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Abstract

Obesity is an enduring medical issue that has raised concerns around the world. Natural
plant extracts have shown therapeutic potential in preventing oxidative stress and inflamma-
tion related to obesity complications. In this study, Senna alexandrina Mill. leaves were uti-
lized to treat high-fat diet-related metabolic disorders and non-alcoholic fatty liver diseases.
Plasma biochemical assays were conducted to determine the lipid profiles and oxidative
stress parameters, and the gene expression of antioxidant enzymes and inflammatory
mediators was measured. Histological stained livers of high-fat diet-fed rats were observed.
S. alexandrina leaf powder supplementation prevented the increase in cholesterol and tri-
glyceride levels in high-fat diet-fed rats. Moreover, S. alexandrina leaves also reduced lipid
peroxidation and nitric oxide production in these rats. Prevention of oxidative stress by S.
alexandrina leaf supplementation in high-fat diet-fed rats is regulated by enhancing the anti-
oxidant enzyme activity, followed by the restoration of corresponding gene expressions,
such as NRF-2, HO-1, SOD, and CAT. Histological staining provides further evidence that
S. alexandrina leaf supplementation prevents inflammatory cell infiltration, lipid droplet
deposition, and fibrosis in the liver of high-fat diet-fed rats. Furthermore, this investigation
revealed that S. alexandrina leaf supplementation controlled non-alcoholic fatty liver dis-
ease by modulating the expression of fat metabolizing enzymes in high-fat diet-fed rats.
Therefore, S. alexandrina leaf supplementation inhibits fatty liver inflammation and fibrosis,
suggesting its usefulness in treating non-alcoholic steatohepatitis. Thus, this natural leaf
extract has potential in treatment of obesity related liver dysfunction.
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Introduction

Obesity leads to several life-threatening diseases, such as glucose intolerance, hypertension,
cardiovascular diseases, liver dysfunction, and many types of cancer. It is now considered a
global epidemic that cuts across gender and age. In 2016, over 650 million adults were classi-
fied as obese, which is approximately three times more than in 1975. The percentage of adults
in the USA classified as obese is 35.7%, while the percentage of youth classified as such is
16.9% [1]. Another study estimated that the number of obese adults in the USA and UK would
be 65 million and 11 million, respectively, by 2030 [2].

Epidemiological studies indicate that about 80% of obese people develop non-alcoholic
fatty liver disease (NAFLD). Among them, 25% are at high risk of developing non-alcoholic
steatohepatitis, and 42% are likely to develop advanced fibrosis, cancer or liver failure [3].

The pathophysiology of obesity is complex, but it is believed that regular intake of high-fat
(HF) food, along with low levels of physical activity, is the main reason for its development [4].
Mass storage of triglycerides in fat cells due to HF diet results in hypertrophy of the white adi-
pose tissue which induces hypoxia and secretes pro-inflammatory adipokines like tumor
necrosis factor-o. (TNF-o), interleukin-6 (IL-6), and IL-1p [5]. HF diet may also lead to the
deposition of fat in the liver, steatosis and the development of non-alcoholic fatty liver diseases
(NAFLD) [4, 6]. Moreover, HF diet also modulates the transcriptional factors for fat metabo-
lism in liver such as sterol regulatory element-binding protein 1c (SREBP-1c¢), fatty acid
synthase (FAS), CEBPa and peroxisome proliferator-activated receptor gamma (PPAR-y) [4].
HF diet may also induce PPARY activation in liver which has been proposed as a regulator for
fatty acid deposition as lipid droplets in hepatocytes [7].

Although the pathological mechanism of NAFLD is complex, many researchers have used
the “two-hit” hypothesis to describe it (hepatic steatosis is set as “first-hit” and oxidative stress
and inflammation are known as “second-hit”) [6, 8]. Recently, researchers have identified
important factors, such as cytokine release (pro-inflammatory TNF-a and IL-6), aggravated
inflammatory response mediated by Kupffer cells (liver macrophages), endoplasmic reticulum
stress, and direct hepatic cell lipotoxicity in the pathogenesis of NAFLD [6, 9]. Treatment
approaches for steatosis or NAFLD, which is strongly linked with obesity, can be non-pharma-
cological and pharmacological. Non-pharmacological approaches aimed at reducing body
weight via lifestyle modification, exercise, low-calorie intake, and a diet rich in monounsatu-
rated and polyunsaturated fats [6]. Pharmacological approaches include the use of lipid-
lowering drugs (e.g., atorvastatin) and drugs that can help in weight loss (e.g., orlistat). Fur-
thermore, oxidative stress, which leads to peroxidation and damage to the hepatic tissue; thus,
antioxidants like vitamin E and cytoprotective agents are also suggested as part of the treat-
ment [10].

Senna alexandrina Mill. or Alexandrian senna, a versatile medicinal plant distinguished for
its laxative effects, is distributed throughout the subtropical and tropical regions of the world
(Pakistan, India, Saudi Arabia, Africa, Mexico) [11]. It is also called Cassia angustifolia Vahl.,
Cassia acutifolia Delie., Cassia senna L., Cassia lanceolata Forssk., Senna angustifolia, and
Senna acutifolia [12]. Studies on the antidiabetic and hypoglycemic effects of senna suggest
that it might be a novel antihyperglycemic agent for the treatment of diabetes mellitus, espe-
cially type 2 diabetes. Extracts from different parts of senna showed considerable hypoglycemic
effects in different animal models. Anthraquinone glycosides such as sennoside-A, sennoside-
B, and saponin exhibit antihyperglycemic activity [13]. Flavonols such as rutin are listed as
showing anti-diabetic activity [14]. These glycosides, saponin, and rutin, are found in high
quantities in senna extract [15]. S. alexandrina Mill. is also used in some areas of Iran to lower
blood lipid levels [16]. The aqueous extract of senna improves metabolic abnormalities and
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oxidative stress linked with diabetes, and reduces chronic hyperglycemia-related complica-
tions in rats [17]. In vitro studies on the anti-diabetic effects of senna revealed that different
solvent extracts of S. alexandrina Mill. can inhibit these enzymes [18]. However, very few stud-
ies have been performed to understand the effect of S. alexandrina supplementation on HF
diet-induced hepatic steatosis, hyperlipidemia and oxidative stress.

The treatment of obesity and its related complications is not easy. It is a time-consuming
process, and sometimes patients express their unwillingness to participate in treatment
approaches such as exercise. Very few drugs have been approved by the FDA to treat obesity
or its related complications. The FDA recommends precautions against taking these drugs due
to their undesirable side effects. Hence, alternative medicines, antioxidants, and polyphenolic-
rich functional food might be good alternatives to treat obesity and its related complications
[6, 19]. Considering the above discussion, this investigation was designed to assess the effect of
S. alexandrina leaf powder supplementation on hepatic steatosis, hyperlipidemia and oxidative
stress in HF diet fed rats.

Materials and methods
Chemicals

Alkaline phosphatase (ALP), alanine aminotransferase (ALT), cholesterol (total) liquid, tri-
glyceride liquid, high-density lipoproteins, and low-density lipoprotein assay kits were col-
lected from DCI diagnostics (Budapest, Hungary). Thiobarbituric acid was obtained from
Sigma Chemical Company (USA). Reduced glutathione (GSH) was purchased from J.I. Baker
(USA). All other chemicals and reagents used were of analytical grade.

S. alexandrina leaf powder preparation

Leaves of S. alexandrina were collected from Savar, Bangladesh. After collection, all leaves
were ground to fine powder and used as food supplements. The specimen was identified by an
expert in the National Herbarium, Mirpur, Dhaka, and a voucher number was deposited in
the Herbarium (Accession number: 47411).

Animals

Ten to twelve weeks-old Wistar male rats (total n = 40) with bodyweight 185-215 g were col-
lected from the Animal production unit of the Animal House at the Department of Pharma-
ceutical Sciences, North South University. All rats were kept in individual cages with free
access to water and selected food. The environmental conditions in this facility were main-
tained at a temperature of 23 + 2 °C and humidity of 52-55%, along with 12:12 h light/dark
cycles.

The diet was classified into two food groups: HF diet and control diet. The HF diet was
composed of condensed milk, sugar, beef tallow, and normal food. The caloric content of the
HF diet contained approximately 49% fat, 14% proteins, and 37% carbohydrates. Control diet
was made from corn starch, rice polishing, wheat, and wheat bran, where caloric content was
approximately 60% carbohydrate, 15% fat, and 25% proteins [20].

Study design

The experimental design was approved by the Ethical Committee of North South University
for animal care and experimentation (AEC 009-2018). To assess the effect of S. alexandrina on
high-fat diet-fed rats, the total number of rats was divided into five distinct groups (8 rats in
each group):
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Control (control food and water were given for 56 days); HF (high-fat diet was given for 56
days); control + SA (rats in this group received similar treatment as group 1 along with 1% of
food, w/w of S. alexandrina leaf powder every day for 56 days); HF + SA (rats in this group
received both HF diet and 1% of food, w/w of S. alexandrina leaf powder as a supplement
every day during the study); and HF + ATO (rats received a HF diet along with 10 mg/kg of
atorvastatin by oral gavage for 56 days.

An oral glucose tolerance test (OGTT) was performed on the first day and the day before
sacrificing the rats. All five groups were tested to check the glycemic activity before and after
consumption of HF diet. The body weight, food intake, and water intake of these 40 rats were
recorded over 56 days.

Sacrificing animals and collecting samples

On the 57" day of the study, all rats were weighed and appropriately anesthetized using keta-
mine at a high dose (90 mg/kg) to euthanize the animals [21]. After sacrificing the animals, the
blood sample was collected from the abdominal aorta and promptly stored in a tube with cit-
rate buffer. Subsequently, the plasma was separated by centrifugation (8000 rpm for 15 min)
and stored at -20 °C until future analysis. All the internal organs including liver, spleen, perito-
neal fat, epididymal fat, and mesenteric fat, were separated on ice, weighed immediately, pre-
served in neutral buffered formalin for histological analysis, and stored in a refrigerator (at -20
°C) for further investigation.

