] Food Biochem. (2020) 44:e13444. doi: 10.1111/jfbc.
13444

5. Paley CA, Johnson MI. Abdominal obesity and metabolic syndrome:
exercise as medicine? BMC Sports Sci Med Rehabil. (2018) 10:7.
doi: 10.1186/s13102-018-0097-1

6. Angelico E Del Ben M, Conti R, Francioso S, Feole K, Maccioni D,
et al. Non-alcoholic fatty liver syndrome: a hepatic consequence of
common metabolic diseases. | Gastroenterol Hepatol. (2003) 18:588-94.
doi: 10.1046/j.1440-1746.2003.02958.x

7. Tomiyama H, Higashi Y, Takase B, Node K, Sata M, Inoue T, et al
Relationships among hyperuricemia, metabolic syndrome, and endothelial
function. Am J Hypertens. (2011) 24:770-4. doi: 10.1038/ajh.2011.55

8. Ballestri S, Zona S, Targher G, Romagnoli D, Baldelli E, Nascimbeni E
et al. Nonalcoholic fatty liver disease is associated with an almost twofold
increased risk of incident type 2 diabetes and metabolic syndrome. Evidence
from a systematic review and meta-analysis. /] Gastroenterol Hepatol. (2016)
31:936-44. doi: 10.1111/jgh.13264

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics
Committee, Pharmacy Discipline, Life Science School, Khulna
University, Bangladesh (KU/PHARM/AEC/18/06/01).

AUTHOR CONTRIBUTIONS

MP, PG, NS, and GA conducted the animal and laboratory
work under the guidance of SU, RR, and JS. SZ, NS, and MA
carried out the data analysis. SU, JS, RR, SZ, and MA helped in
conceptualization, writing, review, and editing the manuscript.
All authors have contributed to the article and approved the
submitted version of the manuscript.

ACKNOWLEDGMENTS

The authors are thankful to the Ministry of Science and
Technology, Bangladesh, and Pharmacy Discipline, Khulna
University, Bangladesh for providing financial support and
laboratory facilities.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.
653918/full#supplementary-material

9. Aguilar-Salinas ~ CA,  Viveros-Ruiz ~ T.  Recent  advances in
managing/understanding the metabolic syndrome. F1000Res. (2019) 8:F1000
Faculty Rev-370. doi: 10.12688/f1000research.17122.1

. Arshad NA, Lin TS, Yahaya MF. Metabolic syndrome and its effect on the
brain: possible mechanism. CNS Neurol Disord Drug Targets. (2018) 17:595-
603. doi: 10.2174/1871527317666180724143258

. Cheriyath P, Duan Y, Nambiar L, Liao D. Obesity, physical activity
and the development of metabolic syndrome: the atherosclerosis risk in
communities study. Eur ] Cardiovasc Prev Rehabil. (2010) 17:309-13.
doi: 10.1097/HJR.0b013e32833189b8

. Prasad H, Ryan DA, Celzo ME Stapleton D. Metabolic syndrome:
definition and therapeutic implications. Postgrad Med. (2012) 124:21-30.
doi: 10.3810/pgm.2012.01.2514

. Grundy SM. Metabolic syndrome update. Trends Cardiovasc Med. (2016)
26:364-73. doi: 10.1016/j.tcm.2015.10.004

. Mohamed S. Functional foods against metabolic syndrome (obesity, diabetes,
hypertension and dyslipidemia) and cardiovasular disease. Trends Food Sci
Technol. (2014) 35:114-28. doi: 10.1016/j.tifs.2013.11.001

. Chiva-Blanch G, Badimon L. Effects of polyphenol intake on metabolic
syndrome: current evidences from human trials. Oxid Med Cell Longev. (2017)
2017:5812401. doi: 10.1155/2017/5812401

. Rahman A, Gulshana MIA. Taxonomy and medicinal uses on amaranthaceae
family of Rajshahi, Bangladesh. Appl Ecol Environ Sci. (2014) 2:54-9.
doi: 10.12691/aees-2-2-3

