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Introduction: Non-alcoholic fatty liver disease (NAFLD) is intimately linked to hepatic steatosis, inflammation, insulin resistance
(IR), oxidative stress (OS), and ballooning. A high fat diet (HFD) is considered a major etiological factor that primarily covers the
numerous features of NAFLD.
Methods: The present study aimed to evaluate the protective effect of safranal on hepatic steatosis, OS, liver index, IR index, liver
function enzymes, plasma lipids, TNF-α, malondialdehyde (MDA), advanced oxidation protein products (AOPPs) and nitrite (NO2

–)
levels in a NAFLD rat model fed with a HFD for 12 weeks. The ELISA kits were used to measure TNF-α and insulin in serum and
plasma, respectively.
Results: HFD significantly induced hepatic steatosis, OS, IR, liver, and oxidative enzyme elevation and inflammation in experimental
animals. Rats treated with safranal in ascending order of doses 250 and 500 mg/kg orally for 4-weeks showed a reduction in hepatic
lipid’s accumulation, liver index, hepatic enzymes, collagen, hepatic oxidonitrative stress markers (like AOPP, MDA and NO2

–), and
raised the levels of catalase (CAT) and superoxide dismutase (SOD) enzymes. Glutathione system components, namely glutathione
(GSH), glutathione peroxidase (GPx), and glutathione-S-transferase (GST) levels were also restored in the safranal-treated groups. The
reduction in serum TNF-α and IR provided further support to the anti-NAFLD effect of safranal. Moreover, the histopathological
images indicated reverse of NAFLD activity score (NAS) through mild fatty degeneration, ballooning and inflammation in hepatocytes
of treated groups.
Conclusion: Findings of blood and tissue analysis concluded that safranal can be a good choice in the management and cure of
NAFLD.
Keywords: non-alcoholic fatty liver disease, inflammation, insulin resistance, glutathione, safranal

Introduction
Non-alcoholic fatty liver disease (NAFLD) is a multifactorial metabolic disorder defined by an abnormal accumulation of
lipids in the hepatocytes that exceeds 5% of its weight.1 Currently, it affects 25–30% of the world’s population and
causes 90% of the morbidity in individuals with type-2 diabetes mellitus (T2DM). The increasing prevalence of NAFLD
in children and adolescents is even more alarming, with 7% in the general population and 34% among obese children.2

The exact pathophysiology is not entirely understood, and a “double-hit” hypothesis may help to elucidate the condition.
The intrahepatic lipid’s deposition or simple steatosis is considered as first-hit (stage-1). If it is not resolved, it progresses
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to an inflammatory state’ non-alcoholic steatohepatitis (NASH, stage-2) and can lead to hepatic fibrosis, irreversible
cirrhosis, and hepatocellular cancer.3 Visceral obesity and NAFLD are primarily risk factors for systemic inflammation
and extra-hepatic disorders.4

The intake of a high-fat diet (HFD) has long been accepted as a major risk factor for developing NAFLD.5

Furthermore, it can be associated with other metabolic diseases such as dyslipidemia, mitochondrial dysfunction,
oxidative stress (OS), insulin resistance (IR), and inflammation, add-on to the typical characteristics of NAFLD and
the progressive NASH stage.6 Subsequently, the formation of reactive oxygen species (ROS) in hepatocytes might
culminate in lipotoxicity and glucotoxicity.7 Oxidative damage to cellular macromolecules promotes the production of
malondialdehyde (MDA) and the depletion of enzymatic and non-enzymatic antioxidant defenses, such as the glutathione
(GSH) system.1 The imbalance in antioxidant mechanisms of hepatocytes causes mitochondrial and endoplasmic
reticulum (ER) stress and ultimately cellular apoptosis.8

Furthermore, HFD and its associated OS promote the synthesis of inflammatory cytokines, such as tumor necrosis
factor-α (TNF-α) in the liver.9 The activation of subsequent inflammatory pathways and collagen deposition eventually
cause the progression of fatty liver disease into steatohepatitis and fibrosis.10 IR is considered a primary mechanism
behind the development and progression of NAFLD, causing steatosis through a vicious cycle.11 The deposition of lipids,
TNF-α, and OS in the liver may impair insulin signaling and the expression of the enzymes involved in glucose and lipid
metabolism.12 In selective hepatic IR, the gluconeogenesis arm of the insulin signaling pathway remains responsive to
hyperinsulinemia and exacerbates steatosis.13

There is currently no FDA-approved medication to treat NAFLD, and with the global prevalence of the disease
constantly growing, it is imperative to develop a therapeutic alternative.4 According to the literature, lipid profile
optimization, improvement in IR, and recovery in OS are all desirable therapeutic targets in patients with this disease
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and constitute a substantial area of research.14 Natural products are now being explored as possible therapeutic agents for
the treatment of NAFLD, with various underlying mechanisms. Numerous studies have demonstrated that polyphenols,
flavonoids, and alkaloids have therapeutic benefits in metabolic diseases, notably obesity, T2DM, and NAFLD.15

Furthermore, terpenoids have been identified as antioxidant, anti-inflammatory, anti-hyperglycemic, anti-cancer, and
immunomodulatory chemical compounds and have been shown to exhibit anti-fatty liver activities.16,17

Safranal is the active constituent of saffron (B.O.: Crocus sativus), and it is derived from the essential oil extracted
from the plant’s stigma. It is a monoterpene molecule with the systematic name 2, 6, 6-trimethylcyclohexa-3,1-din-
1-carboxaldehyde. The oral LD50 value of safranal is 5.53 mL/kg in male rats.18 Saffron was reported to possess anti-
NAFLD activity in animal models.19 The active compound safranal has previously been reported to possess antioxidant,
anti-diabetic, anti-inflammatory, hepatoprotective, and nephroprotective20–24 activities in various drug-induced animal
models. Therefore, the current investigation was primarily designed to study its potential activity in a high-fat diet-
induced NAFLD animal model.

Materials and Methods
Chemicals, Kits, and Drugs
Safranal (BIDE Pharmatech Ltd. China, CAS# 116-26-7). Reduced glutathione (GSH) and N-(1-naphthyl) ethylenedia-
mine dihydrochloride (NED) from Chem Impex Intl., USA. Chloramine-T (Uni-chem), Ellman’s reagent (BDH
Chemicals Ltd. England), hydroxyproline (HXP), Ehrlich’s reagent and nicotinamide adenine dinucleotide phosphate
(AmBeed USA) and sulphanilamide (MP Biomedicals Inc France). DTNB (AnalaR BDH Germany), CDNB, TBA, BSA
and pyrogallol (Sigma-Aldrich Germany). Insulin ELISA kit (CAT # 4-83474-96T, Lot # 20210415) and TNF-α ELISA
kit (CAT # 83646, Lot # 20218415) were purchased from Zokeyo Biotechnologies Co. Ltd. Wuhan China. ALT, AST,
and ALP assay kits (LABKIT Chemilex S.A. Pol. Ind. Spain), conventional biochemical kits of triglycerides (TGs), total
cholesterol (TC), and high-density lipoprotein cholesterol (HDL-C) (BIOMED MDSS GMBH Sciffgr aben. Germany)
and uric acid assay kit (Randox Laboratories UK). The standard botanical mixture (LivLiv® by Hinucon Pharmaceuticals
Karachi Pakistan) is a combination product of siliphos (silybin) and extracts of Cynara Cardunculus (artichoke) and
Curcuma longa (turmeric).

Animal Housing
The six-week-old-male Sprague-Dawley (SD) rats of weight 150–200 g were utilized in the study. Animals were
obtained from the Animal House of the College of Pharmacy, University of Sargodha, Sargodha, Pakistan. All the
animals were housed and treated according to guidelines approved by the “Animal Ethics Committee, College of
Pharmacy, University of Sargodha, with voucher number (SU/ORIC/2861/2021) for this research protocol.

Animals Grouping, Dosing, and Study Protocol
Initially, preliminary pilot screening for model validation with hypercaloric diet, and different dosing range for safranal
was performed on some rats. The disease induction for obesity and NAFLD was confirmed by anthropometric,
histopathological, and blood parameters. In a proper treatment model, 30 rats were randomly divided into five groups
(n = 6) for a total period of twelve weeks (Table 1). Except for the normal control group (NC), all other rats received
HFD for eight weeks, followed by four weeks of drug treatment administered daily through oral gavage, with diet pattern

Table 1 Animal Grouping, Treatments, and Administrations

Groups Treatments Administrations (Once a Day for 4 Weeks)

Normal control Normal diet Normal diet + 2% Tween 80 (10 mL/kg)

Disease control High-fat diet HFD + 2% Tween 80 (10 mL/kg)

Positive control Standard botanical mixture HFD + Standard botanical mixture (35 mg/kg B.W)
Tested Safranal HFD + Safranal (250 mg/kg B.W)

Tested Safranal HFD + Safranal (500 mg/kg B.W)
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as given during the first eight weeks. To compute the dose of a standard botanical mixture, a formula for Human
Equivalent Dose (HED) of rats was employed. Safranal and standard botanical mixture was dissolved in 2% Tween 80
before administration. The vehicle control/NC group and HFD/DC groups were only treated with 2% Tween 80 (10 mL/
kg) throughout the treatment period. The body weight of each rat and blood sugar level were measured every week.