Oral glucose tolerance test

Prior to performing the OGTT, all the experimental animals were starved for 12 hours. During
this time, only normal water supply was provided. Blood from the tail tip was taken to mini-
mize stress and estimate basal blood glucose levels using a glucometer (Bionim Corporation,
Bedford, MA, USA). Thereafter, a 40% aqueous solution of glucose was administered orally at
a dose of 2 g/kg body weight. After glucose administration, blood glucose concentration was
analyzed using a glucometer at different time intervals (30, 60, 90, and 120 min).

Assessment of liver function markers

The activities of enzymes in plasma that mark liver function were estimated using DCI diag-
nostics kits (Budapest, Hungary) according to the manufacturer’s standard protocol. These
enzymes include ALT, aspartate aminotransferase (AST), and ALP (Mamun, 2020).

Assessment of lipid profiles

The plasma concentrations of cholesterol and triglycerides were measured using assessment
kits supplied by DCI diagnostics. The tests were performed according to the standard protocol
provided by the manufacturer.

Assessment of oxidative stress markers

Preparation of tissue sample. Liver tissue (1 g) was homogenized in 10 mL of phosphate
buffer (pH 7.4) and centrifuged at 8000 rpm for 15 min at 4 °C. The supernatant was separated
in a fresh Eppendorf tube and used to assess proteins and conduct enzymatic studies, as
described below.

Lipid peroxidation assessment. Plasma levels of thiobarbituric acid reactive substances
indicate lipid peroxidation and oxidative stress. Hepatic lipid peroxidation was measured calo-
rimetrically by estimating thiobarbituric acid reactive substances, as previously described [22].
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Nitric oxide assay. Nitric oxide (NO) assay was performed following a previously
described method [23]. NO concentration was estimated using a standard curve and displayed
as mmol/g.

Assessment of advanced protein oxidation product. Advanced protein oxidation prod-
uct (APOP) concentration was estimated using methods previously described by Witko-Sarsat
[24] and [25]. APOP concentrations were displayed as pmol-Lf1 chloramine-T equivalents.

Superoxide dismutase and reduced glutathione antioxidant activity assays

Superoxide dismutase (SOD) activity was measured in hepatic tissue and plasma following a
previously established method [26]. To determine SOD activity, we recorded changes in absor-
bance four times at 480 nm. The time interval of two consecutive readings was 15 s, and 50%
neutralization of the antioxidant activity of adrenaline present in the assay was considered a
unit of enzyme activity. We estimated the reduced GSH levels following the method described
by Jollow et al. [27]. The absorbance was measured at 412 nm when a yellowish color was seen
in the mixture. Concentration was expressed as ng/mg protein.

Estimating the fat metabolizing, inflammation, and oxidative stress
regulatory gene expressions

Liver tissue was chosen for the determination of total mRNA, which was isolated and purified
using the GeneJet RNA purification kit from Thermo-Fisher Scientific. To measure the con-
centration of the total mRNA, NanoDrop 2000 spectrophotometer was used. From each sam-
ple, 1 pg mRNA was taken and cDNA synthesis was performed using the Revert AID First
strand cDNA Synthesis kit. To measure the transcript levels of metabolization, SYBR Premix
Ex Taq was used for quantitative real-time polymerase chain reaction. This quantification was
analyzed following the manufacturer’s protocol using Thermal Cycler Real-Time Single. For-
ward and reverse primers, which were used for quantitative real-time PCR, were designed
using primer3 online software (Table 1). The first step of polymerase chain reaction was 95 °C
for 1 minute, followed by 40 cycles of amplification for 5 seconds at 95 °C for denaturation.
Annealing was performed at 60 °C for 30 s, extension was done for 1 min at 72 °C, and the
final extension was performed for 5 min at the same temperature.

Histopathology

To investigate any changes in liver tissue, microscopic evaluation was performed. Liver tissues
were processed in neutral buffered formalin and embedded in paraffin to arrange the mold.
Then, the molded tissues were sharply sliced to 5 um. Subsequently, these thin slices were
stained with three different staining processes for investigating three different characteristics:
a) Hematoxylin-eosin to observe liver tissue layout, fat deposition, and inflammatory cell infil-
tration; b) Sirius red staining to detect fibrosis in liver; ¢) Periodic acid schiff staining on intes-
tine to see the Goblet cell population. Sections were then studied and photographed using a
microscope (Zeiss Axioscope) at 40 x magnification. Image] 1.50i software from National
Institute of Health (NIH), USA was used for steatosis and fibrosis analysis. The image was con-
verted to RGB stacks and montage, and then threshold was adjusted manually. The result was
expressed as % of area. Histology slides were prepared from at least three rats from each group.
Five random snaps were taken from each slide and analyzed for the steatosis and fibrosis score
[28].
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Table 1. The forward and reverse sequence of the primer used in this study.

Name of gene (Ref. sequence no.) Type Sequence Ty Value
Nrf-2 (XM_213329) Forward 5'-CCCAGCACATCCAGACAGAC-3' 60.2°C
Reverse 5'-TATCCAGGGCAAGCGACTC-3’ 58.9°C
HO-1 (NM 012580.2) Forward 5'-TGCTCGCATGAACACTCTG-3' 59.2°C
Reverse 5'-TCCTCTGTCAGCAGTGCCT-3’ 58.7°C
HO-2 (J05405.1) Forward 5'-CACCACTGCACTTTACTTCA-3' 58.3°C
Reverse 5 -AGTGCTGGGGAGTTTTAGTG-3’ 57.9°C
MnSOD NM_017051.2 Forward 5'-GCTCTAATCACGACCCACT-3’ 59.2°C
Reverse 5'-CATTCTCCCAGTTGATTACATTC-3' 58.7°C
Catalase AH004967.2 Forward 5'-ATTGCCGTCCGATTCTCC-3’ 59.3°C
Reverse 5'-CCAGTTACCATCTTCAGTGTAG-3' 60.1°C
GPx S50336.1 Forward 5'-AGAATGAAGAGATTCTGAAT-3' 58.7°C
Reverse 5'-GGACGGCTTCATCTTCAGTGA-3’ 58.6°C
IL-1 M98820 Forward 5'-ATGCCTCGTGCTGTCTGACC-3' 59.3°C
Reverse 5'-CCATCTTTAGGAAGACACGGGTT-3' 58.7°C
IL-6 M26744 Forward 5 -AGCGATGATGCACTGTCAGA-3’ 58.9°C
Reverse 5 -GGTTTGCCGAGTAGACCTCA-3’ 59.2°C
TNF-0. L00981.1 Forward 5 -ATGTGGAACTGGCAGAGGAG-3’ 59.1°C
Reverse 5'-CCACGAGCAGGAATGAGAAGAG-3' 57.9°C
TGF-B NM_021578.2 Forward 5'-AAGAAGTCACCCGCGTGCTA-3’ 59.2°C
Reverse 5 -TGTGTGATGTCTTTGGTTTTGTC-3' 60.3°C
iNOS NM_012611.3 Forward 5'-TGGTCCAACCTGCAGGTCTTC-3’ 59.4°C
Reverse 5'-CAGTAATGGCCGACCTGATGTTG-3' 58.3°C
NF-kB NM_001276711.1 Forward 5'-TGTGAAGAAGCGAGACCTGGAG-3' 60.5°C
Reverse 5'-GGCACGGTTATCAAAAATCGGATG-3' 59.3°C
B-Actin V01217.1 Forward 5'-GCGAGAAGATGACCCAGATC-3' 58.4°C
Reverse 5'-GGATAGCACAGCCTGGATAG-3' 59.4°C
SREBP-1c NM_001276707.1 Forward 5'-GGCATGAAACCTGAAGTGGT-3' 58.3°C
Reverse 5 -TGCAGGTCAGACACAGGAAG-3’ 58.1°C
FAS (M76767.1) Forward 5/ -TCGAGACACATCGTTTGAGC-3’ 60.7°C
Reverse 5/ -CTCAAAAAGTGCATCCAGCA-3’ 59.6°C
PPARY2 AB019561.1 Forward 5’ -CCCTGGCAAAGCATTTGTAT-3’ 59.3°C
Reverse 5’ -GAAACTGGCACCCTTGAAAA-3’ 58.9°C
C/EBPo. NM_001287579.1 Forward 5’ -GCCAAGAAGTCGGTGGATAA-3’ 57.9°C
Reverse 5’ - CCTTGACCAAGGAGCTCTCA-3’ 59.2°C
Leptin (NM_013076.3) Forward 5'-GAGACCTCCTCCATCTGCTG-3’ 58.7°C
Reverse 5'-CATTCAGGGCTAAGGTCCAA-3’ 60.1°C
Adiponectin (NM144744.3) Forward 5’ -AATCCTGCCCAGTCATGAAG-3’ 58.8°C
Reverse 5/ -TCTCTCCAGGAGTGCCATCT-3’ 59.6°C

https://doi.org/10.1371/journal.pone.0250261.t001

Statistical analysis

The mean + SEM was calculated for all values. In case of gene expression, mean + SD was

used. Statistical analysis was performed by one-way ANOVA, and comparisons among the

groups were performed using Newman-Keul’s multiple comparisons test using the Graph

Pad Prism software system, version 6. Values are considered significantly different only when

p < 0.05.
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Table 2. Effects of HF diet and Senna alexandrina leaf powder supplementation on initial body weight, final body weight, food intake and water intake.