. Mondal A, Guria T, Maity TK, Bishayee A. A novel tetraenoic fatty
acid isolated from Amaranthus spinosus inhibits proliferation and induces
apoptosis of human liver cancer cells. Int J Mol Sci. (2016) 17:1604.
doi: 10.3390/ijms17101604

. Sarker U, Oba S. Nutraceuticals, antioxidant pigments, and phytochemicals in
the leaves of Amaranthus spinosus and Amaranthus viridis weedy species. Sci
Rep. (2019) 9:20413. doi: 10.1038/541598-019-50977-5

Frontiers in Nutrition | www.frontiersin.org

12

May 2021 | Volume 8 | Article 653918


https://www.frontiersin.org/articles/10.3389/fnut.2021.653918/full#supplementary-material
https://doi.org/10.1002/oby.22378
https://doi.org/10.1002/oby.22085
https://doi.org/10.1111/jfbc.13444
https://doi.org/10.1186/s13102-018-0097-1
https://doi.org/10.1046/j.1440-1746.2003.02958.x
https://doi.org/10.1038/ajh.2011.55
https://doi.org/10.1111/jgh.13264
https://doi.org/10.12688/f1000research.17122.1
https://doi.org/10.2174/1871527317666180724143258
https://doi.org/10.1097/HJR.0b013e32833189b8
https://doi.org/10.3810/pgm.2012.01.2514
https://doi.org/10.1016/j.tcm.2015.10.004
https://doi.org/10.1016/j.tifs.2013.11.001
https://doi.org/10.1155/2017/5812401
https://doi.org/10.12691/aees-2-2-3
https://doi.org/10.3390/ijms17101604
https://doi.org/10.1038/s41598-019-50977-5
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Prince et al. Anti-obesity Effect of Amaranthus spinosus
19. Aleixandre A, Miguel M. Dietary fiber in the prevention and treatment of ~ 37. Sumiyoshi M, Sakanaka M, Kimura Y. Chronic intake of high-fat and high-
metabolic syndrome: a review. Crit Rev Food Sci Nutr. (2008) 48:905-12. sucrose diets differentially affects glucose intolerance in mice. J Nutr. (2006)
doi: 10.1080/10408390701761886 136:582-7. doi: 10.1093/jn/136.3.582
20. Chowdhury MAB, Adnan MM, Hassan MZ. Trends, prevalence and risk 38. Procopio M, Magro G, Cesario F, Piovesan A, Pia A, Molineri N,
factors of overweight and obesity among women of reproductive age in et al. The oral glucose tolerance test reveals a high frequency of
Bangladesh: a pooled analysis of five national cross-sectional surveys. BMJ both impaired glucose tolerance and undiagnosed Type 2 diabetes
Open. (2018) 8:¢018468. doi: 10.1136/bmjopen-2017-018468 mellitus in primary hyperparathyroidism. Diabet Med. (2002) 19:958-61.
21. Giles ED, Jackman MR, MacLean PS. Modeling diet-induced obesity with doi: 10.1046/j.1464-5491.2002.00809.x
obesity-prone rats: implications for studies in females. Front Nutr. (2016) 3:50. 39. Girija K, Lakshman K, Chandrika PU. Antidiabetic and hypolipidemic
doi: 10.3389/fnut.2016.00050 potential of Amaranthus spinosus Linn. in streptozotocin-induced-
22. Panchal SK, Poudyal H, Iyer A, Nazer R, Alam MA, Diwan V, diabetic rats. ] Pharm Chem. (2011) 5:16-21. doi: 10.1016/S2222-1808(12)
et al. High-carbohydrate high-fat diet-induced metabolic syndrome and 60148-0
cardiovascular remodeling in rats. ] Cardiovasc Pharmacol. (2011) 57:51-64. 40. Balakrishnan S, Pandhare R. Antihyperglycemic and antihyperlipidaemic
doi: 10.1097/FJC.0b013e3181feb90a activities of Amaranthus spinosus Linn extract on alloxan induced diabetic
23. Rahman MM, Alam MN, Ulla A, Sumi FA, Subhan N, Khan T, et al. rats. Malays ] Pharm Sci. (2010) 8:13-22. Available online at: http://web.usm.