Composition of HFD and Normal Diet (ND)
Table 2 shows the total calories and ingredients used in making normal and HFD diets. The diet was prepared by properly
mixing all the ingredients and baking them in a 40°C oven. Finally, the food was sliced into small pellets before being fed
to the rats.

Determination of Anthropometric Parameters and Oral Glucose Tolerance Test
(OGTT)
The effect of safranal on the quantity of food, daily calorie intake, and water taken up by treated animals was determined
by measuring the total amount of food or water remaining each day for each batch. The effect of the drugs on the weight
of the treated animals was determined throughout the study period. After the study was completed, the body mass index
(BMI) was computed. The formula for calculating food efficiency is as follows:

Food efficiency %ð Þ ¼ weight gain=total food intakeð Þ � 100

Before the last day of the study, an oral glucose tolerance test (OGTT) was conducted. The rats were fasted overnight
before receiving an oral glucose load (2 g/kg). Glucose levels were tested at 0-, 30-, 60-, and at 120-minute intervals
using blood collected from the tail vein. Glucose tolerance levels were estimated by drawing an x-y graph between time
and blood glucose levels (mg/dL) and finally calculated the area under the curve (AUCglucose) through trapezoidal rule on
Graph Pad Prism 5.0, for each animal in each group.25

Animal’s Sacrifice, Samples Collection and Relative Organ Weights
The animals were weighed at the end of treatment, the fasting blood glucose (FBG) levels were checked, and they were
finally sacrificed by injecting anesthesia of ketamine and xylazine mixture (90 and 10 mg per kg, respectively) into the
peritoneal region. Blood samples were collected through cardiac puncture and transferred equally in blood collecting

Table 2 Composition of Ingredients in ND and HFD Showing Calorie Content of a Normal Diet Expressed as a Percentage of
Calories; 15% Protein, 65% Carbohydrates, and 20% Fat and Calorie Content of a High-Fat Diet Expressed as a Percentage of
Calories; 10% Protein, 30% Carbohydrates, and 60% Fat

Ingredients ND HFD

g Kcal Kj g Kcal Kj

Wheat starch 45 180 753 (40.0%) 25 100 418.5 (16.39%)

Corn starch 20 80 334.7 (17.77%) 15 60 418.5 (9.84%)
Corn oil 10 90 376.5 (20.1%) 10 90 376.5 (14.80%)

Full milk cream/butter – – – 10 90 376.5 (14.75%)

Sugar 10 40 83.5 (8.82%) 10 40 167.5 (6.55%)
Vanaspati ghee (Dalda) – – – 5 45 188.5 (7.40%)

Beef tallow/lard – – – 15 135 564.5 (22.2%)

Cholesterol + cholate – – – 1 9 37.65 (1.5%)
Vitamin & mineral Mixa 5 – – 5 – –

Casein 15 60 334 (14.1%) 10 40 167.5 (6.55%)

Total 100 450 1890 100 610 2560
Kcal and Kj per g – 4.5 18.9 – 6.1 25.6

Note: aMineral and vitamin mixtures were purchased from Vital Mark Laboratories, Pakistan.
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tubes for plasma and serum. Centrifugation was done (Spectrafuge 6C-Labnet int.) for 15 minutes at 2500 rpm, and the
samples were stored at −20°C in chiller until further analysis.

After the blood collection, the organs (liver and adipose tissues) were immediately taken out and weighed. The liver
weight, epididymal fat pads, and fat pads deposited on the retroperitoneal and perirenal abdominal walls were recorded in
each animal. The liver was washed with physiological saline solution and divided into two parts. One part was stored in
a freshly prepared 10% neutral formalin buffer for histopathological examination, and the second was kept at −20°C for
other assays. The Adiposity and liver index were calculated using the following formula:

Adiposity index % fat indexð Þ ¼
Sum of the fat pads gð Þ
Final body weight gð Þ

� 100

Relative hepatic weight % liver indexð Þ ¼
Absolute liver weight gð Þ
final body weight gð Þ

� 100

Biochemical Analysis in Blood
The liver enzymes, such as AST, ALP, and ALT levels and uric acid concentration, were quantified using conventional
enzymatic kits with an automatic blood bio-analyzer (Biosystems BTS 350 Spain). The ratio of serum ASTand ALT (U/L) or
De-Ritis ratio was calculated to estimate the progression of NAFLD as a non-invasive marker. The plasma lipid profiles, such
as TC, TGs, HDL-C, VLDL-C, and LDL-C levels, were quantified utilizing conventional enzymatic kits according to
manufacturer protocol with an automatic blood bio-analyzer. The atherogenic index was determined using the equation:

Atherogenic index ¼
Total cholesterol � HDL � Cð Þ

HDL � C
� 100

ELISA Assessment of Insulin (µiu/mL) and TNF-α (Pg/mL) Concentrations
According to the company’s instructions, plasma insulin and serum TNF-α concentrations were assessed by ELISA kits
(size = 96 wells). The standard curve range for insulin was 1.5 mIU/L - 48 mIU/L with a sensitivity of 0.1 mIU/L. The
standard curve range for TNF-α was 10 pg/mL–320 pg/mL with a 1.0 pg/mL sensitivity. By adding acidic solution, the
reaction was terminated, and absorbance readings were noted at 450 nm on a multimode microplate reader (Synergy,
USA). The HOMA-IR index was calculated by multiplying the fasting blood glucose (mM/L) and fasting insulin (mIU/
L) levels and dividing by a constant.26

Histopathological Determination
A light microscope equipped with a camera was used to examine histological pictures of hepatic tissues. 10% neutral
buffered formalin was used to fix the liver tissues, then embedded in a paraffin block. The 6-µm sections were cut and
mounted on a glass slide, and applying xylene and alcohol; paraffin was removed. After staining with hematoxylin and
eosin (H&E) and dehydration with alcohol, images were captured with a microscope (Olympus CX31, UK) at
a resolution of (100x and 400x). All fields in each section were graded for steatosis, necrosis, inflammation, and
ballooning. To determine the severity of NAFLD, the NAFLD activity scoring (NAS) system was employed. Micro-
and macrovesicular steatosis were assessed using the percentage of involved hepatocytes (0 = absent; 1 indicated less
than 33%; 2 = 33–66% and 3 indicated greater than 66% hepatocytes involved). Hepatic inflammation was graded on
a scale of 0 to 3; 0 indicated no inflammation, 1 indicated mild inflammation, 2 indicated moderate inflammation, and 3
indicated severe focal zone hepatocyte inflammation. The presence of ballooning, which is utilized to differentiate
developing NASH from NAFLD, was rated on a scale of 0 to 2; 0 showed no ballooning cells, 1 represented a few
ballooning hepatocytes, and 2 represented many ballooning hepatocytes. An activity score was measured by summing the
individual values; where a NAS of less than three was associated with mild NAFLD, a NAS of three to four was related
to moderate NAFLD, and a NAS of five was correlated with NASH.27
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Liver Lipid’s Extract for TGs and Cholesterol Measurement
The liver total lipids were extracted through Folch’s procedure,28 with slight modification. The 25 mg frozen liver tissue
was taken, added into it 100 µL phosphate buffer saline (PBS) (w/v, pH 7.4), and minced with scissors in an Eppendorf
tube. Then, this hepatic mixture was added to 500 µL of an extracting solvent containing chloroform and methanol in the
ratio of 2:1 in test tube and homogenized with a homogenizer (Lambic TH-mini-USA, L-C119-0524). After vortexing
(Heidolph, Germany), the tubes were centrifugated at 2500 rpm for 5 minutes at 4°C, and supernatant was transferred to
another test tube. This mixture was then washed with 100 µL of 0.9% normal saline (NS) at room temperature (RT) and
finally allowed to stand for the separation of the components into layers. The lower layer contained lipids, transferred to
another test tube, and evaporated on a water bath at 70°C, and then dried. After adding 100 μL of PBS to this residue, 10
μL of the mixture was taken out to measure TGs and cholesterol content using conventional TGs and cholesterol
quantitation kits on biosystems bioanalyzer and the unit was expressed as mg/g liver.

