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Abstract

Obesity is a pressing problem worldwide for which standard therapeutic strategies have
limited effectiveness. The use of natural products seems to be a promising approach to
alleviate obesity and its associated complications. The tepals of Crocus sativus plant, usually
wasted in saffron production, are an unexplored source of bioactive compounds. Our aim
was to elucidate the mechanisms of Crocus sativus (Cr) tepals extract in obesity by
investigating its effects on adipocyte differentiation, visceral (VAT) and subcutaneous (SAT)
adipose tissue hypertrophy, and lipid metabolism in an animal model of diet-induced obesity.
To this end, mouse 3T3-F442A preadipocytes were treated with Cr tepals extract and the
expression of adipocyte differentiation genes was determined. Caloric intake, body mass,
triglycerides, systemic insulin sensitivity, histology, insulin signaling and lipid metabolism
in VAT and SAT were analyzed in mice fed a 60% fat diet for 14 weeks and treated orally
with Cr tepals extract during the last 5 weeks of the diet. We demonstrated for the first time
that Cr tepals extract inhibits adipocyte differentiation in vitro. The animal model confirmed
that oral treatment with Cr tepals extract results in weight loss, improved systemic insulin
sensitivity, lower triglycerides, and improved lipid peroxidation. The suppressive effect of
Cr tepals extract on adipocyte hypertrophy and inflammation was observed only in SAT,
which, together with preserved SAT insulin signaling, most likely contributed to improved
systemic insulin sensitivity. Our results suggest the functionality of SAT as a possible target

for the treatment of obesity and its complications.



1. Introduction

The prevalence of obesity has escalated worldwide and is associated with increased
morbidity, reduced quality of life, and high healthcare costs. Considering that routine
therapeutic strategies — diet modifications and increased physical activity can be hard to
follow through, while chemical drugs can have considerable side effects, the use of natural
products is an attractive approach to reduce the discomfort of obesity treatment, thus
increasing the treatment success rate, and attenuating the obesity-associated complications
(1-3). Saffron, a spice derived from the stigmas of the flower Crocus sativus, has beneficial
effects on insulin sensitization, as well as anti-inflammatory, antioxidant, lipid-lowering, and
glucose-lowering activities (4-6). Previous studies have shown that crocin, a carotenoid
found in the stigmas of Crocus sativus, attenuates insulin resistance associated with obesity
and type 2 diabetes (7, 8), particularly due to its modulatory effects on inflammation and
oxidative stress (9). Mashmoul et al. also demonstrated the anti-obesity effects of saffron by
reducing body mass and food intake (10). Compared to other parts of the plant, the stigmas
are considered to be the most valuable part of the Crocus sativus flower, which are used in
the food, cosmetic and nutraceutical industry (11). However, Bellachioma at al. have recently

shown that the tepals, wasted in saffron production, are also a rich source of bioactive

! Abbreviations: Crocus sativus (Cr); visceral adipose tissue (VAT); subcutaneous adipose
tissue (SAT); high-fat diet (HFD); adipose tissue triglyceride lipase (ATGL); hormone-
sensitive lipase (HSL); acetyl-CoA carboxylase (ACC); fatty acid synthase (FAS);
lipoprotein lipase (LPL); fatty acid translocase (FAT/CD36); phosphoenolpyruvate
carboxykinase (PEPCK); peroxisome proliferator-activated receptor y (PPARYy);
CCAAT/enhancer binding protein a (C/EBPa); sterol response element binding protein 1c
(SREBP-1c); insulin receptor substrate 1 (IRS-1); protein kinase B (Akt); glycogen synthase
kinase 3 (GSK3p)



components with hypoglycemic potential (12). In addition, an animal study has shown the
protective effects of Crocus sativus (Cr) tepals extract against dyslipidemia, insulin

resistance, and oxidative stress (13).