Cardamom powder supplementation prevents obesity, improves glucose my/mjps/mjps08012010/mjps08012010_2.pdf
intolerance, inflammation and oxidative stress in liver of high carbohydrate 41. Shoyeb MA, Razzaque S, Zaman A, Rahamatulla M. Assaying
high fat diet induced obese rats. Lipids Health Dis. (2017) 16:151. antihyperglycemic effects of crude methanol extract of Amaranthus spinosus
doi: 10.1186/s12944-017-0539-x in swiss albino mice. Int ] Res Phytochem Pharmacol. (2012) 2:96-9. Available
24. Sharma N, Garg V;, Paul A. Antihyperglycemic, antihyperlipidemic and online at: https://scienztech.org/ijrpp/article/view/814/694
antioxidative potential of Prosopis cineraria bark. Indian ] Clin Biochem. 42. Atchou K, Lawson-Evi P, Metowogo K, Eklu-Gadegbeku K, Aklikokou K,
(2010) 25:193-200. doi: 10.1007/s12291-010-0035-9 Gbeassor M. Hypoglycemic effect and antioxidant potential of Pterocarpus
25. Khan N, Zandi P, Ali S, Mehmood A, Adnan Shahid M, Yang J. erinaceus Poir. stem bark and Amaranthus spinosus L. roots extracts. | Pharm
Impact of salicylic acid and PGPR on the drought tolerance and Sci Res. (2020) 12:340-50. Available online at: https://www.jpsr.pharmainfo.
phytoremediation potential of Helianthus annus. Front Microbiol. (2018) in/Documents/Volumes/voll2issue03/jpsr12032001.pdf
9:2507. doi: 10.3389/fmicb.2018.02507 43. Elya B, Handayani R, Sauriasari R, Hasyyati US, Permana IT, Permatasari YI.
26. Manna K, Mishra S, Saha M, Mahapatra S, Saha C, Yenge G, et al Antidiabetic activity and phytochemical screening of extracts from Indonesian
Amelioration of diabetic nephropathy using pomegranate peel extract- plants by inhibition of alpha amylase, alpha glucosidase and dipeptidyl
stabilized gold nanoparticles: assessment of NF-kB and Nrf2 signaling system. peptidase IV. Pak ] Biol Sci. (2015) 18:279-84. doi: 10.3923/pjbs.2015.
Int ] Nanomedicine. (2019) 14:1753-77. doi: 10.2147/IJ]N.S176013 279.284
27. Ulla A, Alam MA, Sikder B, Sumi FA, Rahman MM, Habib ZF et al. 44. Ashok Kumar BS, Lakshman K, Nandeesh R, Arun Kumar PA, Manoj B,
Supplementation of Syzygium cumini seed powder prevented obesity, glucose Kumar V, et al. In vitro alpha-amylase inhibition and in vivo antioxidant
intolerance, hyperlipidemia and oxidative stress in high carbohydrate high potential of Amaranthus spinosus in alloxan-induced oxidative stress in
fat diet induced obese rats. BMC Complement Altern Med. (2017) 17:289. diabetic rats. Saudi ] Biol Sci. (2011) 18:1-5. doi: 10.1016/j.sjbs.2010.08.002
doi: 10.1186/s12906-017-1799-8 45. Mondal A, Guria T, Maity TK. A new ester of fatty acid from a
28. Lasker S, Rahman MM, Parvez F Zamila M, Miah P, Nahar K, et al. methanol extract of the whole plant of Amaranthus spinosus and
High-fat diet-induced metabolic syndrome and oxidative stress in obese its a-glucosidase inhibitory activity. Pharm Biol. (2015) 53:600-4.
rats are ameliorated by yogurt supplementation. Sci Rep. (2019) 9:20026. doi: 10.3109/13880209.2014.935863
doi: 10.1038/s41598-019-56538-0 46. Mishra SB, Verma A, Mukerjee A, Vijayakumar M. Amaranthus spinosus L.
29. Hruby A, Manson JE, Qi L, Malik VS, Rimm EB, Sun Q, et al. Determinants (Amaranthaceae) leaf extract attenuates streptozotocin-nicotinamide induced