Parameters Control HF Control+SA HF+SA HF+ATO
Initial body weight (g) 186+2.01 201.375£1.99 188.75+£2.95 211+3.52 189.25+£3.44
Final body weight (g) 208.75+£2.97** 294+6.72# 160.5+£2.79** 214.25+5.98"* 204.25+5.87**
Food intake (g)/d 28.26+0.63 18.20+1.06 22.41+2.16 16.76+1.41 14.09+1.62
Water intake mL/d 20.83+3.53 26.06+2.42 16.43+1.46 23.77+2.02 18.14+1.84

Data are presented as mean + SEM, n = 8. For statistical analysis, one-way ANOVA with Tukey’s multiple comparison test was performed.

** Versus

* represents p<0.01.

https://doi.org/10.1371/journal.pone.0250261.t002

Results

Effects of HF diet and S. alexandrina leaf powder supplementation on body
weight and food and water intake

Table 2 shows initial and final body weight as well as body weight gain of all groups of rats. We
observed that the final body weight of rats of the HF group was significantly higher (p < 0.001)
than that of rats from the control group. On the other hand, supplementation with S. alexan-
drina leaf powder resulted in significantly lower final body weight (p < 0.001) in the HF + SA
group compared to that in HF group. This reduction in body weight was comparable to that
seen in HF + ATO rats (Table 2). However, S. alexandrina leaf powder supplementation also
resulted in reduced body weight gain in control + SA rats (Table 2).

Body weight gain depends on food intake and water intake. Hence, we measured food
intake and water intake of each group (Table 2). Rats in the control group consumed more
food than the rats from the HF group. However, when we compared HF group and HF + SA
group for the consumption of food, no significant difference was observed in food consump-
tion. Contrarily, atorvastatin affected the food intake in HF + ATO rats, which may explain
the reduction in body weight in this group (Table 2), whereas S. alexandrina leaf powder sup-
plementation did not affect food consumption in control + SA rats (Table 2). Water intake was
not significantly different among these groups.

Effect of S. alexandrina leaf powder supplementation on liver weight and
fat deposition in liver

At the end of the treatments, vital organs were obtained from euthanized animals and wet
weights were determined. The organ weight data are presented in Fig 1. These results showed
that the actual liver wet weight of rats in the HF group was significantly higher (p < 0.01) than
that of the control group (Fig 1B). However, actual liver wet weight of the HF + SA group was
significantly lower (p < 0.05) than that of the HF group, indicating that S. alexandrina pre-
vented liver enlargement (Fig 1B). This result is also comparable to the atorvastatin treatment
in HF + ATO rats, which also resulted in a lower liver wet weight (Fig 1B). S. alexandrina treat-
ment in control + SA rats also resulted in a lower liver wet weight compared to the HF rats
(Fig 1B). However, the normalized wet weight of liver in control + SA rats was significantly
higher than that in HF rats (Fig 1C). This discrepancy occurred because of the substantial low-
ering of body weight in control rats treated with S. alexandrina. However, the normalized val-
ues of liver wet weights of the other groups were not significantly different.

Fig 1D, 1E and 1F display the accumulation of peritoneal, epididymal, and mesenteric fats
across all the groups. Peritoneal fat deposition in the HF group was significantly higher
(p <0.001) than that in the control group (Fig 1D). S. alexandrina supplementation and
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Fig 1. Effect of Senna alexandrina leaf powder supplementation on body weight and fat deposition in high-fat diet-induced obese rats. A. body
weight gain; B. Actual liver wet weight; C. Normalized liver wet weight; D. Peritoneal Fat; E. Epididymal Fat and F. Mesenteric Fat deposition in high fat
diet induced obese rats. Data are presented as mean + SEM, n = 8. For statistical analysis, one-way ANOVA with Tukey’s multiple comparison test was
performed. * represents p < 0.05; ** represents p < 0.01.

https://doi.org/10.1371/journal.pone.0250261.g001

atorvastatin treatment significantly decreased peritoneal fat (p < 0.05) deposition in HF + SA
and HF + ATO rats (Fig 1D). However, rats in the control + SA group showed no alteration in
peritoneal fat deposition compared to those in the HF group (Fig 1D).

Rats in the control group showed significantly lower epididymal fat deposition than those
in the HF group (p < 0.05) (Fig 1E). However, S. alexandrina and atorvastatin significantly
reduced epididymal fat deposition (p < 0.05) in HF diet-fed rats (Fig 1E). S. alexandrina also
reduced epididymal fat deposition in control rats (Fig 1E).

Mesenteric fat deposition is directly linked to the supply of free fatty acids to the liver. We
observed that HF diet significantly increased mesenteric fat deposition (p < 0.001) relative to
the control group (Fig 1F). Additionally, S. alexandrina and atorvastatin significantly pre-
vented mesenteric fat deposition in HF diet-fed rats (Fig 1F). Mesenteric fat deposition was
also significantly reduced in control + SA group compared to control group (Fig 1F). Hence, S.
alexandrina reduces fat deposition in HF diet-fed rats.

Effect of S. alexandrina leaf powder supplementation on oral glucose
tolerance test

Fasting blood glucose levels are usually high in obese subjects. Therefore, OGTT was per-
formed to assess the glucose metabolizing ability of the experimental animals after consuming
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Fig 2. Effect of Senna alexandrina leaf powder supplementation on Oral Glucose Tolerance Test (OGTT) performed on the very first day and the
day before sacrifice of the rats. Here, A. OGTT before treatment, B. OGTT after treatment, C. AUC at 0 week, and D. AUC at 8 week.

Mean =+ standard error of mean (SEM) was used to present all values, where n = 8. Statistical analysis was done by one-way ANOVA and comparisons
among the groups were done following Tukey’s multiple comparisons test. Here, a vs b is significantly different at p<0.05.

https://doi.org/10.1371/journal.pone.0250261.9002

a high-fat diet for 56 days. In this study, the OGTT was performed twice, one on the very first
day of the experiment and the other on the day before sacrificing the rats. The data of the oral
glucose tolerance test of all groups are shown in Fig 2.

The result of the first OGTT showed that the initial plasma glucose concentration of all
groups was approximately 4 mmol/L (Fig 2A). After oral glucose administration, the plasma
glucose concentration of each group increased by nearly 8 mmol/L after 30 min and gradually
returned to the normal level within 120 min. The area under the curve did not show any signif-
icant difference across the groups at this stage (Fig 2C).

PLOS ONE | https://doi.org/10.1371/journal.pone.0250261  April 20, 2021 9/25


https://doi.org/10.1371/journal.pone.0250261.g002
https://doi.org/10.1371/journal.pone.0250261

PLOS ONE

Senna leaf supplementation ameliorates oxidative stress, inflammation, and liver steatosis

However, the result of the second OGTT was different in the HF group, whereas the results
of all other groups were almost the same (Fig 2B). Before rising at 30 min, the glucose concen-
trations were approximately the same for all 5 groups. The plasma glucose level generally
started to decrease in the groups after 60 min and almost reached normal levels within 120
min. However, in the HF group, the plasma glucose level continued to remain high until 120
min. Plasma glucose levels in the HF + SA group reduced after 60 min of glucose load (Fig 2B).
The area under the curve at 8 weeks was significantly (p < 0.01) lower in the control group
compared to that in the HF groups (Fig 2D). Again, S. alexandrina leaf powder supplementa-
tion significantly lowered the area under the curve (p < 0.01) in the HF + SA group (Fig 2D),
which was similar to the control group. Atorvastatin also resulted in a significant reduction of
the area under the curve (p < 0.01) in the HF + ATO group compared to the HF group, similar
to that seen in HF + SA group. S. alexandrina treatment in control rats resulted in no abnor-
mal changes in the OGTT test (Fig 2D). Thus, S. alexandrina supplementation mitigates the
oral glucose tolerance that develops in rats given a high-fat diet.

Effect of S. alexandrina leaf powder supplementation on hepatic marker
enzymes

The rate of fat accumulation in the liver is high in HF diet-fed rats, and can result in hepatic
damage. To assess hepatic damage, the activities of liver marker enzymes such as ALT, AST,
and ALP were measured. Changes in hepatic enzyme activity are shown in Fig 3.

ALT activity in HF group was significantly higher (p < 0.01) than that in control group (Fig
3A). On the other hand, S. alexandrina leaf powder supplementation for 56 days lowered the
ALT activity (p < 0.01) in HF + SA group compared to HF group, such that that they were
similar to the control group (Fig 3A). ALT activity in the HF + SA group was also comparable
with that in HF + ATO group with a similar reduction in ALT activity (p < 0.01) compared to
the HF group (Fig 3A). AST and ALP enzyme activities in the plasma were also found to be
approximately 2-fold higher in the rats of the HF group than in those of the control group (Fig
3B and 3C). However, AST and ALP activities were significantly lower in the HF + SA group
(p < 0.01) compared to those in the HF group. Atorvastatin treatment in the HF + ATO group
also showed similar activity levels of these enzymes as seen in the HF + SA group (Fig 3B and
3C). Importantly, S. alexandrina supplementation did not affect the liver enzyme activities in
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Fig 3. Effect of Senna alexandrina leaf powder supplementation on hepatic marker enzymes. A. ALT Plasma. B. AST Plasma. C. ALP in plasma.
Meant standard error of mean (SEM) was used to express all values, where n = 8. Statistical analysis was done by one-way ANOVA and comparisons
among the groups were done following Tukey’s multiple comparisons test. * represents p<0.05; ** represents p<0.001.

https://doi.org/10.1371/journal.pone.0250261.9003
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control rats (Fig 3A, 3B and 3C). Thus, S. alexandrina supplementation reduces the activity of
liver enzymes that increase due to HF diet.

Effect of S. alexandrina leaf powder supplementation on oxidative stress
markers

Oxidative stress was assessed by measuring the concentrations of malondialdehyde, APOP,
and NO. The results of the different groups are shown in Fig 4.