Preparation of Tissue Supernatants and Total Protein Contents Estimation (TPCE)
The frozen hepatic tissue (100 mg) of each rat was homogenized in one mL of ice-cold 50 mM phosphate buffer (pH
7.4), followed by centrifugation at 10,000 rpm for 15 minutes at 4°C. After that, the supernatant was collected from 10%
prepared homogenate, and the pellet was discarded. The resultant supernatant is called post-mitochondrial supernatant
(PMS) that contains microsomal plus soluble fraction of cells. The supernatants were used for the measurement of liver
proteins, enzymatic and non-enzymatic antioxidants.29

Total protein content was assayed by the procedure described by Lowry et al. Waterborg30 and modified for 96-well
plates, with bovine serum albumin (BSA) used as standard. Initially, 33 µL of sample aliquot was added to each well,
loaded with 150 µL of reagent-1 and incubated for 10 minutes. The reagent-2 (folin-phenol chemical) was freshly
prepared in distilled water (DW) (1:1), vortexed and allowed to stand for 20 minutes in a dark environment. It was added
in a quantity of 17 µL in all wells and again incubated for 20 minutes. The reading for absorbance was noted at 750 nm
on a microplate reader. The total protein concentration (mg/mL) in the samples was determined using the BSA curve
(Cpr), in the range of 25 to 250 µg per well. The values were used in the calculations of concentrations and specific
activities of enzymatic and non-enzymatic antioxidants.

Hepatic Oxidative Stress (OS) Markers
Liver Malondialdehyde (MDA) Assay
MDA levels in liver tissues were determined using the technique of Ohkawa et al31 modified for 96-well plates. Initially,
frozen liver was collected from the chiller. The samples were weighed, ie, 100 mg liver tissue was thawed and
homogenized in 1 mL of 1.15% potassium chloride (KCl) to make 10% homogenate. After taking 0.1 mL of 10%
homogenate from each sample in eppendorf, 50 µL of (8%) sodium lauryl sulfate, 375 µL of (20%) glacial acetic acid
and 375 µL (0.8%) of TBAwere added to it. Blank contained 0.1 mL of 1.15% KCl instead of homogenate. This mixture
was incubated for a period of 1 h at 98°C. Upon cooling, 1.25 mL of n-butanol-pyridine was added to this mixture,
vortexed for 2 minutes, and finally centrifuged at 8000 rpm for 20 minutes. The supernatant (pink color layer) in the
quantity of 150 µL was carefully obtained and shifted to 96-well microplate, and absorbance was measured at 532 nm.
The standard curve was plotted between the values of absorbance and MDA concentrations in the range of 10 to 1 µM/
mL. The sample values were subtracted from blank, and MDA (µM/mL) was directly calculated from the calibration
curve and expressed as µM/mg protein.

Advanced Oxidation Protein Products (AOPPs) Assay
The AOPPs were determined by spectrophotometric analysis, as described by Tiwari et al.32 By comparing unknown
samples to a predetermined chloramine-T standard curve, the AOPPs concentration was calculated. Initially, 170 µL of
sample supernatant obtained from freshly prepared 10% hepatic homogenate as described above (100 mg/mL in PBS of
pH 7.4) has been added to the 96 well microplate and diluted 1:5 times through PBS. After 2 min, potassium iodide (KI)
(10 µL of 1.16 M) was added to each well, followed by 20 µL acetic acid. On a microplate reader, the absorbance of the
reaction mixture was immediately read at 340 nm compared to a blank solution comprising 170 µL of PBS, 10 µL of KI,
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and 20 µL of acetic acid. The corrected absorbance of chloramine-T at 340 nm was determined and linearized for the
concentration range of 0 to 100 nM/mL. Concentrations of AOPPs in unknown samples were represented as nM/mL
chloramine-T equivalents and as nM/g tissue, respectively. The formula is;

AOPPðnM=gmassÞ ¼ X� V sample�ðVsample�V sample total�WÞ� df

Here, X: AOPP concentration (nM/mL) chloramine-T equivalents; V total: reaction total volume, 200 µL; V sample:
volume of sample added to reaction, 170 µL; V sample-total: tissue homogenate volume, 1 mL; W: sample quality,
100 mg (0.1 g); df: dilution factor, 5.

Nitric Oxide (NO) Assay as Nitrite (NO2
–)

The levels of liver nitric oxide (NO) as its metabolite nitrite (NO2
–) were calculated by the method of Green et al.33

Initially, the deproteinization of 5% tissue supernatant was done with 5% trichloroacetic acid (TCA) (sample: TCA, 1:9,
v/v), followed by centrifugation at 10,000 rpm for 20 min and at 4°C. The aliquot of the supernatant was taken for assay
by using Griess reagent. Sodium nitrite (NaNO2) calibration curve (100, 50, 25, 12.5, 6.25, 3.13 and 1.56 μM) was
prepared from 0.1 M stock solution. The 50 μL of each experimental sample was added to the 96-well plate. Using
a multichannel pipette, 50 μL solution of the sulfanilamide (1% or 10 mg/mL in 5% phosphoric acid) was dispensed to
all wells. The plate was incubated for 10 min at RT and protected from light followed by the addition of 50 μL (1 mg/mL
or 0.1%) N-(1-naphthyl) ethylenediamine dihydrochloride (NED) solution to all wells. A purple/magenta color was
formed immediately (azo compound) and measured for absorbance within 30 minutes at 520 nm. The sample concentra-
tion was calculated by comparison to the NO2

– standard curve and expressed as µM/mg protein.29

Hepatic Antioxidant Enzymes
Glutathione System

Reduced Glutathione (GSH). GSH content in the samples was measured by the procedure given by Sedlak and Lindsay
with slight modification.34 The standard curves in terms of different concentrations of GSH, ie, 1, 0.8, 0.6, 0.4, and 0.2
µM/mL, were prepared by serial dilutions from a stock solution of (5 µM) GSH. Initially, 1 mL of freshly prepared
10% tissue homogenate was added in test tubes with 0.1 mL (25%) TCA solution to precipitate it. Then, the
centrifugation was done at 8000 rpm/min on 4°C for 30 minutes. The supernatant (20 µL) was added to a 96 well
microplate with 60 µL of 200 mM trisHCl buffer solution having 0.2 M EDTA (pH 7.0). Then, 4 μL of the 10 mM
dithionitro-bis-benzoic acid (DTNB or Ellman’s Reagent) and 120 µL of methanol were added to each well. Blank
contained 20 μL of 67 mM PBS (pH 7.0). After 30 minutes of incubation, the reaction was taken placed which gave
yellow coloration and absorbance was calculated on multimode microplate reader at 412 nm. Employing the standard
curve of GSH, the amount of GSH in each sample (µM/mL) was measured and expressed as µM/mg protein, calculated
from the formula:

GSH μM=mg proteinð Þ ¼ X� V sample� V sample� Cprð Þ ¼ y� Cpr

Here, X: GSH concentration (µM/mL); V sample: sample volume added to reaction, 20 µL; V sample-total: tissue
homogenate volume, 1 mL; Cpr: protein concentration in sample, x mg/mL for each sample.

Glutathione Peroxidase (GPx) Assay
GPx activity of the hepatic extract was determined according to the method proposed by Paglia and Valentine with partial
modification.35 The assay was associated with the reduction of peroxides at 340 nm in the presence of nicotinamide
adenine dinucleotide phosphate (NADPH). One unit (U) of GPx activity was described as the quantity of enzyme
required to catalyze the oxidation of 1 nM NADPH for one minute. The 200 µL test mixture contained optimal
concentrations of 0.5 M K2HPO4 (pH 7.0), 2.5 mM EDTA, 0.18 U/mL glutathione reductase (GR), 100 mM reduced
glutathione (rGSH), 10 mM reduced NADPH, and 10% tissue extract (0.02 mL). The reaction takes place at 37°C (±1)
with the addition of 20 µL of 60 mM hydrogen peroxide (H2O2) as substrate. A change in absorbance (ΔA) was
measured for both samples and blank at 340 nm, and reading was taken every 1 min for total 5 minutes. The GPx-specific
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activity was expressed as (nM) NADPH oxidized/min/mg protein (U.mg–1 of tissue protein). The molar extinction
coefficient (ε) of NADPH is 0.00373 µM−1 in 0.6 cm path length (d) of the microplate well.