and consequences of obesity. Am ] Public Health. (2016) 106:1656-62. diabetes and oxidative stress in albino rats: a histopathological analysis. Asian
doi: 10.2105/AJPH.2016.303326 Pac ] Trop Biomed. (2012) 2:51647-52. doi: 10.1016/52221-1691(12)60470-5
30. Tung Y-C, Chang W-T, Li S, Wu J-C, Badmeav V, Ho C-T, et al 47. Mahat RK, Singh N, Rathore V, Arora M, Yadav T. Cross-sectional correlates
Citrus peel extracts attenuated obesity and modulated gut microbiota in of oxidative stress and inflammation with glucose intolerance in prediabetes.
mice with high-fat diet-induced obesity. Food Funct. (2018) 9:3363-73. Diabetes Metab Syndr. (2019) 13:616-21. doi: 10.1016/j.dsx.2018.11.045
doi: 10.1039/C7F002066] 48. Olajide OA, Ogunleye BR, Erinle TO. Anti-inflammatory properties
31. Esser N, Legrand-Poels S, Piette ], Scheen AJ, Paquot N. Inflammation as a of Amaranthus spinosus leaf extract. Pharm Biol. (2004) 42:521-5.
link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res doi: 10.3109/13880200490893285
Clin Pract. (2014) 105:141-50. doi: 10.1016/j.diabres.2014.04.006 49. Musunuru K. Atherogenic dyslipidemia: cardiovascular risk and dietary
32. Mamun MAA, Faruk M, Rahman MM, Nahar K, Kabir F Alam intervention. Lipids. (2010) 45:907-14. doi: 10.1007/s11745-010-3408-1
MA, et al. High carbohydrate high fat diet induced hepatic steatosis 50. Stahel P, Xiao C, Hegele RA, Lewis GF. The atherogenic dyslipidemia complex
and dyslipidemia were ameliorated by Psidium guajava leaf powder and novel approaches to cardiovascular disease prevention in diabetes. Can |
supplementation in rats. Evid Based Complement Alternat Med. (2019) Cardiol. (2018) 34:595-604. doi: 10.1016/j.cjca.2017.12.007
2019:1897237. doi: 10.1155/2019/1897237 51. Girija K, Lakshman K. Anti-hyperlipidemic activity of methanol
33. Noeman SA, Hamooda HE, Baalash AA. Biochemical study of oxidative stress extracts of three plants of Amaranthus in triton-WR 1339 induced
markers in the liver, kidney and heart of high fat diet induced obesity in rats. hyperlipidemic rats. Asian Pac ] Trop Biomed. (2011) 1:562-5.
Diabetol Metab Syndr. (2011) 3:17. doi: 10.1186/1758-5996-3-17 doi: 10.1016/52221-1691(11)60125-1
34. Aziz CB, Omar N, Abdullah W, Jalil R, Nik WS, Zakaria R. Reduced 52. Sangameswaran B, Jayakar B. Anti-diabetic, anti-hyperlipidemic
fibrinogen, fibrinolytic biomarkers, and physical parameters after a weight- and spermatogenic effects of Amaranthus spinosus Linn. on
loss program in obese subjects. N Am ] Med Sci. (2014) 6:377-82. streptozotocin-induced diabetic rats. J Nat Med. (2008) 62:79-82.
doi: 10.4103/1947-2714.139286 doi: 10.1007/511418-007-0189-9
35. Wilodarczyk A, Strojek K. Glucose intolerance, insulin resistance and 53. Jia WP, Xiang KS, Chen L, Lu J, Wu YM. Epidemiological study on obesity
metabolic syndrome in patients with stable angina pectoris. Obesity and its comorbidities in urban Chinese older than 20 years of age in Shanghai,
predicts coronary atherosclerosis and dysglycemia. Pol Arch Intern Med. China. Obes Rev. (2002) 3:157-65. doi: 10.1046/.1467-789X.2002.00071.x
(2008) 118:719-26. 54. Niroumand S, Khajedaluee M, Khadem-Rezaiyan M, Abrishami M, Juya
36. Ernst MC, Issa M, Goralski KB, Sinal CJ]. Chemerin exacerbates glucose M, Khodaee G, et al. Atherogenic index of plasma (AIP): a marker of