Malondialdehyde concentrations in both the plasma and liver tissue were significantly
(p <0.01) higher in the HF group than in the control group (Fig 4A and 4B). S. alexandrina
supplementation reduced the increase in malondialdehyde concentration (p < 0.01) in plasma
and in the liver tissue of HF + SA rats. This result is also comparable to atorvastatin treatment
in HF + ATO rats, which also showed an attenuation of lipid peroxidation in both the plasma
and tissue (Fig 4A and 4B). However, S. alexandrina supplementation did not affect the mal-
ondialdehyde concentration in control rats (Fig 4A and 4B).

NO levels in both plasma and tissue were elevated more than 2-fold (p < 0.01) in rats of HF
group than in those of control group (Fig 4C and 4D). NO concentration was significantly
reduced (p < 0.01) in HF + SA rats. Similar reduction in NO concentration was seen in plasma
and tissue of HF + ATO rats (Fig 4C and 4D). Moreover, S. alexandrina supplementation did
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Fig 4. Effect of Senna alexandrina leaf powder supplementation on oxidative stress markers. A. MDA in plasma. B. MDA in liver. C. NO in plasma.
D. NO in liver. E. APOP in plasma. F. APOP in liver. Mean + standard error of mean (SEM) was used to express all values, where n = 8. Statistical
analysis was done by one-way ANOVA and comparisons among the groups were done following Tukey’s multiple comparisons test. “** represents
p<0.001.

https://doi.org/10.1371/journal.pone.0250261.9004
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not change the nitric oxide levels in either the plasma or liver tissue of control + SA rats (Fig
4C and 4D).

HF group showed increased APOP plasma concentration (Fig 4E) compared to control
group. However, APOP plasma concentration was significantly reduced (p < 0.01) in HF + SA
rats compared to HF rats. Similarly, APOP plasma concentration level was significantly
reduced (p < 0.01) in HF + ATO group compared to the HF group (Fig 4E). However, S. alex-
andrina leaf powder supplementation treatment did not affect the plasma concentration of
APOP in control + SA rats (Fig 4E).

HEF rats also showed higher concentrations of APOP in liver tissue (p < 0.01) compared to
those of the control group (Fig 4F). However, the concentration of APOP was lower in HF
+ SA group (p < 0.01) (Fig 4F) compared to HF group. The reduction of APOP concentration
in liver tissue by S. alexandrina leaf powder supplementation was comparable with the effects
of atorvastatin treatment (Fig 4F). APOP concentration in liver tissue was significantly
reduced (p < 0.01) in HF + ATO group compared to HF group. Moreover, control rats that
were treated with S. alexandrina leaf powder supplementation showed normal levels of APOP
concentration in liver tissue (Fig 4F). Hence, S. alexandrina supplementation ameliorates the
increase in oxidative stress markers seen in rats fed with HF diet.

Effect of S. alexandrina leaf powder supplementation on antioxidant
enzymes

SOD activities in both plasma and liver were found to be significantly (p < 0.01) lower in rats
in the HF group than those in the control group (Fig 5A and 5B). This reduction in activity
was restored by S. alexandrina treatment as seen in the plasma and liver of rats from the HF
+ SA group (Fig 5A and 5B), which had significantly greater SOD activity compared to those
from the HF group (p < 0.01). Atorvastatin treatment in HF + ATO rats also increased SOD
activity in a similar manner. Moreover, S. alexandrina supplementation did not change SOD
activity in liver tissue, but slightly altered its activity in the plasma of control + SA rats (Fig 5B
and 5A).

Similarly, GSH concentration in plasma (p < 0.01) and liver tissue (p < 0.05) of HF rats
were depleted in comparison with that of control rats (Fig 5C and 5D). This was restored by S.
alexandrina supplementation as GSH activity in plasma and liver tissue of HF + SA rats was
significantly higher (p < 0.01) than that of rats from the HF group (Fig 5C and 5D). HF
+ ATO rats also showed increased GSH concentrations in both plasma and tissue (Fig 5C and
5D) compared to HF rats. However, S. alexandrina supplementation did not alter GSH con-
centrations in the rats of the control group (Fig 5C and 5D). Therefore, S. alexandrina inhibits
the depletion of antioxidant enzymes seen HF diet-fed rats.

Effect of S. alexandrina leaf powder supplementation on lipid profiles

We measured the total cholesterol and triglyceride levels in plasma to evaluate the lipid-lower-
ing effects of S. alexandrina leaves on HF rats. We observed that total cholesterol and triglycer-
ide levels in plasma were significantly elevated (p < 0.01) in the HF group compared to the
control group (Fig 6A and 6B). S. alexandrina leaf powder supplementation resulted in signifi-
cantly lower (p < 0.01) plasma total cholesterol and triglyceride levels in the HF + SA group
compared to the HF group (Fig 6A and 6B). Similar trend was observed in cholesterol and tri-
glyceride levels in HF + ATO (Fig 6A and 6B). Moreover, the control + SA group exhibited
similar levels of cholesterol and triglyceride as the control group.
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Fig 5. Effect of Senna alexandrina leaf supplementation on A. SOD in Plasma; B. SOD in Liver; C. GSH in Plasma and D. GSH in Liver in high fat diet
induced obese rats. Values are presented as mean + SEM, n = 8. One-way ANOVA followed by Tukey’s multiple comparisons test was done for
statistical comparison. * represents p<0.05; ** represents p<0.001.

https://doi.org/10.1371/journal.pone.0250261.9g005

Effect of S. alexandrina leaf powder supplementation on fat metabolizing
gene expression in liver

The expression of lipogenesis-related genes in liver tissue was studied to understand the effects
of S. alexandrina leaf powder supplementation on lipid metabolism. Therefore, the relative
expression of some fat metabolizing genes in each group is shown in Fig 7.

Compared to the rats in the control group, the HF rats had elevated mRNA levels
(p < 0.05) of adipogenic markers such as SREBPIc, FAS, PPARy, and CEBPa (Fig 7A, 7B, 7C
and 7D). In contrast, the mRNA expression of these genes in S. alexandrina treated rats (HF
+ SA) was lower than that in the HF group (Fig 7A, 7B, 7C and 7D) and comparable to that in
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Fig 6. Effect of Senna alexandrina leaf powder supplementation on lipid profiles in high fat diet induced obese rats. A. Cholesterol in Plasma. B.
Triglycerides in Plasma. Mean + standard error of mean (SEM) was used to express all values, where n = 8. Statistical analysis was done by one-way
ANOVA and comparisons among the groups were done following Tukey’s multiple comparisons test. ** represents p<0.001.

https://doi.org/10.1371/journal.pone.0250261.9006

HF + ATO group (Fig 7A, 7B, 7C and 7D). Relative gene expression of leptin and adiponectin
was also elevated in the HF rats compared to the control rats (Fig 7E and 7F). mRNA expres-
sion significantly reduced (p < 0.05) in HF + SA rats compared to the HF rats and was similar
to the effects of atorvastatin treatment. However, no significant change in relative expression
due to S. alexandrina leaf powder supplementation was found in the rats of the control + SA

group (Fig 7).

Effect of S. alexandrina leaf powder supplementation in liver on
inflammatory gene expression

To evaluate whether S. alexandrina leaf powder supplementation altered hepatic inflamma-
tion, we studied the relative expression of some genes related to inflammation or hepatic
injury. The expression of these genes is displayed in Fig 8.

The results indicated that the mRNA levels of pro-inflammatory and cytokine genes, such
as TNF-a, TGF-f3, and IL-6, were significantly (p < 0.05) higher in the HF group than in the
control group (Fig 8A, 8B and 8C). However, the mRNA levels of these genes lowered
(p <0.05) in the HF + SA group compared to the HF group. Atorvastatin treatment showed
similar effects in HF + ATO rats compared to the HF group (Fig 8A, 8B and 8C). The relative
expression of NF-kB and iNOS was also higher (p < 0.05) in the rats of the HF group com-
pared to those of the control group (Fig 8D and 8E). In the HF + SA group, mRNA levels of
NF-xB and iNOS were lower (p < 0.05) than those in the HF group, and similar trends were
seen in the HF + ATO group (Fig 8D and 8E). Furthermore, to evaluate the effects of S. alexan-
drina on high-fat diet-induced hepatic fibrosis, we also analyzed the expression of a-SMA (a
marker of myofibroblastic hepatic stellate cells). The expression of this gene was significantly
(p < 0.05) higher in the HF group than in the control group (Fig 8F). However, S. alexandrina
supplementation as well as atorvastatin treatment lowered the expression of this gene in HF
+ SA and HF + ATO groups, respectively, compared to that in HF group (Fig 8F).
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Fig 7. Effect of Senna alexandrina leaf supplementation on Fat metabolizing genes expression in liver of high-fat diet induced
obese rats. A. Sterol regulatoryi element binding protein 1c (SREBP1c). B. Fatty acid synthase (FAS). C. Peroxisome proliferator
activated receptor (PPARY). D. CCAAT enhancer binding protein alpha (CEBPo). E. Leptin. F. Adiponectin. Values are presented as
mean + SD, n = 6. One-way ANOVA followed by Tukey’s multiple comparisons test was done for statistical comparison. Values are
considered significance at p<0.05. ** represents p<0.001.

https://doi.org/10.1371/journal.pone.0250261.g007
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Fig 8. Effect of Senna alexandrina leaf powder supplementation on inflammatory genes expression in liver of high fat diet induced obese
rats. Here, A. Tumor necrosis factor alpha (TNF-a); B. Transforming growth factor beta (TGF-); C. Interleukin-6 (IL-6); D. Nuclear factor
kappa B (NK-kB); E. Inducible nitric oxide synthase (iNOS); F. Alpha smooth muscle actin (a-SMA). Values are presented as mean + SD,

n = 6. One-way ANOVA followed by Tukey’s multiple comparisons test was done for statistical comparison. ** represents p<0.001.

https://doi.org/10.1371/journal.pone.0250261.9008

Nevertheless, S. alexandrina supplementation did not alter the mRNA levels of these genes in
control rats (Fig 8).