Glutathione-S-Transferase (GST) Assay
GST activity was determined using Habig’s technique36 with minor modifications. In a tube, 100 mM PBS (pH 6.5), 30
mM rGSH, and 30 mM 1-chloro-2,4-dinitrobenzene (CDNB) were combined to form the substrate master mix. In 96
wells microplate, 180 μL of the prepared mixture was poured and just before the taking absorbance, the freshly prepared
20 µL of 10% PMS was added. The sample was diluted 1:10 times to take readings in the appropriate range and blank
well-contained PBS (pH 7.4) instead of sample. The ΔAwas recorded by using a multimode microplate reader at 340 nm
for 5 minutes (at 1 min interval) and thereafter to obtain at least 6-time points. Hence, by using Beer’s Law and assuming
a well path length (d) of 0.6 cm, the specific activity of GST was determined and expressed as μM per min per mg
protein. The value of ε at 340 nm for CDNB conjugate is 9.6 mM−1 cm−1.

GST μM=min=mg protð Þ ¼ ΔA� V inverse total� ε� dð Þ½ � � Cpr� V sampleð Þ � T½ � � df

Here, V inverse total: Vtotal/Vsample, 0.2 mL/0.02 mL = 10; V sample: 0.02 mL; Cpr: protein concentration of sample,
x mg/mL; T: reaction time, 5 min; df: dilution factor, 10.

Superoxide Dismutase (SOD)
SOD assay by the pyrogallol autoxidation method was carried out by the procedure of Marklund with slight modification
by Li.37 In the 96 well microplate, the 5 μL of freshly prepared PMS of liver homogenate was mixed with 190 μL, 0.05
M tris-HCl buffer (pH 7.4) having 1 mM Na2EDTA at 37°. Then, 5 μL of pyrogallol (60 mM in 1 mM HCl) was added to
it and rapidly shaken by hand. The rate of increase in the absorbance at 325 nm (ΔA325 nm) for 5 minutes (at 30
s interval) was recorded against the Tris-HCl buffer as blank. One unit of SOD activity is referring to the quantity of
enzyme that inhibits pyrogallol autoxidation by 50%, and the results were represented in U per mg protein.

The formula for percentage (%) inhibition is:

Inhibition %ð Þ ¼ Δ A blank � ΔA sampleð Þ � ΔA blank� 100

Here, ΔAblank is the absorbance increase (ΔA325 nm) of mixture not having the sample/SOD enzyme and ΔAsample is
ΔA325 nm of mixture with the sample for the period of 5 min.

ΔAblank ¼ A1 blank � A2 blank; Δ A sample ¼ A measurement � A control

Here, A1blank is reading of blank well with pyrogallol and A2blank without pyrogallol. In the whole experiment, only three
replicates of each blank (1 and 2) were put in microplate wells. Similarly,’ Ameasurement is the reading of wells with tissue
supernatant samples (have SOD) with the addition of pyrogallol and Acontrol is the reading of sample wells without the
addition of pyrogallol. The enzyme activity (U/mL) was calculated from formula of % inhibition and finally expressed as
specific activity (U/mg protein) from the formula:

SOD
U
mg

� �

¼ inhibition %ð Þ � 1 � inhibition %ð Þð Þ � V total½ � � V sample� Cprð Þ � df

Here, V total: total volume of reaction, 200 µL; V sample: sample volume added to the reaction system, 5 µL; V sample
total: homogenate volume, 1 mL; Cpr: protein sample concentration, x mg/mL for each sample; W: sample quality,
100 mg (0.1 g); df: dilution factor, 1.

Catalase (CAT) Activity
CAT activity was estimated by the assay described by Aebi,38 modified for 96-well plates. In the 96 well microplate,
20μL of liver PMS was pipetted with ethanol and incubated for 30 min on ice, to release active CAT enzyme. Then, 1 μL
of Triton X-100 was added to each well, followed by 80 µL PBS (pH 7.0) at RT. Finally, 80 µL (30 mM) H2O2 was
poured into each well to initiate the reaction. H2O2 decomposition was recorded by observing a decline in the absorbance
(ΔA) at 240 nm (for 3 min) in a multimode microplate reader in kinetic mode. The blank sample has all reagents and
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containing 20 μL of dH2O instead of CAT source or samples. One unit of catalase is defined as the quantity of enzyme
required to decompose 1M of H2O2 in one-minute time and into one milligram of protein, and CAT activity is expressed
as U/mg tissue protein in the samples. The formula for a specific activity is:

CAT U=mg protð Þ ¼ ΔA� V inverse total� ε� dð Þ � 106½ � � Cpr� V sampleð Þ � T

Here, V inverse total: Vtotal /Vsample, 0.2 mL/0.02 mL = 10; ε: H2O2, 43.6 LM−1cm−1; d: 0.6 cm; V sample: 0.02 mL; Cpr:
protein concentration of sample, x mg/mL; 106: Unit conversion factor, 1 M = 106 μM; T: reaction time, 3 minutes.

Hepatic Collagen and Hydroxyproline (HXP) Contents
The estimation of liver fibrosis is based on the HXP assay, which was performed using the technique reported by Reddy
and coworkers with minor changes.39 HXP standard dilutions of 2, 4, 8, 12, 16 and 20 µg/well were prepared from 1 mg/
mL stock solution. Initially, in Eppendorf tubes, 10 µL of each standard or 10% tissue samples were added, followed by
10 µL of 2N NaOH to start hydrolyzation. The mixture was vortexed, following incubation at 120°C for 20 min and
finally centrifuged at 8000 rpm for 5 minutes to recover the supernatant. In the 96 well microplate, hydrolyzed HXP
samples and standard solutions were transferred, followed by the addition of 100 µL (0.056 M) chloramine-T reagent in
acetate-citrate buffer (pH 6.5) and allowed for oxidation for 25 minutes at RT. Then, 100 µL of freshly made 1M
Ehrlich’s reagent (p-dimethylaminobenzaldehyde) was added and mixed gently. After 25 minutes of incubation at 65°C,
the chromophore was developed, and absorbance was measured at 550 nm. The concentrations of the unknown samples
were estimated through the calibration curve of HXP. One well was kept as reference blank, by adding 10 µL of PBS/dH2

O and the amount of HXP was expressed as mg/g tissue. Collagen was calculated from calculated values of HXP by
assuming that 12.5% of collagen is HXP.

Statistical Analysis
The data were presented as Mean ± S.E.M. A two-way analysis of variance (ANOVA) was employed, followed by
a Bonferroni multiple comparison test, to determine the significance of variation in body weight, food consumption, and
blood glucose levels across the time during treatments. In Graph Pad Prism 8.0, a one-way ANOVA followed by
a Dunnett’s test was performed to analyze the significance of variance in lipid accumulation, cytokine, collagen,
oxidative stress markers, liver enzymes, and plasma lipid profiles. The results for treatment groups and relevant
percentage protections for all parameters were calculated by comparing these to HFD (DC) group of rats.
A probability level of P < 0.05 was selected to be statistically significant.

Results
Effects of Safranal on Food Intake, Anthropometric Parameters, and Relative Organ
Weights
During the study period, each rat’s body weight was noted once a week, and the amount of food and water consumed was
recorded every day. The results of the anthropometric parameters, change in body weight, water intake and food
consumption throughout the study period are summarized in Figures 1 and 2 and Table 3. The rats in the DC group
had a substantial increase (p ˂ 0.001) in body weight and BMI as compared to NC group. The safranal (250 and 500 mg/
kg) treated groups significantly reduced the percentage weight gain (p < 0.001) and BMI (p < 0.01) in contrast to the DC
group. Safranal administration with HFD significantly (p < 0.001) blocked weight gain from 8 weeks after the beginning
of treatment (Figure 1A and B). There was a statistically insignificant difference in average daily food and water intake
between the different treatment groups. Although the HFD group has shown slightly less diet intake but non-significant
in terms of total food intake, instead it has shown a significant (p < 0.001) increment in the average energy intake by each
rat in one day (Kj/day/rat) as compared to the NC rats.

The treatment groups expressed a slight decrease but non-significant difference in the average daily calorie intake
compared to the DC group. In comparison to the NC group, the food efficiency of the HFD group was raised (p < 0.001)
by more than 2-fold (p < 0.001); however, the supplementation of safranal had no effect on food efficiency. The HFD
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markedly (p ˂ 0.001) increased the relative weights of abdominal fat (adiposity index) and liver (liver index) in rats
(Table 3). In comparison to the DC group, rats treated with safranal (500 mg/kg) had a 21.80% reduction in adiposity
index showed greater effect compared to the standard botanical mixture with a 17.37% reduction. Similarly, the liver
index was decreased (p < 0.01) by safranal (500 mg/kg) treated group with a percentage inhibition (% inhibition) of
14.90%.