intolerance in mouse models of obesity and diabetes. Endocrinology. (2010)
151:1998-2007. doi: 10.1210/en.2009-1098

cardiovascular disease. Med ] Islam Repub Iran. (2015) 29:240. Available
online at: http://mjiri.iums.ac.ir/article-1-3104-en.pdf

Frontiers in Nutrition | www.frontiersin.org

May 2021 | Volume 8 | Article 653918


https://doi.org/10.1080/10408390701761886
https://doi.org/10.1136/bmjopen-2017-018468
https://doi.org/10.3389/fnut.2016.00050
https://doi.org/10.1097/FJC.0b013e3181feb90a
https://doi.org/10.1186/s12944-017-0539-x
https://doi.org/10.1007/s12291-010-0035-9
https://doi.org/10.3389/fmicb.2018.02507
https://doi.org/10.2147/IJN.S176013
https://doi.org/10.1186/s12906-017-1799-8
https://doi.org/10.1038/s41598-019-56538-0
https://doi.org/10.2105/AJPH.2016.303326
https://doi.org/10.1039/C7FO02066J
https://doi.org/10.1016/j.diabres.2014.04.006
https://doi.org/10.1155/2019/1897237
https://doi.org/10.1186/1758-5996-3-17
https://doi.org/10.4103/1947-2714.139286
https://doi.org/10.1210/en.2009-1098
https://doi.org/10.1093/jn/136.3.582
https://doi.org/10.1046/j.1464-5491.2002.00809.x
https://doi.org/10.1016/S2222-1808(12)60148-0
http://web.usm.my/mjps/mjps08012010/mjps08012010_2.pdf
http://web.usm.my/mjps/mjps08012010/mjps08012010_2.pdf
https://scienztech.org/ijrpp/article/view/814/694
https://www.jpsr.pharmainfo.in/Documents/Volumes/vol12issue03/jpsr12032001.pdf
https://www.jpsr.pharmainfo.in/Documents/Volumes/vol12issue03/jpsr12032001.pdf
https://doi.org/10.3923/pjbs.2015.279.284
https://doi.org/10.1016/j.sjbs.2010.08.002
https://doi.org/10.3109/13880209.2014.935863
https://doi.org/10.1016/S2221-1691(12)60470-5
https://doi.org/10.1016/j.dsx.2018.11.045
https://doi.org/10.3109/13880200490893285
https://doi.org/10.1007/s11745-010-3408-1
https://doi.org/10.1016/j.cjca.2017.12.007
https://doi.org/10.1016/S2221-1691(11)60125-1
https://doi.org/10.1007/s11418-007-0189-9
https://doi.org/10.1046/j.1467-789X.2002.00071.x
http://mjiri.iums.ac.ir/article-1-3104-en.pdf
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Prince et al.