Effects of S. alexandrina leaf powder supplementation on antioxidant
enzyme gene expression in liver

Previous studies as well as the results of antioxidant enzyme activities in this study in both
plasma and liver tissue suggest that these enzyme activities are lower in obese individuals. For
better understanding, we also studied the expression of some antioxidant genes, such as SOD,
CAT, GR, and GPx. The expression of these genes is shown in Fig 9.

Our results indicated that the relative expression of the genes SOD and CAT was signifi-
cantly (p < 0.05) lower in the HF group compared to that the control group (Fig 9A and 9B).
However, rats in the HF + SA group showed higher relative expression of these genes
(p < 0.05) compared to those in the HF group. In comparison with the HF group, the HF
+ ATO group also showed greater expression of these genes, similar to HF + SA group (Fig 9A
and 9B). We observed a similar trend for the other two antioxidant enzymes GR and GPx as
well. The mRNA transcript levels of these genes were found to be significantly (p < 0.05)
lower in HF rats than in control rats (Fig 9C and 9D), but S. alexandrina leaf powder supple-
mentation resulted in elevated (p < 0.05) mRNA transcript levels, similar to that seen in con-
trol group.
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Fig 9. Effect of Senna alexandrina leaf powder supplementation on antioxidant enzyme activity genes expression in liver of high
fat diet induced obese rats. Here, A. Super oxide dismutase (SOD); B. Catalase; C. Glutathione reductase (GR); D. Glutathione
peroxidase (GP,); E. Nuclear factor erythroid 2-related factor 2 (NRF 2); F. Heme oxygenase-1 (HO-1). Values are presented as

mean + SD, n = 6. One-way ANOVA followed by Tukey’s multiple comparisons test was done for statistical comparison. **

p<0.001.

https://doi.org/10.1371/journal.pone.0250261.g009
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Fig 10. Effect of Senna alexandrina leaf powder supplementation on lipid accumulation in liver of high-fat diet-fed rats. A for control; B for HF; C
for Control+SA; D for HF+SA; E for HF+ATO group and F for % Steatosis. Magnifications 40X.
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To determine whether the NRF2/HO-1 signaling pathway is involved in the protective
effects of S. alexandrina against oxidative stress, we also studied the mRNA expression of
NRF2 and HO-1. The results indicated that rats of the HF group had significantly (p < 0.05)
lower NRF2 and HO-1 mRNA expression compared with the rats of the control group (Fig 9E
and 9F). However, the expression of these genes in the HF + SA group was significantly higher
(p < 0.05) than that in the HF group. Atorvastatin treatment with HF diet also upregulated the
expression of these genes compared to the HF group, and this upregulation was very similar to
that observed in the HF + SA group (Fig 9E and 9F). Importantly, S. alexandrina supplementa-
tion did not change the mRNA levels of antioxidant genes in control rats (Fig 9).

Impact of S. alexandrina leaf powder supplementation on histology of liver
and intestine

Fig 10A to 10E depicts the histology of the liver through hematoxylin and eosin staining of
organs of the five groups. Rats of the control group (Fig 10A) showed no steatosis and fat drop-
lets compared to HF rats (Fig 10B). However, HF + SA rats showed less fat droplets deposition
and steatosis compared to HF rats (Fig 10D). HF + ATO also showed lower steatosis score
compared to HF rats (Fig 10E). Control + SA rats showed normal architecture (Fig 10C) as in
control rats.

Fig 11A to 11E depicts Sirius red staining of the liver of rats from each group. HF rats (Fig
11B) showed increased collagen deposition compared to control rats (Fig 11A), but those
treated with S. alexandrina leaf powder supplementation at the same time showed (Fig 11D)
much less collagen deposition compared to HF rats (Fig 11B). Moreover, collagen deposition
in HF + ATO group (Fig 11E) was also decresed compared to HF rats. S. alexandrina leaf pow-
der supplementation treatment in control + SA rats resulted in normal collagen deposition
(Fig 11C).
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% of Fibrosis

Fig 11. Effect of Senna alexandrina leaf powder supplementation on fibrosis in liver of high-fat diet-fed rats. A for control; B for HF; C for Control
+SA; D for HF+SA; E for HF+ATO group and F for % Fibrosis. Magnifications 40X.

https://doi.org/10.1371/journal.pone.0250261.9011

Fig 12 shows the histology of the intestine of rats across groups. Fig 12A to 12E depicts
crypts while Fig 12F to 12] indicates villi. Control rats (Fig 12A and 12F) showed the pres-
ence of more goblet cells in crypt and villi compared to HF rats (Fig 12B and 12G). More-
over, HF rats showed (Fig 12B and 12G) less goblet cells in crypt and villi compared to
HF + SA (Fig 12D and 12I). HF + ATO rats (Fig 12E and 12]) showed similar numbers of
goblet cells in crypt and villi as that seen in the rats of HF + SA group (Fig 12D and 12I).
Additionally, control + SA rats did not show any changes in the number of goblet cells in
the crypt and villi when subjected to treatment with S. alexandrina leaf powder (Fig 12C

and 12H).

Fig 12. Effect of Senna alexandrina leaves powder supplementation on goblet cells population in crypt (upper panel) and villi (lower panel)
region of intestine in high-fat diet-fed rats. A and F for control; B and G for HF; C and H for Control+SA; D and I for HF+SA and E and ] for HF

+ATO group. Magnifications 40X.
https://doi.org/10.1371/journal.pone.0250261.9012
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Discussion

Obesity is a major risk factor for several illnesses and mortality. The statistics of obesity in the
world over the last two decades are a cause for concern [29]. The rate of white adipose tissue
accumulation is elevated in obesity. Obesity leads to a cluster of diseases such as glucose intol-
erance, hyperlipidemia, NAFLD, hypertension, and cardiovascular dysfunction [30, 31]. HF
diet-induced obesity models in animals are commonly studied because these animal models
show similar complications as seen in humans. In this study, we developed an obese rat model
using a HF diet that resulted in the development of dyslipidemia and NAFLD. This investiga-
tion also revealed the impact of senna leaf powder supplementation on oxidative stress, inflam-
mation, and related complications in the liver of HF diet-fed rats.

Provision of HF diet results in increased plasma lipid and glucose levels as well as increased
triglyceride and cholesterol levels in rats. This increase in glucose and lipid profiles is caused
by saturated fats, which are present in HF diet [32]. Increased serum glucose concentrations
were observed in HF rats, as shown in a previous study [33]. After glucose challenge, HF rats
were unable to utilize glucose properly to establish homeostasis and develop glucose intoler-
ance. Aminoglycosides (especially sennoside A and B) in senna have been reported to have
antihyperglycemic activity [13, 34]. The aqueous extract of senna improves metabolic abnor-
malities linked with diabetes and reduces chronic hyperglycemia-related complications in
streptozotocin-induced diabetic rats [17, 35]. In our experiment, glucose utilization was
improved by S. alexandrina leaf powder supplementation, which is supported by a previous
study [36].

Hepatic condition can be assessed by measuring the activities of hepatic transaminase
enzymes such as ALT, AST, and ALP in the blood stream. The increased activities of these
enzymes in the blood are indicative of liver damage or the initiation of hepatic deterioration.
Early oxidative stress in tissues plays an important role in this process. In the present study, we
found elevated activities of these liver marker enzymes in the HF group compared to the con-
trol group. This finding is also supported by previous scientific studies [37, 38]. However,
supplementation with S. alexandrina leaves reduced the activities of liver function marker
enzymes. Oxidative stress indicates increased levels of reactive oxygen species (ROS) in cells.
Different mechanisms are involved in generating ROS in obesity including o and  oxidation
of fatty acids by peroxisomes and excess consumption of oxygen by the respiratory chain in
mitochondria, which propagates free radicals in a cluster of reactions called oxidative phos-
phorylation [39-41].

Previous report also showed that mitochondrial dysfunction may develop oxidative stress
in liver of HF diet fed rats [5]. This study as well as previous studies, reported that the levels of
oxidative stress markers were elevated in plasma and tissue in animals fed with HF diet [5].
However, S. alexandrina leaf powder supplementation reduced the levels of all oxidative stress
markers in HF diet fed rats. A previous report suggested that the ethanol extract of senna has
high antioxidant properties [42]. A wide variety of flavonoids and phenolic acids, such as gallic
acid, caffeic acid, and vanillic acid, are found at high levels in different parts of senna [43, 44].
The human body usually neutralizes ROS through enzymatic (SOD, GPx, and CAT) and non-
enzymatic (reduced GSH) means. However, when these ROS preventing agents are unable to
neutralize excess ROS in obese subjects, cellular as well as molecular changes are seen. In the
present study, we found significantly lower activity of SOD and GSH in plasma and liver tissue
in HF group compared to that in control group. The activity of these antioxidant enzymes was
higher in S. alexandrina leaf powder supplemented HF diet fed rats than that of the HF group,
which demonstrates that S. alexandrina leaf powder improves the cell reinforcement limit by
expanding ROS prevention.
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Furthermore, we studied the expression of some antioxidant genes, such as SOD, CAT, GR,
and GPx. The results indicated that the relative expression of these genes was significantly
lower in the HF group than in the control group. S. alexandrina leaf powder supplementation
in HF diet fed rats up-regulates the relative expression of these genes. Moreover, the results
suggest that S. alexandrina leaf powder supplementation may improve hepatic oxidative stress
by activating the Nrf2 gene, which is a master regulator of oxidative stress related gene expres-
sion. This findings are in consonance with the previous reports suggested that Nrf2 gene
expression may decline in liver due to HF diet which may be augmented by docosahexaenoic
acid and hydroxytyrosol administration and improved the mitochondrial function [5, 45]. The
relative expression of Nrf2 and its target genes (such as HO-1) is up-regulated in the HF diet
fed rats supplemented with S. alexandrina leaf powder compared to the HF diet fed rats alone,
which is consistent with a previous study [46].