Effect of Safranal on Serum Liver Function Enzymes, Uric Acid, and Blood Lipids
Profile
Serum AST, ALT, ALP, and uric acid levels were substantially (p ˂ 0.001) elevated in rats fed with an HFD in a NAFLD
model, indicating that rats’ livers were affected (Table 4). Safranal treatment significantly (p˂0.001) decreased serum
AST levels in increasing order of doses (250 and 500 mg/kg), with the protection of 13.87% and 29.8%, respectively.
Similarly, serum ALT levels were reduced (p˂0.001) by 18.2% and 35.49%, respectively, at both doses. The blood levels
of ALP were also considerably reduced (p ˂ 0.01) by safranal (500 mg/kg) treated group, with inhibition of 28.14%.
Furthermore, safranal treatment has shown a notable effect (p˂0.05) on uric acid levels with an increasing trend of
protection (20.27%) at the dose of 500 mg/kg.

Table 3 Effect of Safranal on Anthropometric Parameters, Food Intake and Relative Organ Weights of the Rats in NAFLD Model

Parameters NC HFD HFD+PC HFD+SAF 250 HFD+SAF 500

% Body weight increase (12 weeks) 130.3±3.18ba 241.5±4.35 183.4±6.22a 192.4±4.08a 187.8±5.06a

BMI (g/cm2) 0.83±0.03a 1.12±0.04 0.95±0.03a 1.14± 0.04 0.99±0.02b

Avg. daily food intake (g/rat/day) 22.0±1.5 20.0±2.0 20.5±1.0 19.0±0.5 19.5±1.5

Water intake/rat/day (mL) 15±0.5 13.0±1.5 14.0±0.5 13.5.0±1.0 14.5±0.5
Avg. daily calorie intake per rat (Kj/rat/day) 406.5±9.2a 543.5±11.1 535.5±10.0 531.5±10.2 530.5±12.5

Food efficiency (%) 10.28±0.91a 20.77±2.38 17.08±2.12 19.86±2.09 19.36±1.98

Liver Index 2.43±0.14a 2.92±0.08 2.54±0.04b 2.90±0.04801 2.37±0.03b

Adiposity Index 2.05±0.13a 4.92±0.19 4.07±0.08b 4.40±0.20 3.85±0.17a

Notes: Results are expressed as Mean ± SEM (n=6). Where ap<0.001 and bp<0.01: statistically significant as compared to disease control (DC) group by using one-way
method of ANOVA following the Dunnett’s test (NC, normal diet group; HFD, high fat diet given group for 12-weeks (DC); and PC, positive control/standard botanical
mixture treated; SAF 250, safranal 250 mg/kg dose treated; SAF 500, safranal 500 mg/kg dose treated groups for last 4-weeks of study along with HFD).
Abbreviation: BMI, body mass index.

Figure 1 Effect of safranal on body weight of rats over 12-weeks (A) and % weight gain during treatment period (B). Results are expressed as Mean ± SEM (n=6). Where
ap<0.001: statistically significant as compared to disease control (DC) group by using two-way and one-way method of ANOVA following the Bonferroni multiple
comparisons and Dunnett’s tests, respectively.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal 500 mg/kg dose treated group.
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Figure 2 Effects of safranal on food (A) water (B) and energy intake (C). Results are expressed as mean ± SEM (n=6). Results are expressed as Mean ± SEM (n=6). Where
ap<0.001: statistically significant as compared to disease control (DC) group by using two-way and one-way method of ANOVA following the Bonferroni multiple
comparisons and Dunnett’s tests, respectively.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal500 mg/kg dose treated group.
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Table 4 summarizes the results for the plasma lipid profiles of all groups. Plasma TGs, TC, VLDL-C, and LDL-C
levels were significantly increased (p ˂ 0.001) in rats with HFD-induced NAFLD. The safranal at 500 mg dose led to
a substantial reduction (p ˂ 0.001) in blood TGs and TC levels. Similarly, the administration of safranal (500 mg/kg)
resulted in a reduction (p ˂ 0.001) of VLDL-C levels, with a protection of 23.29%. Moreover, safranal (500 mg/kg)
remarkably (p < 0.01) decreased LDL-C and atherogenic index with the protection of 30.28%.

Effects of Safranal on Random Blood Glucose Levels (RBG), OGTT, Fasting Blood
Glucose (FBG) and Insulin Resistance (HOMA-IR Index)
The DC group had a statistically significant increase in RBG compared to the NC group after one week of consuming
the HFD diet, as well as throughout the study (p < 0.001) (Figure 3A). At each measurement, safranal medication in
conjunction with HFD from the 8th week onward resulted in a statistically significant decrease in RBG levels (p
< 0.01).

The OGTT results for the DC and experimentally obese rats given treatments are shown in Figure 3B and C. The
HFD significantly reduced rats’ glucose tolerance, as demonstrated by higher blood glucose levels (BGL) in the DC
group at all-time points. The peak rise in BGL was observed in NC rats 60 min after the glucose load and dropped to
an approximately base level at 120 min; however, the peak rise in BGL was observed in HFD-induced rats even after
60 min and stayed high for the next 1 hour. The BGL at 60 min and beyond was substantially lesser (p˂0.01) in the
rats given safranal (500 mg/kg). Using total area under the curve of glucose (AUCglucose) as the quantitative measure
of the OGTT, rats treated with the safranal (500 mg/kg) had a 21.1% inhibition on impaired glucose tolerance in obese
rats.

The fasting blood glucose level (FBG) was considerably (p ˂ 0.001) increased in HFD given rats in the DC group
(49.7%) as measured on the last day of the study (Table 5). FBG level was decreased with a 500 mg/kg dose of safranal
(p ˂ 0.01), with inhibition of 15.61%. Similarly, plasma insulin levels were enhanced (p ˂ 0.001) in the rats of DC group
(93.27%) and reduced (dose-dependently) in the safranal-treated groups, with a 24.2% protection. Furthermore, safranal-
treated group at increasing dose level significantly (p˂0.001) reduced the HOMA-IR index, with the protection of 31.2%.
According to the findings, safranal decreased hyperinsulinemia and insulin resistance (HOMA-IR index) in rats in this
HFD-induced NAFLD model.

Table 4 Effect of Safranal on Plasma Lipids Profile, Serum Liver Function Enzymes and Uric Acid Concentrations of Rats in HFD-
Induced NAFLD Model

Parameters NC HFD HFD+PC HFD+SAF 250 HFD+SAF 500

AST (U/L) 36.83±2.38a 80.10±4.00 46.83±2.72a 69.53±2.12c 54.0±2.41a

ALT (U/L) 27.10±2.89a 80.67±3.23 39.5±2.23a 65.33±2.19a 46.67±1.51a

ALP (U/L) 47.83±6.78a 127.8±9.37 73.5±3.44a 100.7±3.39c 84.5±3.94b

AST/ALT 1.36±0.19a 0.89±0.08 1.18±0.09b 1.05±0.10c 1.09±0.14b

U.A (mg/dl) 2.76±0.13a 4.32±0.22 3.62±0.17b 4.26±0.163 3.81±0.28c

TGs (mg/dl) 57.17±4.33a 138±4.37 93.67±3.46a 122±2.66c 99.8±3.54a

TC (mg/dl) 48.83±3.00a 109.7±3.59 78.5±1.82a 95.3±5.10b 87.33±4.22a

HDL-C (mg/dl) 35.67±2.17b 26.67±1.96 33.17±1.38c 26.67±1.46 27.87±1.85
VLDL-C (mg/dl) 11.43±0.87a 27.6±0.87 18.73±0.69a 24.4±0.53c 20.17±0.71a

LDL-C (mg/dl) 1.8±0.66a 55.9±3.30 30.6±1.89b 53.27±7.07 34.23±3.95b

Atherogenic Index 0.37±0.01a 3.29±0.27 1.68±0.10a 3.10±0.28 1.89±0.22b

Notes: Results are expressed as Mean ± SEM (n=6). Where ap<0.001, bp<0.01 and cp<0.05: statistically significant as compared to disease control (DC) group by using one-
way method of ANOVA following the Dunnett’s test (NC, normal diet group; HFD, high fat diet given group for 12-weeks (DC); and PC, positive control/standard botanical
mixture treated; SAF 250, safranal 250 mg/kg dose treated; SAF 500, safranal 500 mg/kg dose treated groups for last 4-weeks of study along with HFD).
Abbreviations: AST, aspartate aminotransferase; ALT, alanine transaminase; ALP, alkaline phosphatase; U.A, uric acid; TGs, triglycerides; TC, total cholesterol; HDL-C, high
density lipoprotein-cholesterol, VLDL-C, very low-density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol.
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Figure 3 Effect of safranal on random blood glucose levels (A), oral glucose tolerance test (B) and AUC (C) in NAFLD rat model. Results are expressed as Mean ± SEM
(n=6). Where ap<0.001, bp<0.01 and cp<0.05: statistically significant as compared to disease control (DC) group by using two-way and one-way method of ANOVA following
the Bonferroni multiple comparisons and Dunnett’s tests, respectively.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal 500 mg/kg dose treated group; AUC, area under the curve-glucose.
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Effects on Hepatic Triglycerides (TGs) and Total Cholesterol (TC) Contents
As indicated in Table 5, there was a considerable (p ˂ 0.001) elevation in liver TGs and TC accumulation in the DC
group, which caused steatosis. The hepatic fat content was considerably (p ˂ 0.01) decreased by the safranal treated
group (500 mg/kg) with 25.64% protection. The standard botanical mixture has shown 19.05% protection so that safranal
has exhibited better efficacy in terms of reducing hepatic lipid deposition caused by an HFD. In treatment groups, the
cholesterol content was more significantly reduced (p ˂ 0.001) than that of the TGs content (p ˂ 0.05). The TC
accumulation was decreased by 29.65% in the safranal treated groups in ascending order of doses.