Anti-obesity Effect of Amaranthus spinosus

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Tuso P, Stoll SR, Li WW. A plant-based diet, atherogenesis, and coronary
artery disease prevention. Perm J. (2015) 19:62-7. doi: 10.7812/TPP/14-036
Annuzzi G, Bozzetto L, Costabile G, Giacco R, Mangione A, Anniballi G,
et al. Diets naturally rich in polyphenols improve fasting and postprandial
dyslipidemia and reduce oxidative stress: a randomized controlled trial. Am
J Clin Nutr. (2014) 99:463-71. doi: 10.3945/ajcn.113.073445

Santhakumar AB, Battino M, Alvarez-Suarez JM. Dietary polyphenols:
structures, bioavailability and protective effects against atherosclerosis. Food
Chem Toxicol. (2018) 113:49-65. doi: 10.1016/j.fct.2018.01.022

Rahimi P, Mesbah-Namin SA, Ostadrahimi A, Abedimanesh S, Separham
A, Asghary Jafarabadi M. Effects of betalains on atherogenic risk factors
in patients with atherosclerotic cardiovascular disease. Food Funct. (2019)
10:8286-97. doi: 10.1039/C9F0O02020A

Saliba LJ, Maffett S. Hypertensive heart disease and obesity: a review. Heart
Fail Clin. (2019) 15:509-17. doi: 10.1016/j.hfc.2019.06.003

Noori N, Hosseinpanah F, Nasiri AA, Azizi F. Comparison of overall obesity
and abdominal adiposity in predicting chronic kidney disease incidence
among adults. J Ren Nutr. (2009) 19:228-37. doi: 10.1053/j.jrn.2008.11.005
Wu K-T, Kuo P-L, Su S-B, Chen Y-Y, Yeh M-L, Huang C-, et al. Nonalcoholic
fatty liver disease severity is associated with the ratios of total cholesterol
and triglycerides to high-density lipoprotein cholesterol. J Clin Lipidol. (2016)
10:420-5.el. doi: 10.1016/j.jacl.2015.12.026

Luchsinger JA, Gustafson DR. Adiposity and Alzheimer’s disease. Curr Opin
Clin Nutr Metab Care. (2009) 12:15-21. doi: 10.1097/MCO.0b013e32831c8c71
Ramli NS, Brown L, Ismail P, Rahmat A. Effects of red pitaya juice
supplementation on cardiovascular and hepatic changes in high-
carbohydrate, high-fat diet-induced metabolic syndrome rats. BMC
Complement Altern Med. (2014) 14:189. doi: 10.1186/1472-6882-14-189
Wang J-N, Liu M-M, Wang E, Wei B, Yang Q, Cai Y-T, et al. RIPK1 inhibitor
Cpd-71 attenuates renal dysfunction in cisplatin-treated mice via attenuating
necroptosis, inflammation and oxidative stress. Clin Sci. (2019) 133:1609-27.
doi: 10.1042/CS20190599

Laurentius T, Raffetseder U, Fellner C, Kob R, Nourbakhsh M, Floege J, et al.
High-fat diet-induced obesity causes an inflammatory microenvironment
in the kidneys of aging Long-Evans rats. J Inflamm. (2019) 16:14.
doi: 10.1186/512950-019-0219-x

Sun H, Yuan Y, Sun Z-L. Cholesterol contributes to diabetic nephropathy
through SCAP-SREBP-2 pathway. Int ] Endocrinol. (2013) 2013:592576.
doi: 10.1155/2013/592576

Furukawa S, Fujita T, Shimabukuro M, Iwaki M, Yamada Y, Nakajima Y, et al.
Increased oxidative stress in obesity and its impact on metabolic syndrome. J
Clin Invest. (2017) 114:1752-61. doi: 10.1172/JCI21625

Vona R, Gambardella L, Cittadini C, Straface E, Pietraforte D. Biomarkers of
oxidative stress in metabolic syndrome and associated diseases. Oxid Med Cell
Longev. (2019) 2019:8267234. doi: 10.1155/2019/8267234