The present study also provides evidence that S. alexandrina leaf powder supplementation
reduces the levels of triglyceride and cholesterol in HF diet-fed rats. Previous studies revealed
that the expression of lipogenic genes (such as FAS, SREBPIc, IR) and lipid metabolism
genes (like PPARY), are affected in the hepatic tissue of obese subjects [47, 48]. In the present
study, we found that HF rats had elevated mRNA levels of adipocyte markers such as
SREBPIc, FAS, PPARy, and CEBPa compared to control rats. However, S. alexandrina leaf
powder supplementation markedly downregulated the mRNA expression of these genes.
Many hormones, such as leptin and adiponectin, play vital roles in fat metabolism in the
human body. Hence, senna leaf powder supplementation attenuated gene expression related
to fat metabolism.

Moreover, to evaluate whether S. alexandrina leaf powder supplementation altered hepatic
inflammation, we also studied the relative expression of some genes related to inflammation or
hepatic injury. The results indicated that the mRNA levels of pro-inflammatory and cytokine
genes, such as TNF-a, TGF-, and IL-6, which are modulated by NF-kB, a redox-sensitive tran-
scription factor, were significantly higher in the HF group than in the control group. It has
been suggested that the saturated fatty acid present in the HF diet is responsible for the inflam-
matory response through NF-kB activation in liver [49]. This result is also consistent with pre-
vious scientific studies [49, 50]. However, S. alexandrina leaf powder supplementation lowered
the mRNA levels of these pro-inflammatory and inflammatory genes.

The final events of hepatic cell damage triggered by oxidative stress, such as fibrosis and
inflammatory cell infiltration, are observed in HF diet fed rats. Several food supplements are
rich in antioxidants that may ameliorate fibrosis and inflammatory cell infiltration. Hepatic
stellate cells are the main source of collagen deposition in the extracellular matrix and are
activated by oxidative stress. Therefore, the avoidance of oxidative stress might be a good pre-
ventive measure for fibrosis. In this study, S. alexandrina leaf powder supplementation amelio-
rated inflammation and diminished the deposition of scleroprotein collagen within the liver of
HF diet fed rats.

This investigation revealed the beneficial effects of S. alexandrina leaf powder supplementa-
tion in HF diet-fed rats. However, long-term use of senna may have some deleterious effects
that are mostly related to its laxative effect. Senna powder supplementation in control rats in
this investigation showed no adverse reaction in terms of the activity of hepatic trans-ami-
nases, which were not altered compared to control rats. Moreover, senna powder supplemen-
tation in control rats resulted in decreased body weight, which was due to the decreased fat
deposition in control rats. Previous studies have also investigated the toxicity of senna powder.
One study showed that treatment with S. alexandrina for five weeks did not produce signifi-
cant carcinogenicity in C57BL/6N mice [51]. Another study on mice showed that forty weeks
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of treatment with S. alexandrina did not result in any neoplastic changes [51]. Moreover, there
is no convincing evidence of altered structural and functional activities of the smooth intestinal
muscle after long-term use of S. alexandrina [52]. This study also revealed that the microstruc-
tural environment was unchanged in the intestine of rats after senna powder supplementation,
whereas a de-organized structure of intestine and intestinal brush border was observed in HF
rats. Fibrosis and fewer goblet cells were observed in the crypt region of HF rats, but the crypt
structure and intestinal microvilli were restored by S. alexandrina leaf powder supplementa-
tion. A previous report concluded that S. alexandrina at 300 mg/Kg per day for two continuous
years may not result in carcinogenicity in rats and does not pose any risk of genotoxicity [52,
53]. A previous acute toxicological investigation of Senna alata extract also revealed no mortal-
ity at the maximum dose of 10 g/kg after 24 h in Wistar rats [54].

In conclusion, the present study revealed that the supplementation of senna leaf powder
impedes obesity and ameliorates glucose intolerance, oxidative stress, and fat metabolism in
HF diet-induced obese rats. This study was primarily aimed at establishing senna leaf powder
supplementation for treating obesity and other related complications. However, toxicological
studies and clinical trials must be conducted before this leaf powder may be used as an alterna-
tive treatment approach against obesity and its related metabolic syndrome.

Acknowledgments

The research work was conducted in the Department of Pharmaceutical Sciences, North South
University, Bangladesh. The authors gratefully acknowledge the logistic support provided by
the Department of Pharmaceutical Sciences, North South University Bangladesh. The authors
would also like to thank Editage (www.editage.com) for editing service.

Author Contributions
Conceptualization: Md Mizanur Rahman, Ferdous Khan, Nusrat Subhan, Md Ashraful Alam.

Data curation: Noushin Akter, Md Mizanur Rahman, Saima Selim, Nadia Saffoon, Md Aree-
ful Haque, Md Ashraful Alam.

Formal analysis: Shariful Islam Nayan, Faizul Islam Chowdhury, Noushin Akter, Md Mizanur
Rahman, Nadia Saffoon, Magsud Hossain, Hemayet Hossain, Md Areeful Haque.

Funding acquisition: Nusrat Subhan, Md Ashraful Alam.

Investigation: Shariful Islam Nayan, Faizul Islam Chowdhury, Noushin Akter, Magsud Hos-
sain, K. Shahin Ahmed, Hemayet Hossain.

Methodology: Md Mizanur Rahman, Ferdous Khan, Maqsud Hossain, Md Ashraful Alam.
Project administration: Md Mizanur Rahman, Nusrat Subhan, Md Ashraful Alam.
Resources: Saima Selim, Ferdous Khan, Md Ashraful Alam.

Software: Md Mizanur Rahman, Ferdous Khan, Md Areeful Haque.

Supervision: Nusrat Subhan, Md Ashraful Alam.

Validation: Nadia Saffoon, Nusrat Subhan, K. Shahin Ahmed.

Visualization: Nadia Saffoon, Nusrat Subhan, Md Areeful Haque, Md Ashraful Alam.
Writing - original draft: Shariful Islam Nayan, Faizul Islam Chowdhury, Md Areeful Haque.
Writing - review & editing: Saima Selim, Md Areeful Haque, Md Ashraful Alam.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250261  April 20, 2021 22/25


http://www.editage.com
https://doi.org/10.1371/journal.pone.0250261

PLOS ONE

Senna leaf supplementation ameliorates oxidative stress, inflammation, and liver steatosis

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ogden CL, Carroll MD, Kit BK, Flegal KM (2012) Prevalence of obesity in the United States, 2009—
2010. NCHS Data Brief: 1-8. PMID: 22617494

Wang YC, McPherson K, Marsh T, Gortmaker SL, Brown M (201 1) Health and economic burden of the
projected obesity trends in the USA and the UK. Lancet 378: 815-825. https://doi.org/10.1016/S0140-
6736(11)60814-3 PMID: 21872750

Mili¢ S, Luli¢ D, Stimac D (2014) Non-alcoholic fatty liver disease and obesity: biochemical, metabolic
and clinical presentations. World journal of gastroenterology: WJG 20: 9330. PMID: 25071327

llesca P, Valenzuela R, Espinosa A, Echeverria F, Soto-Alarcon S, et al. (2020) The metabolic dysfunc-
tion of white adipose tissue induced in mice by a high-fat diet is abrogated by co-administration of doco-
sahexaenoic acid and hydroxytyrosol. Food & Function 11: 9086—9102. https://doi.org/10.1039/
d0fo01790f PMID: 33026007

Soto-Alarcon SA, Ortiz M, Orellana P, Echeverria F, Bustamante A, et al. (2019) Docosahexaenoic
acid and hydroxytyrosol co-administration fully prevents liver steatosis and related parameters in mice
subjected to high-fat diet: A molecular approach. 45: 930-943.

Hernandez-Rodas MC, Valenzuela R, Echeverria F, Rincon-Cervera MA, Espinosa A, et al. (2017)
Supplementation with Docosahexaenoic Acid and Extra Virgin Olive Oil Prevents Liver Steatosis
Induced by a High-Fat Diet in Mice through PPAR-alpha and Nrf2 Upregulation with Concomitant
SREBP-1c and NF-kB Downregulation. Mol Nutr Food Res 61. https://doi.org/10.1002/mnfr.
201700479 PMID: 28940752

Matsusue K, Kusakabe T, Noguchi T, Takiguchi S, Suzuki T, et al. (2008) Hepatic steatosis in leptin-
deficient mice is promoted by the PPARgamma target gene Fsp27. Cell Metab 7: 302-311. https://doi.
org/10.1016/j.cmet.2008.03.003 PMID: 18396136

Buzzetti E, Pinzani M, Tsochatzis EA (2016) The multiple-hit pathogenesis of non-alcoholic fatty liver
disease (NAFLD). Metabolism—Clinical and Experimental 65: 1038—1048. https://doi.org/10.1016/j.
metabol.2015.12.012 PMID: 26823198

Anstee QM, Daly AK, Day CP (2011) Genetic modifiers of non-alcoholic fatty liver disease progression.
Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease 1812: 1557—1566. https://doi.org/10.
1016/j.bbadis.2011.07.017 PMID: 21840395

Sumida Y, Yoneda M (2018) Current and future pharmacological therapies for NAFLD/NASH. J Gastro-
enterol 53: 362—-376. https://doi.org/10.1007/s00535-017-1415-1 PMID: 29247356

Savulescu E, Georgescu MI, Popa V, Luchian V. Morphological and Anatomical Properties of the
Senna Alexandrina Mill.(Cassia Angustifolia Vahl.); 2018. Sciendo. pp. 305-310.