Safranal Effects on Hepatic Oxidative Stress Markers
After 12 weeks on the HFD, the levels of hepatic MDA, AOPPs, and NO2

− were significantly (p < 0.001) elevated in rats
(Figure 4A–C). In ascending dose order, the safranal treated groups notably (p ˂ 0.01) diminished the MDA levels, with
a protection of 43.41%. Safranal (500 mg/kg) treatment also markedly (p ˂ 0.01) decreased AOPP levels, providing
36.29% protection. The hepatic NO2

− levels were remarkably ameliorated (p < 0.001) in safranal administered group of
rats at a dose of 500 mg/kg, with a protection of 63.41%.

Safranal Restored Hepatic Glutathione System and Other Antioxidant Enzymes
Due to prolonged HFD intake, hepatic GSH, GPx, and GST levels were considerably reduced (p ˂ 0.001) in the DC
group (Figure 4D–F). The safranal (500 mg/kg) treated group notably (p ˂ 0.001) restored (1.29-fold) the liver GPx
levels, which is higher than the standard botanical mixture treated group, which exhibits a 1.19-fold rise in the
enzyme. Similarly, safranal has a significant effect on liver GST and GSH levels with a dose-dependent trend of
protection. The percentage restoration for GST level (p ˂ 0.01) was 56.27%, and for GSH levels (p ˂ 0.05) was
58.85%, respectively.

In the HFD control group of rats, hepatic SOD and CAT levels were considerably (p˂0.001) depleted (Figure 5A and
B). The safranal (500 mg/kg) treatment group markedly (p˂0.05) increased SOD levels (85.2%). Similarly, safranal
treatment significantly (p˂0.01) increased liver CAT levels, with a dose-dependent protection of 89.91%.

Effect of Safranal on Serum TNF-α (Pg/mL) and Hepatic Collagen (Mg/100 Mg Tissue)
As compared to the NC group, serum TNF-α levels were substantially (p ˂ 0.001) higher (82.27%) in the DC group of
rats (Figure 6A). Its levels were markedly (p ˂ 0.001) reduced in a dose-dependent way by safranal treatment groups
(250 and 500 mg/kg), with 14.75% and 27.94% protection, respectively, indicating its anti-inflammatory effect in an
HFD-induced NAFLD model.

In HFD fed rats, hepatic collagen deposition was significantly (p ˂ 0.001) increased (Figure 6B). Its levels were
considerably (p ˂ 0.001) reduced by the safranal treatment group with an increasing tendency of inhibition at ascending
order of doses. When compared to the DC group, the protection value was 30.95% at 500 mg/kg dose.

Table 5 Safranal Effects on Hepatic Lipids Accumulation, Fasting Blood Glucose (FBG), Fasting Plasma Insulin and HOMA-IR Index of
the NAFLD Rat Model

Parameters NC HFD HFD+PC HFD+SAF 250 HFD+SAF 500

Liver TGs (mg/g) 21.64±1.06a 38.76±1.61 30.56±2.40c 31.92±2.16 29.67±2.50c

Liver TCs (mg/g) 11.64±0.76a 21.69±1.05 16.56±0.84b 17.25±0.59c 14.09±1.09a

Liver total lipids (mg/100mg) 3.33±0.16a 6.05±0.24 4.71±0.32b 4.99±0.24c 4.38±0.34b

Fasting Insulin (mIU/L) 10.13±0.34a 19.56±0.53 13.76±0.41a 17.11±0.40b 15.01±0.50a

FBG (mM/L) 4.31±0.28a 6.45±0.31 5.58±0.29b 6.03±0.35 5.61±0.30b

HOMA-IR index 1.95±0.19a 5.61±0.23 3.42±0.17a 4.59±0.17b 3.61±0.15a

Notes: Results are expressed as Mean ± SEM (n=6). Where ap<0.001, bp<0.01 and cp<0.05: statistically significant as compared to disease control (DC) group by using one-
way method of ANOVA following the Dunnett’s test (NC, normal diet group; HFD, high fat diet given group for 12-weeks (DC); and PC, positive control/standard botanical
mixture treated; SAF 250, safranal 250 mg/kg dose treated; SAF 500, safranal 500 mg/kg dose treated groups for last 4-weeks of study along with HFD).
Abbreviation: HOMA-IR, homeostasis model assessment of insulin resistance.
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Effects on Tissue Histopathology and NAFLD Activity Score (NAS)
After 12 weeks on the HFD, rats developed severe hepatic necrosis, steatosis (macrovesicular and microvesicular),
inflammation, and hepatocellular hypertrophy, as shown in images of histological sections (Figures 7 and 8) and

Figure 4 Effect of safranal on hepatic oxidative stress markers namely MDA (A), AOPP (B), nitrites (C), and glutathione system GSH (D), GPx (E) and GST (F) levels in
HFD-induced NAFLD rat model. Results are expressed as mean± SEM (n=6) and statistically significant as compared to disease control (DC) group by using one-way
method of ANOVA following the Dunnett’s test. Where ap<0.001, bp<0.01 and cp<0.05.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal 500 mg/kg dose treated group; MDA, malondialdehyde; AOPP, advance oxidation protein product; GPx, glutathione peroxidase; GST,
glutathione-S-transferase.

Figure 5 Effect of safranal on hepatic antioxidant enzymes namely CAT (A) and SOD (B) levels in NAFLD rat model. Results are expressed as mean± SEM (n=6) and
statistically significant as compared to disease control (DC) group by using one-way method of ANOVA following the Dunnett’s test. Where ap<0.001, bp<0.01 and cp<0.05.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal 500 mg/kg dose treated group; CAT, catalase; SOD, superoxide dismutase.
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Supplementary Figure S1. The results of NAS score for each group are shown in Figure 9. Due to chronic consumption
of HFD, lipid accumulation was seen in hepatocytes and observed as droplets of fats under the microscope. The liver
steatosis was significantly (p ˂ 0.01) mitigated in the safranal (500 mg/kg) treated group, with a 29.2% protection, and
the anti-steatotic effect was superior to that of standard botanical mixture.

The numbers of inflammatory cells and foci for each field were counted at magnifications of 100x and 400x to
measure the severity of the inflammation (view size of 3.2 mm2). Five distinct areas were tallied, and then the average
was calculated. Lobular inflammation and oval cell hyperplasia around the portal vein was significantly elevated (p ˂
0.001) in hepatocytes out of the DC group. It was found that the safranal (500 mg/kg) treated group had a significant
(p˂0.01) effect on inflammation abatement, with 36.5% protection. The ballooning of hepatocytes was also significantly
reduced (p ˂ 0.01) in the treatment groups compared to the DC group. The total NAS score was decreased (p ˂ 0.01) in
the safranal treatment group (500 mg/kg/day) with 36.5% protection.