Carreira MC, Izquierdo AG, Amil M, Casanueva FE Crujeiras AB. Oxidative
stress induced by excess of adiposity is related to a downregulation of
hepatic SIRT6 expression in obese individuals. Oxid Med Cell Longev. (2018)
2018:6256052. doi: 10.1155/2018/6256052

Ghaisas MM, Dandawate PR, Zawar SA, Ahire YS, Gandhi SP. Antioxidant,
antinociceptive and anti-inflammatory activities of atorvastatin and
rosuvastatin in various experimental models. Inflammopharmacology.
(2010) 18:169-77. doi: 10.1007/s10787-010-0044-6

Wu C-H, Yang M-Y, Chan K-C, Chung P-J, Ou T-T, Wang C-J. Improvement
in high-fat diet-induced obesity and body fat accumulation by a Nelumbo
nucifera leaf flavonoid-rich extract in mice. J Agric Food Chem. (2010)
58:7075-81. doi: 10.1021/jf101415v

Farrell GC, Larter CZ. Nonalcoholic fatty liver disease: from steatosis to
cirrhosis. Hepatology. (2006) 43:599-112. doi: 10.1002/hep.20973

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Moore JB. Non-alcoholic fatty liver disease: the hepatic consequence of
obesity and the metabolic syndrome. Proc Nutr Soc. (2010) 69:211-20.
doi: 10.1017/50029665110000030

Lau JKC, Zhang X, Yu J. Animal models of non-alcoholic fatty liver
disease: current perspectives and recent advances. ] Pathol. (2017) 241:36-44.
doi: 10.1002/path.4829

Martin-Castillo A, Castells MT, Adédnez G, Polo MTS, Pérez BG, Ayala 1.
Effect of atorvastatin and diet on non-alcoholic fatty liver disease activity
score in hyperlipidemic chickens. Biomed Pharmacother. (2010) 64:275-81.
doi: 10.1016/j.biopha.2009.06.003

Cory H, Passarelli S, Szeto ], Tamez M, Mattei J. The role of polyphenols
in human health and food systems: a mini-review. Front Nutr. (2018) 5:87.
doi: 10.3389/fnut.2018.00087

Castro-Barquero S, Tresserra-Rimbau A, Vitelli-Storelli F, Doménech M,
Salas-Salvadé J, Martin-Sanchez V, et al. Dietary polyphenol intake is
associated with HDL-cholesterol and a better profile of other components
of the metabolic syndrome: a PREDIMED-plus sub-study. Nutrients. (2020)
12:689. doi: 10.3390/nu12030689

Boccellino M, D’Angelo S. Anti-obesity effects of polyphenol intake:
current status and future possibilities. Int ] Mol Sci. (2020) 21:5642.
doi: 10.3390/ijms21165642

Hsu C-L, Yen G-C. Effect of gallic acid on high fat diet-induced dyslipidaemia,
hepatosteatosis and oxidative stress in rats. Br J Nutr. (2007) 98:727-35.
doi: 10.1017/S000711450774686X

Liao C-C, Ou T-T, Wu C-H, Wang C-J. Prevention of diet-induced
hyperlipidemia and obesity by caffeic acid in C57BL/6 mice through
regulation of hepatic lipogenesis gene expression. | Agric Food Chem. (2013)
61:11082-8. doi: 10.1021/j4026647

Han X, Guo J, You Y, Yin M, Liang J, Ren C, et al. Vanillic acid activates
thermogenesis in brown and white adipose tissue. Food Funct. (2018) 9:4366-
75. doi: 10.1039/C8FO00978C

Isemura M. Catechin in human health and disease. Molecules. (2019) 24:528.
doi: 10.3390/molecules24030528