Saheed SA, llloh HC (2010) A taxonomic study of some species in Cassiinae (Leguminosae) using leaf
epidermal characters. Notulae Botanicae Horti Agrobotanici Cluj-Napoca 38: 21-27.

Singh R, Kaur N, Kishore L, Gupta GK (2013) Management of diabetic complications: a chemical con-
stituents based approach. Journal of ethnopharmacology 150: 51-70. https://doi.org/10.1016/}.jep.
2013.08.051 PMID: 24041460

Ghorbani A (2017) Mechanisms of antidiabetic effects of flavonoid rutin. Biomedicine & Pharmacother-
apy 96: 305—-312. https://doi.org/10.1016/j.biopha.2017.10.001 PMID: 29017142

Farag MA, Porzel A, Mahrous EA, Mo’men M, Wessjohann LA (2015) Integrated comparative metabo-
lite profiling via MS and NMR techniques for Senna drug quality control analysis. Analytical and bioana-
lytical chemistry 407: 1937-1949. https://doi.org/10.1007/s00216-014-8432-1 PMID: 25577360

Delfan B, Bahmani M, Kazemeini H, Zargaran A, Rafieian-Kopaei M, et al. (2016) Identification of Effec-
tive Medicinal Plants for Hyperlipidemia: An Ethnobotanical Study in Lorestan Province, West of Iran.
Traditional and Integrative Medicine: 28-34.

Osman N, Jambi E, Aseri N (2017) Assessment of antidiabetic and antioxidant activities of Cassia angu-
stifolia and Feoniculum vulgare in diabetic rats. International Journal of Pharmaceutical Research &
Allied Sciences 6.

Boaduo NKK, Katerere D, Eloff JN, Naidoo V (2014) Evaluation of six plant species used traditionally in
the treatment and control of diabetes mellitus in South Africa using in vitro methods. Pharmaceutical
biology 52: 756—761. https://doi.org/10.3109/13880209.2013.869828 PMID: 24559378

Panchal SK, Ward L, Brown L (2013) Ellagic acid attenuates high-carbohydrate, high-fat diet-induced
metabolic syndrome in rats. European journal of nutrition 52: 559-568. https://doi.org/10.1007/s00394-
012-0358-9 PMID: 22538930

Rahman MM, Alam MN, Ulla A, Sumi FA, Subhan N, et al. (2017) Cardamom powder supplementation
prevents obesity, improves glucose intolerance, inflammation and oxidative stress in liver of high carbo-
hydrate high fat diet induced obese rats. Lipids in health and disease 16: 151-151. https://doi.org/10.
1186/s12944-017-0539-x PMID: 28806968

PLOS ONE | https://doi.org/10.1371/journal.pone.0250261  April 20, 2021 23/25


http://www.ncbi.nlm.nih.gov/pubmed/22617494
https://doi.org/10.1016/S0140-6736%2811%2960814-3
https://doi.org/10.1016/S0140-6736%2811%2960814-3
http://www.ncbi.nlm.nih.gov/pubmed/21872750
http://www.ncbi.nlm.nih.gov/pubmed/25071327
https://doi.org/10.1039/d0fo01790f
https://doi.org/10.1039/d0fo01790f
http://www.ncbi.nlm.nih.gov/pubmed/33026007
https://doi.org/10.1002/mnfr.201700479
https://doi.org/10.1002/mnfr.201700479
http://www.ncbi.nlm.nih.gov/pubmed/28940752
https://doi.org/10.1016/j.cmet.2008.03.003
https://doi.org/10.1016/j.cmet.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18396136
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.metabol.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26823198
https://doi.org/10.1016/j.bbadis.2011.07.017
https://doi.org/10.1016/j.bbadis.2011.07.017
http://www.ncbi.nlm.nih.gov/pubmed/21840395
https://doi.org/10.1007/s00535-017-1415-1
http://www.ncbi.nlm.nih.gov/pubmed/29247356
https://doi.org/10.1016/j.jep.2013.08.051
https://doi.org/10.1016/j.jep.2013.08.051
http://www.ncbi.nlm.nih.gov/pubmed/24041460
https://doi.org/10.1016/j.biopha.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29017142
https://doi.org/10.1007/s00216-014-8432-1
http://www.ncbi.nlm.nih.gov/pubmed/25577360
https://doi.org/10.3109/13880209.2013.869828
http://www.ncbi.nlm.nih.gov/pubmed/24559378
https://doi.org/10.1007/s00394-012-0358-9
https://doi.org/10.1007/s00394-012-0358-9
http://www.ncbi.nlm.nih.gov/pubmed/22538930
https://doi.org/10.1186/s12944-017-0539-x
https://doi.org/10.1186/s12944-017-0539-x
http://www.ncbi.nlm.nih.gov/pubmed/28806968
https://doi.org/10.1371/journal.pone.0250261

PLOS ONE

Senna leaf supplementation ameliorates oxidative stress, inflammation, and liver steatosis

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

IACUC (10/10/2018) Anesthesia (Guideline).

Niehaus W Jr, Samuelsson B (1968) Formation of malonaldehyde from phospholipid arachidonate dur-
ing microsomal lipid peroxidation. European journal of biochemistry 6: 126—130. https://doi.org/10.
1111/j.1432-1033.1968.tb00428.x PMID: 4387188

Tracey WR, Tse J, Carter G (1995) Lipopolysaccharide-induced changes in plasma nitrite and nitrate
concentrations in rats and mice: pharmacological evaluation of nitric oxide synthase inhibitors. Journal
of Pharmacology and Experimental Therapeutics 272: 1011-1015. PMID: 7534350

Witko-Sarsat V, Friedlander M, Capeillere-Blandin C, Nguyen-Khoa T, Nguyen AT, et al. (1996)
Advanced oxidation protein products as a novel marker of oxidative stress in uremia. Kidney interna-
tional 49: 1304—1313. https://doi.org/10.1038/ki.1996.186 PMID: 8731095

Tiwari BK, Kumar D, Abidi A, Rizvi S| (2014) Efficacy of composite extract from leaves and fruits of
medicinal plants used in traditional diabetic therapy against oxidative stress in alloxan-induced diabetic
rats. ISRN pharmacology 2014. https://doi.org/10.1155/2014/608590 PMID: 24729889

Misra HP, Fridovich | (1972) The role of superoxide anion in the autoxidation of epinephrine and a simple
assay for superoxide dismutase. The Journal of biological chemistry 247: 3170-3175. PMID: 4623845

Jollow DJ, Mitchell JR, Zampaglione N, Gillette JR (1974) Bromobenzene-induced liver necrosis. Pro-
tective role of glutathione and evidence for 3,4-bromobenzene oxide as the hepatotoxic metabolite.
Pharmacology 11: 151-169. https://doi.org/10.1159/000136485 PMID: 4831804

Lasker S, Rahman MM, Parvez F, Zamila M, Miah P, et al. (2019) High-fat diet-induced metabolic syn-
drome and oxidative stress in obese rats are ameliorated by yogurt supplementation. Scientific Reports
9: 20026. https://doi.org/10.1038/s41598-019-56538-0 PMID: 31882854

Low S, Chin MC, Deurenberg-Yap M (2009) Review on epidemic of obesity. Annals Academy of Medi-
cine Singapore 38:57.

Jung UJ, Choi M-S (2014) Obesity and its metabolic complications: the role of adipokines and the rela-
tionship between obesity, inflammation, insulin resistance, dyslipidemia and nonalcoholic fatty liver dis-
ease. International journal of molecular sciences 15: 6184—6223. https://doi.org/10.3390/
ijms15046184 PMID: 24733068

Grundy SM (2004) Obesity, metabolic syndrome, and cardiovascular disease. The Journal of Clinical
Endocrinology & Metabolism 89: 2595-2600.

Timmers S, de Vogel-van den Bosch J, de Wit N, Schaart G, van Beurden D, et al. (2011) Differential
effects of saturated versus unsaturated dietary fatty acids on weight gain and myocellular lipid profiles
in mice. Nutrition & Diabetes 1: e11-e11. https://doi.org/10.1038/nutd.2011.7 PMID: 23449423

Akiyama T, Tachibana |, Shirohara H, Watanabe N, Otsuki M (1996) High-fat hypercaloric diet induces
obesity, glucose intolerance and hyperlipidemia in normal adult male Wistar rat. Diabetes Res Clin
Pract 31: 27-35. https://doi.org/10.1016/0168-8227(96)01205-3 PMID: 8792099

Gaikwad SB, Krishna Mohan G, Sandhya Rani M (2014) Phytochemicals for diabetes management.
Pharmaceutical Crops 5.