Discussion
In clinical settings, it has been established that excessive dietary fat consumption is a key factor in developing NAFLD.5

As a result, contemporary research has frequently investigated the idea of utilizing the HFD to induce a comparable state
in animals all over the world. Rat models are suitable for studying obesity-induced NAFLD because they easily acquire
weight when fed with HFD.14 In the current study, a high-calorie diet (60% energy from fat) induced NAFLD-like
features in rats, demonstrating the model’s usefulness for drug screening in preclinical settings. These findings
corroborate previous studies demonstrating that HFD was induced the onset of various disease characteristics, such as
steatosis, oxidative stress, inflammation, and insulin resistance.40,41

Phytochemicals may serve as lead molecules in the therapy of NAFLD through several mechanisms, including their
antioxidant, anti-inflammatory, anti-apoptotic, and insulin sensitizing effects.15 In a surge of new therapies from natural
sources, terpenoids are found to be effective against NAFLD in several animal models.16,17 This study aimed to assess
the anti-NAFLD effect of safranal at two dosing levels in a rat model of HFD. To the best of our knowledge, this is the
first study reported by safranal in which we investigated its effect on hepatic lipid accumulation induced by prolonged
consumption of a purpose-built diet, as well as its impact on subsequent pathology associated with steatosis, character-
ized by NASH and fibrosis.

The chronic use of HFD increases fat deposition in adipose tissues and results in adipocytes hyperplasia and
hypertrophy.41 The condition results in a cumulative increase in body weight and a rise in the BMI and adiposity
index of the rats, all of which are well-known risk factors for developing NAFLD.4 In our study, safranal therapy at
increasing dose levels decreased these parameters, showing an anti-obesity effect. It was observed that a monoterpene
compound (paeoniflorin) had similar anti-obesity effects in an animal model of NAFLD induced by an HFD.26 There was

Figure 6 Effects of safranal on serum tumor necrosis factor-α (TNF-α) (A), and hepatic collagen levels (B). Results are expressed as mean± SEM (n=6) and statistically
significant as compared to disease control (DC) group by using one-way method of ANOVA following the Dunnett’s test. Where ap<0.001 and bp<0.01.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal 500 mg/kg dose treated group.
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Figure 7 Histology images of rat’s liver with macrovesicular and microvesicular steatosis (magnification, 100x), where black arrows shows the fat droplets (A) liver of
normal control group presenting normal hepatocytes; (B) liver of rat fed with HFD showing severe steatosis and fatty degeneration of hepatocytes; (C) liver of rat treated
with standard botanical mixture along with HFD, showing moderate fatty degeneration of hepatocytes; (D) liver sections of rats fed with HFD and treated with safranal
250 mg/kg/day showing moderate fatty degeneration of hepatocytes; (E) liver sections of rats fed with HFD and treated with safranal 500 mg/kg/day showing mild fatty
deposition.
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Figure 8 Effect of Safranal on the histopathology of HFD fed rat’s liver stained with hematoxylin-eosin. Images of representative sections of each group are shown lobular
inflammation and steatosis around central vein. Where (arrow a) indicates oval cells hyperplasia, (arrow b) inflammatory cells, and (arrow c) steatosis. (A) Normal control
group showing normal hepatocytes and central vein (magnification, 100x); (B) disease control group showing steatosis and severe inflammation around central vein with
mixture of oval cells hyperplasia (400x); (C) group treated with standard botanical mixture showing moderate steatosis and inflammation (400x); (D) group treated with
safranal-250 mg/kg dose showing moderate steatosis, inflammation and oval cells (400x); (E) group treated with safranal-500 mg/kg showing mild fatty infiltration,
inflammation and oval cells (400x).
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a statistically insignificant difference in the food efficiency ratio among the treatment groups. Furthermore, unlike food
consumption, weight loss was not associated with appetite or energy intake, suggesting that safranal’s restricted weight
gain impact was due to metabolic control.

In clinical and experimental studies, saturated fat consumption increases hepatic steatosis, glycosylation, fibrosis, and
hepatomegaly, all of which increase the size and weight of the liver.19 In summary, the stages of steatosis include: (1) an
increase in hepatic FFA uptake and de novo-lipogenesis (DNL), (2) a reduction in FAs mitochondrial β-oxidation, and (3)
export as VLDL-C particles.42 According to the recent “multihit” theory, the initial step toward NAFLD development is
altered hepatic lipid metabolism and insulin sensitivity. The accumulation of lipids in the liver results in impaired insulin
signaling,13 which promotes the release of FFAs from adipose tissues by inhibiting lipoprotein lipase activity.2 This
substantially contributes to steatosis and its subsequent development by activating the proteins involved in DNL.12 It also
reduces the synthesis and stability of apolipoprotein B (ApoB), a protein implicated in the liver’s release of VLDL-C.11

Safranal (500mg/kg) reduced liver weight (liver index), as well as hepatic TGs and cholesterol levels, therefore protecting the
liver against lipotoxicity and liver injury. In a previous study, safranal oral treatment restored cellular carnitine palmitoyl
transferase-1A (CPT1A) levels with those reported in control rats.23 This may be a plausible mechanism by which safranal
enhances the β-oxidation of the long-chain fatty acids in the mitochondria and reduces lipid accumulation in the liver. Similarly,
compared to TGs, safranal at 500 mg/kg dose showed a considerable impact with greater protection for normalizing hepatic total
cholesterol levels. This might be due to more significant effect of compound on downregulating pathways and enzymes involved
in cholesterol synthesis and metabolism, such as hydroxy-3-methylglutaryl-coenzymeA reductase (HMGCR), low-density
lipoprotein receptors (LDLR), and sterol regulatory element-binding protein-2 (SREBP2).42 Similarly, in a prior study, paeoni-
florin was found to have a similar anti-steatosis effect in NAFLD animals that had been exposed to HFD.43 Elevated serum
aminotransferases (AST and ALT) in the absence of other liver diseases can confirm the diagnosis of NAFLD.44 ALT levels are
more specific to hepatic injury but usually rise later in the process, while AST levels contrarily increase rapidly at the beginning.9

Safranal remarkably reduced the AST, ALT, and ALP levels in HFD-fed rats, showing that it is hepatoprotective during the
development of NAFLD.

Figure 9 Effects of Safranal on scoring of rat livers for steatosis, ballooning, and lobular inflammation. Results are expressed as mean ± SEM (n=6) and statistically significant
as compared to disease control (DC) group by using one-way method of ANOVA following the Dunnett’s test. Where ap<0.001, bp<0.01 and cp<0.001.
Abbreviations: NC, normal control diet group; HFD, high fat diet group (DC); PC, positive control/standard botanical mixture treated group; SAF 250, safranal 250 mg/kg
dose treated group; SAF 500, safranal 500 mg/kg dose treated group.
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Type 2 diabetes mellitus and dyslipidemia are the most often reported co-morbidities in obese patients. In 20% to 80% of
cases, NAFLD is linked with an increased risk of cardiovascular diseases.4 HFDmay produce irregularities in blood lipids due to
insulin resistance, viciously leading to lipotoxicity and steatosis.13 The kinetic, qualitative, and quantitative alterations in all
lipoprotein subtypes may be the root cause of blood lipid irregularities and fatty liver. The increase in VLDL-C concentration is
related to an increase in atherogenic LDL-C production, while the levels of cardioprotective lipoproteins (HDL-C) are
decreased.40 Almost all the doses of safranal showed antihyperlipidemic activity in the treated groups, and the results were in
agreement with its previously reported data.20 The suggested anti-hyperlipidemic mechanism of safranal is associated with
a reduction in insulin resistance. The improvement in insulin signaling reduces DNL (both hepatic TGs and TC production) and
lipolysis of intraabdominal fat, increasing FAs oxidation, and ultimately reducing steatosis. As a result, an abnormal rise in the
synthesis and release of large VLDL particles (TG-rich) in the blood is reduced.13

HFD can promote hyperglycemia and raise fasting as well as random blood glucose levels. The hepatic gluconeogenesis arm
continues to remain functional during insulin resistance state, enhancing the DNL by supplying the substrate for glycolysis.13

Furthermore, in NAFLD, the OGTT is thought to be a significant predictor of the host’s insulin sensitivity and blood glucose
management ability.25 Safranal dose-dependently decreased glucose intolerance in rats fed an HFD in our study.
Hyperinsulinemia and an increased HOMA-IR index were significantly decreased to normal values after safranal administration.
According to a previous study, safranal probably improves insulin signaling by inhibiting insulin receptor substrate (IRS)-1
phosphorylation at ser370 and increases phosphorylation of glycogen synthase kinase (GSK)-3 and Akt in IR-challenged
myocardium.45 In prior preclinical studies, treatment with some other terpenoids, such as actein and ursolic acid, seemed to
have similar effects41,46 and improve OGTT and the insulin signaling pathway in HFD-induced NAFLD models.