Salazar-Lopez NJ, Astiazaran-Garcia H, Gonzilez-Aguilar GA, Loarca-
Pina G, Ezquerra-Brauer J-M, Dominguez Avila JA, et al. Ferulic acid
on glucose dysregulation, dyslipidemia, and inflammation in diet-induced
obese rats: an integrated study. Nutrients. (2017) 9:675. doi: 10.3390/
nu9070675

Han X, Guo J, You Y, Zhan ], Huang W. p-Coumaric acid prevents obesity
via activating thermogenesis in brown adipose tissue mediated by mTORCI-
RPS6. FASEB J. (2020) 34:7810-24. doi: 10.1096/1j.202000333R

Lu M, Cao Y, Xiao J, Song M, Ho C-T. Molecular mechanisms of the anti-
obesity effect of bioactive ingredients in common spices: a review. Food Funct.
(2018) 9:4569-81. doi: 10.1039/C8FO01349G

Mohamed GA, Ibrahim SRM, Elkhayat ES, El Dine RS. Natural
anti-obesity agents. Bull Fac Pharm Cairo Univ. (2014) 52:269-84.
doi: 10.1016/j.bfopcu.2014.05.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Prince, Zihad, Ghosh, Sifat, Rouf, Al Shajib, Alam, Shilpi and
Uddin. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

14

May 2021 | Volume 8 | Article 653918


https://doi.org/10.7812/TPP/14-036
https://doi.org/10.3945/ajcn.113.073445
https://doi.org/10.1016/j.fct.2018.01.022
https://doi.org/10.1039/C9FO02020A
https://doi.org/10.1016/j.hfc.2019.06.003
https://doi.org/10.1053/j.jrn.2008.11.005
https://doi.org/10.1016/j.jacl.2015.12.026
https://doi.org/10.1097/MCO.0b013e32831c8c71
https://doi.org/10.1186/1472-6882-14-189
https://doi.org/10.1042/CS20190599
https://doi.org/10.1186/s12950-019-0219-x
https://doi.org/10.1155/2013/592576
https://doi.org/10.1172/JCI21625
https://doi.org/10.1155/2019/8267234
https://doi.org/10.1155/2018/6256052
https://doi.org/10.1007/s10787-010-0044-6
https://doi.org/10.1021/jf101415v
https://doi.org/10.1002/hep.20973
https://doi.org/10.1017/S0029665110000030
https://doi.org/10.1002/path.4829
https://doi.org/10.1016/j.biopha.2009.06.003
https://doi.org/10.3389/fnut.2018.00087
https://doi.org/10.3390/nu12030689
https://doi.org/10.3390/ijms21165642
https://doi.org/10.1017/S000711450774686X
https://doi.org/10.1021/jf4026647
https://doi.org/10.1039/C8FO00978C
https://doi.org/10.3390/molecules24030528
https://doi.org/10.3390/nu9070675
https://doi.org/10.1096/fj.202000333R
https://doi.org/10.1039/C8FO01349G
https://doi.org/10.1016/j.bfopcu.2014.05.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Amaranthus spinosus Attenuated Obesity-Induced Metabolic Disorders in High-Carbohydrate-High-Fat Diet-Fed Obese Rats
	Introduction
	Materials and Methods
	Plant Material
	Experimental Animals
	Diet Composition
	Study Design and Sampling
	Oral Glucose Tolerance (OGT) Test
	Serum Biochemical Analysis
	Evaluation of Hepatic Antioxidant Status
	Histopathological Examination
	Statistical Analysis

	Results and Discussion
	Amaranthus spinosus Improved the Parameters of Obesity
	Amaranthus spinosus Ameliorated Glucose Intolerance in Obese Rats
	Amaranthus spinosus Corrected Dyslipidemia in Obese Rats Improving Atherogenic Index
	Amaranthus spinosus Lowered the Levels of Serum Marker Enzymes
	Amaranthus spinosus Improved Hepatic Anti-oxidant Status
	Amaranthus spinosus Reduced Fat Deposition in Liver Tissue Preventing Steatosis

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