Jani DK, Goswami S (2019) Antidiabetic activity of Cassia angustifolia Vahl. and Raphanus sativus
Linn. leaf extracts. Journal of Traditional and Complementary Medicine. https://doi.org/10.1016/j.jtcme.
2019.03.002 PMID: 32257875

Mal, Cao X, Ye X, Ye J, SunY (2020) Sennoside A Induces GLP-1 Secretion Through Activation of
the ERK1/2 Pathway in L-Cells. Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy Vol-
ume 13: 1407-1415. https://doi.org/10.2147/DMS0.S247251 PMID: 32425572

Hong-Wei Y, Xiao-Xiao Z, Xiao-Li H, Yu-Zhu L, Yue T (2020) Selenium-enriched Bifidobacterium
longum protected alcohol and high fat diet induced hepatic injury in mice. Chinese Journal of Natural
Medicines 18: 169-177. https://doi.org/10.1016/S1875-5364(20)30018-2 PMID: 32245586

Yuan, CheL, Qi C, Meng Z (2019) Protective effects of polysaccharides on hepatic injury: A review.
International journal of biological macromolecules. https://doi.org/10.1016/j.ijbiomac.2019.09.002
PMID: 31487518

da Cunha NV, Pinge-Filho P, Panis C, Silva BR, Pernomian L, et al. (2014) Decreased endothelial nitric
oxide, systemic oxidative stress, and increased sympathetic modulation contribute to hypertension in
obese rats. American Journal of Physiology-Heart and Circulatory Physiology 306: H1472—H1480.
https://doi.org/10.1152/ajpheart.00520.2013 PMID: 24633548

Fernandez-Sanchez A, Madrigal-Santillan E, Bautista M, Esquivel-Soto J, Morales-Gonzélez A etal.
(2011) Inflammation, oxidative stress, and obesity. International journal of molecular sciences 12:
3117-3132. https://doi.org/10.3390/ijms12053117 PMID: 21686173

Snezhkina AV, Kudryavtseva AV, Kardymon OL, Savvateeva MV, Melnikova NV, et al. (2019) ROS
Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxidative medicine and
cellular longevity 2019. https://doi.org/10.1155/2019/6175804 PMID: 31467634

PLOS ONE | https://doi.org/10.1371/journal.pone.0250261  April 20, 2021 24/25


https://doi.org/10.1111/j.1432-1033.1968.tb00428.x
https://doi.org/10.1111/j.1432-1033.1968.tb00428.x
http://www.ncbi.nlm.nih.gov/pubmed/4387188
http://www.ncbi.nlm.nih.gov/pubmed/7534350
https://doi.org/10.1038/ki.1996.186
http://www.ncbi.nlm.nih.gov/pubmed/8731095
https://doi.org/10.1155/2014/608590
http://www.ncbi.nlm.nih.gov/pubmed/24729889
http://www.ncbi.nlm.nih.gov/pubmed/4623845
https://doi.org/10.1159/000136485
http://www.ncbi.nlm.nih.gov/pubmed/4831804
https://doi.org/10.1038/s41598-019-56538-0
http://www.ncbi.nlm.nih.gov/pubmed/31882854
https://doi.org/10.3390/ijms15046184
https://doi.org/10.3390/ijms15046184
http://www.ncbi.nlm.nih.gov/pubmed/24733068
https://doi.org/10.1038/nutd.2011.7
http://www.ncbi.nlm.nih.gov/pubmed/23449423
https://doi.org/10.1016/0168-8227%2896%2901205-3
http://www.ncbi.nlm.nih.gov/pubmed/8792099
https://doi.org/10.1016/j.jtcme.2019.03.002
https://doi.org/10.1016/j.jtcme.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/32257875
https://doi.org/10.2147/DMSO.S247251
http://www.ncbi.nlm.nih.gov/pubmed/32425572
https://doi.org/10.1016/S1875-5364%2820%2930018-2
http://www.ncbi.nlm.nih.gov/pubmed/32245586
https://doi.org/10.1016/j.ijbiomac.2019.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31487518
https://doi.org/10.1152/ajpheart.00520.2013
http://www.ncbi.nlm.nih.gov/pubmed/24633548
https://doi.org/10.3390/ijms12053117
http://www.ncbi.nlm.nih.gov/pubmed/21686173
https://doi.org/10.1155/2019/6175804
http://www.ncbi.nlm.nih.gov/pubmed/31467634
https://doi.org/10.1371/journal.pone.0250261

PLOS ONE

Senna leaf supplementation ameliorates oxidative stress, inflammation, and liver steatosis

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Reddy SH, Al-Kalbani AS, Al-Rawahi AS (2018) STUDIES ON PHYTOCHEMICAL SCREENING-GC-
MS CHARACTERIZATION, ANTIMICROBIAL AND ANTIOXIDANT ASSAY OF BLACK CUMIN
SEEDS (NIGELLA SATIVA) AND SENNA ALEXANDRIA (CASSIA ANGUSTIFOLIA) SOLVENT
EXTRACTS. INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES AND RESEARCH 9:
490-497.

Laghari AQ, Memon S, Nelofar A, Laghari AH (2011) Extraction, identification and antioxidative proper-
ties of the flavonoid-rich fractions from leaves and flowers of Cassia angustifolia. American Journal of
Analytical Chemistry 2: 871.

Yuniarto A, Sukandar EY, Fidrianny |, Setiawan F, Ketut | (2018) Antiobesity, Antidiabetic and Antioxi-
dant Activities of Senna (Senna alexandrina Mill.) and Pomegranate (Punica granatum L.) Leaves
Extracts and Its Fractions. International Journal of Pharmaceutical and Phytopharmacological
Research (elJPPR) 8: 18-24.

Ortiz M, Soto-Alarcén SA, Orellana P, Espinosa A, Campos C, et al. (2020) Suppression of high-fat
diet-induced obesity-associated liver mitochondrial dysfunction by docosahexaenoic acid and hydroxy-
tyrosol co-administration. Digestive and Liver Disease 52: 895-904. https://doi.org/10.1016/j.dId.2020.
04.019 PMID: 32620521

Feng X, YuW, Li X, Zhou F, Zhang W, et al. (2017) Apigenin, a modulator of PPARYy, attenuates HFD-
induced NAFLD by regulating hepatocyte lipid metabolism and oxidative stress via Nrf2 activation. Bio-
chemical pharmacology 136: 136—149. https://doi.org/10.1016/j.bcp.2017.04.014 PMID: 28414138

Pettinelli P, Videla LA (2011) Up-Regulation of PPAR-y mRNA Expression in the Liver of Obese
Patients: an Additional Reinforcing Lipogenic Mechanism to SREBP-1c Induction. The Journal of Clini-
cal Endocrinology & Metabolism 96: 1424-1430. https://doi.org/10.1210/jc.2010-2129 PMID:
21325464

Villalpando-Arteaga EV, Mendieta-Condado E, Esquivel-Solis H, Canales-Aguirre AA, Galvez-Gasté-
lum FJ, et al. (2013) Hibiscus sabdariffa L. aqueous extract attenuates hepatic steatosis through down-
regulation of PPAR-y and SREBP-1c in diet-induced obese mice. Food & function 4: 618-626. https://
doi.org/10.1039/c3fo30270a PMID: 23389749

Echeverria F, Valenzuela R, Espinosa A, Bustamante A, Alvarez D, et al. (2019) Reduction of high-fat
diet-induced liver proinflammatory state by eicosapentaenoic acid plus hydroxytyrosol supplementation:
involvement of resolvins RvE1/2 and RvD1/2. J Nutr Biochem 63: 35—-43. https://doi.org/10.1016/j.
jnutbio.2018.09.012 PMID: 30321750

llesca P, Valenzuela R, Espinosa A, Echeverria F, Soto-Alarcon S, et al. (2019) Hydroxytyrosol supple-
mentation ameliorates the metabolic disturbances in white adipose tissue from mice fed a high-fat diet
through recovery of transcription factors Nrf2, SREBP-1c, PPAR-y and NF-kB. Biomedicine & Pharma-
cotherapy 109: 2472-2481. https://doi.org/10.1016/j.biopha.2018.11.120 PMID: 30551508

Surh |, Brix A, French JE, Collins BJ, Sanders JM, et al. (2013) Toxicology and carcinogenesis study of
sennain C3B6.129F1-Trp53 tm1Brd N12 haploinsufficient mice. Toxicol Pathol 41: 770-778. https://
doi.org/10.1177/0192623312464304 PMID: 23125117

Morales MA, Hernandez D, Bustamante S, Bachiller |, Rojas A (2009) Is Senna Laxative Use Associ-
ated to Cathartic Colon, Genotoxicity, or Carcinogenicity? Journal of Toxicology 2009: 287247 . https://
doi.org/10.1155/2009/287247 PMID: 20107583

Heidemann A, Miltenburger HG, Mengs U (1993) The genotoxicity status of senna. Pharmacology 47
Suppl 1: 178-186. https://doi.org/10.1159/000139857 PMID: 8234427

Amadike Ugbogu Eziuche, Okezie E, Uche-lkonne Chikezie, M. Duru, OC Atasie (2016) Toxicity evalu-
ation of the aqueous stem extracts of Senna alata in Wistar rats. American Journal of Biomedical
Research 4: 80-86

PLOS ONE | https://doi.org/10.1371/journal.pone.0250261  April 20, 2021 25/25


https://doi.org/10.1016/j.dld.2020.04.019
https://doi.org/10.1016/j.dld.2020.04.019
http://www.ncbi.nlm.nih.gov/pubmed/32620521
https://doi.org/10.1016/j.bcp.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28414138
https://doi.org/10.1210/jc.2010-2129
http://www.ncbi.nlm.nih.gov/pubmed/21325464
https://doi.org/10.1039/c3fo30270a
https://doi.org/10.1039/c3fo30270a
http://www.ncbi.nlm.nih.gov/pubmed/23389749
https://doi.org/10.1016/j.jnutbio.2018.09.012
https://doi.org/10.1016/j.jnutbio.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30321750
https://doi.org/10.1016/j.biopha.2018.11.120
http://www.ncbi.nlm.nih.gov/pubmed/30551508
https://doi.org/10.1177/0192623312464304
https://doi.org/10.1177/0192623312464304
http://www.ncbi.nlm.nih.gov/pubmed/23125117
https://doi.org/10.1155/2009/287247
https://doi.org/10.1155/2009/287247
http://www.ncbi.nlm.nih.gov/pubmed/20107583
https://doi.org/10.1159/000139857
http://www.ncbi.nlm.nih.gov/pubmed/8234427
https://doi.org/10.1371/journal.pone.0250261