According to the two-hit hypothesis of NAFLD, oxidative stress has been considered the “second hit” and is
implicated in the pathogenesis of HFD-induced NAFLD and its progression.10 The formation of TGs and cholesterol
and their storage in the liver is a temporary mechanism to prevent toxicity. Later, due to excessive steatosis, lipotoxicity
and glucotoxicity may be induced in the hepatocytes in context of NASH by forming reactive oxygen and nitrogen
species (ROS and RNS) in various organelles, such as ER, peroxisomes, and mitochondria.7 Cytochrome P450 2E1
(CYP2E1) is a potent ROS-producing enzyme in microsomes and one of the most effective inducers of oxidative stress in
hepatocytes by increasing FA oxidation.43 Secondly, as seen in the blood of patients with metabolic syndrome and
NAFLD, hyperuricemia is a significant source of oxidative stress.9 Finally, hepatic mitochondrial dysfunction may
precede insulin resistance, hepatic steatosis, and depletion of endogenous antioxidants in a vicious cycle.8

ROS can oxidize physiological polyunsaturated fatty acids, resulting in lipid peroxidation and the formation of
MDA.47 Similarly, in the cytoplasm, excessive NO generation by inducible nitric oxide synthase (iNOS) is involved in
various diseases, including NAFLD.33 Additionally, increased NO generation has been associated with cytotoxicity and
chronic inflammation. Its levels may be quantified in terms of the metabolite nitrite (NO2

−), and previous research has
revealed that HFD intake dramatically increases NO (NO2

−) levels in animals.29 In the current study, HFD-fed rats
showed increased levels of these hepatic oxidative stress products. Safranal treatment resulted in a dose-dependent
reduction in oxidonitrative stress in rats. The results are in line with findings of Lertnimitphun et al,22 in which safranal
suppressed NO production by downregulating iNOS in lipopolysaccharide-stimulated RAW264.7 cells and macrophages
derived from bone marrow. Similarly, Karafakıoğlu et al21 reported a reduction of MDA levels after oral administration
of safranal in cisplatin-induced nephrotoxicity model.

Advanced oxidation protein products (AOPPs) are dityrosine-containing cross-linked protein products recognized as
a novel OS marker for estimating the degree of protein oxidation.32 It is formed due to the action of hypochlorous acid
(HOCl−) and chloramines produced by myeloperoxidase in activated neutrophils. Literature suggests that the levels of
these oxidative moieties are elevated in the blood and liver of NASH patients.48 It induces inflammation and fibrosis in
the tissue, binds to advanced glycation end products, and triggers the apoptotic pathways. AOPPs specifically oxidize
plasma proteins such as albumin and also bind to the high-density lipoprotein (HDL) scavenger receptors, and antagonize
them.49 In the present study, HFD increased AOPP levels in hepatic homogenate and safranal treatment significantly
reduced its levels. Furthermore, it is suggested that the tested compound has a potential effect against the production of
chloraminated oxidants in the steatotic liver.
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High oxidative stress markers were linked to lower hepatic enzymatic and nonenzymatic antioxidants, such as SOD,
CAT, and the glutathione (GSH) system in rats given HFD for 12 weeks. The intake of saturated fat and cholesterol is
linked to their depletion, implying a pro-oxidant role throughout the development of NAFLD.12,34 Four weeks of safranal
treatment considerably restored hepatic antioxidants, with a more pronounced effect on hepatic GPx and GST levels. GPx
is an enzyme that catalyzes the reduction of various peroxides using GSH as a cofactor.10 In a previous study by Hamza
et al,23 oral therapy of safranal reduced valproate-induced injury by decreasing CYP2E1 expression, lowering ROS and
apoptotic signals in the liver. Furthermore, safranal’s antioxidant properties may potentially be explained by upregulation
of nuclear erythroid-related factor-2 (Nrf-2), a signaling cascade in cells that activates SOD and the GSH system.24

According to the researchers, metabolic signals from accumulated lipids and oxidative stress may activate intracel-
lular inflammatory pathways in hepatocytes and Kupffer cells in the event of HFD-induced obesity and NAFLD.50

Adipose tissues, on the other hand, not only serve as a storage organ for TGs but also as an endocrine organ in the
presence of insulin resistance, through an unprovoked synthesis of pro-inflammatory adipocytokines, such as TNF-α by
adipocytes and macrophages.10 In the course of the “second hit” of disease, the resulting redox imbalance may activate
redox-sensitive transcription factors, including nuclear factor-κB (NF-κB) in liver. It acts as a master regulator of
inflammation, leading to an increase in pro-inflammatory mediators like TNF-α and iNOS. Furthermore, oxidative stress
can trigger the c-Jun N-terminal kinases (JNK) pathway and stimulate cytokine release.9 In addition, MDA and NO can
also set off a pro-inflammatory response and damage the hepatocytes.3

As a consequence, elevated TNF-α production is responsible for metabolic changes, the synthesis of other inflam-
matory mediators, and the establishment of programmed apoptosis.3 It may also impair the insulin signaling pathway by
blocking the tyrosine kinase activity of insulin receptor while increasing activation of protein kinase C (PKCɛ) activity
via the JNK pathway and IRS-1 phosphorylation at ser370.5 It can also inhibit activation of the AMP-activated protein
kinase (AMPK) and neutralize adiponectin, which is the link between the first and second hits.11 Safranal exerted an anti-
inflammatory effect at both doses by reducing blood TNF- α levels. Lertnimitphun et al22 reported that it has been shown
to decrease the cytokine production in cells by inhibiting the phosphorylation and nuclear translocation of components of
the mitogen-activated protein kinase (MAPK) pathway, such as extracellular signal-regulated kinase (ERK), as well as
JNK and NF-κB system proteins. Other phytochemicals, such as baicalin and boswellic acids, have been studied in the
HFD model of NAFLD and shown to have comparable antioxidant and anti-inflammatory effects.44,50

If left untreated, NAFLD might eventually lead to fibrosis due to collagen accumulation in the liver. Inflammation,
reactive oxygen species, toxic lipids, and lipid peroxide aldehydes can induce hepatic stellate cells (HSCs) to produce
collagen.3 In the current study, it was found that HFD increased the amount of hydroxyproline and indirectly the collagen
levels present in the extracellular matrix of rat’s hepatic tissues. There was a substantial reduction in hydroxyproline
(collagen) levels with safranal treatment indicating drug’s potential anti-fibrotic action.

Liver biopsy is regarded as the gold standard in diagnosingNAFLD/NASH,27 so we examined the histology of liver. Animals
fed a high-fat and high-cholesterol diet develop more severe hepatic lesions, such as inflammation and fibrosis, than those on
a low-fat, low-cholesterol diet. Adding 1% cholesterol to the HFD has been observed to accelerate disease progression to the
NASH stage,40 and in our study, similar results were observed. In the course of hepatic necrosis, there is crosstalk betweenHSCs,
Kupffer cells, neutrophils, and progenitor oval cells resulting in oxidative stress, cytokine release, and collagen deposition.51,52

The findings of the histological assessment proved the protective role of safranal found in the biochemical analyses and reaffirmed
its favorable benefits against HFD-induced NAFLD. The considerable improvement in steatosis and ballooning scores in rats
treated with safranal (500 mg/kg) was due to a significant reduction in liver FFAs, TGs, and cholesterol, and hence steatosis.
A remarkable decrease in lobular inflammationwas expected because the liverwas shielded fromoxidative stress and the resulting
lipotoxicity, as evidenced by a substantial drop in blood TNF-α levels. The progression of disease was started to slow down, and
the drug at 500 mg/kg dose had a more substantial anti-steatotic and anti-inflammatory impact than that of the standard botanical
mixture. The hepatic liver function enzymes and histopathology results corroborate previous findings where safranal has shown
a strong anti-apoptotic effect, as demonstrated by increasedBcl-2 expression and reducedBax and caspase-3 expression in hepatic
injury caused by infrarenal aortic occlusion, as well as in IR-challenged myocardium.45
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Conclusion
NAFLD is considered a multifactorial illness since it is associated with lipotoxicity, inflammation, oxidative stress, and insulin
resistance, which are thought to be causal factors in its development and progression. As a result, a multi-pronged strategy to
manage this disease is preferable. In this study, the pathogenesis of NAFLD is explained by increased steatosis, pro-inflammatory
markers, and oxidonitrative stress, which led to the development of insulin resistance in rats. The current study found that safranal
treatment caused a substantial decrease in hepatic lipid accumulation and prevented the disease progression at stage-1 of simple
steatosis. Furthermore, drug treatment caused a reduction in oxidative stress indicators and cytokine and considerably increased
antioxidants in hepatocytes. The resulting insulin resistance was ameliorated as indicated by a decrease in blood glucose and
insulin levels, dyslipidemia, and ultimately HOMA-IR index. The increased insulin sensitivity may be a factor in improving liver
health, as seen by histological testing, and finally, safranal demonstrated encouraging benefits against both hits inNAFLD induced
by HFD.
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