The main functions of white adipose tissue are to store excess energy in the form of
triglycerides (lipogenesis) and to release it into the bloodstream in the form of free fatty acids
(lipolysis). The key enzymes involved in lipolysis are adipose tissue triglyceride lipase
(ATGL) and hormone-sensitive lipase (HSL), whereas lipid synthesis requires the action of
enzymes involved in de novo lipogenesis (acetyl-CoA carboxylase, ACC and fatty acid
synthase, FAS), lipid uptake (lipoprotein lipase, LPL and fatty acid translocase, FAT/CD36),
fatty acid transport (fatty acid transport proteins, FATPs) and glyceroneogenesis
(phosphoenolpyruvate carboxykinase, PEPCK) (14). The action of the corresponding
proteins promotes the formation of a large intracellular triglyceride-containing droplet,
which, together with the expression of perilipins and the secretion of specific hormones
(adiponectin, leptin), is a hallmark of mature adipocytes (15). The main regulators of
enlargement of adipocyte size (hypertrophy) and number (hyperplasia/adipogenesis) are
peroxisome proliferator-activated receptor y (PPARy), CCAAT/enhancer binding protein o
(C/EBPa), and sterol response element binding protein lc¢ (SREBP-1c), all of which
influence adipocyte development through synergistic activation of key metabolic adipocyte

genes (16, 17).

The distribution and expansion of different white adipose tissue depots are important for
understanding the mechanisms underlying obesity and its associated diseases. The expansion

of visceral adipose tissue (VAT) depot contributes to insulin resistance, inflammation, and



dyslipidemia (18), while the capacity of subcutaneous adipose tissue (SAT) to expand has
been associated with improved insulin sensitivity and metabolic status (19). The ability of
the SAT depot to store excess fat rather than fat accumulation in ectopic depots such as liver,
muscle or heart has been recognized as one of the most important determinants of
metabolically healthy obese (20). On the other hand, VAT expansion together with excessive
ectopic lipid accumulation leads to the development of obesity-associated insulin resistance
and inflammation (21). Inhibitory serine phosphorylation (Ser307) of insulin receptor
substrate 1 (IRS-1) represents an early hallmark of insulin resistance, resulting in impaired
ability of IRS-1 to activate downstream kinases such as protein kinase B (Akt) and glycogen
synthase kinase 3B (GSK3p) (22). Given that hypertrophy and hyperplasia of adipocytes are
characterized by the accumulation of macrophages in adipose tissue, chronic inflammation
has been proposed as the main cause of obesity-induced insulin resistance in adipose tissue

(23).

Although numerous studies indicate the hypolipidemic and hypoglycemic effects of Crocus
sativus stigma extract due to its antioxidant and anti-inflammatory potential (24-26), the
effect of Cr tepals extract on adipocyte development and metabolism has been poorly
understood. Therefore, the aim of the present study is to clarify the possible mechanisms of
Cr tepals extract in obesity by investigating the effects on adipose tissue development and
VAT and SAT lipid metabolism. For this purpose, in vivo and in vitro studies were
performed. The animal study was designed to determine the effects of 5-week Cr tepals
extract treatment on caloric intake, body mass, and biochemical parameters, VAT and SAT

mass and histology, adipose tissue insulin signaling pathway, and on the expression of genes



related to adipocyte differentiation and lipid metabolism in the VAT and SAT depots of mice
on high-fat diet. In addition, mouse preadipocytes 3T3-F442A were insulin-stimulated and
treated with Cr tepals extract to confirm the effect on the key determining genes involved in

adipocyte differentiation.

2. Experimental Procedures
2.1 Plant material and extract preparation

Crocus sativus flowers were provided by a local farm Tesoro delle Api (Sant’ Elpidio a Mare,
FM, Italy) and were harvested between October and November 2021. Crocus sativus was
cultivated without any chemical treatment. The tepals were manually separated from whole
flowers and frozen at -20°C before being lyophilized in a freeze dryer (LYOQUEST-55,
Seneco, Italy). The freeze-dried samples were stored at -20°C (12). The tepals extract was
obtained by placing the lyophilized tepals (2 g) in 100 mL of ethanol/water 80/20 (v/v) under
magnetic stirring for 24 h at 4°C in the dark (27). The hydroalcoholic extract of tepals was
subsequently centrifuged twice at 2000 rpm for 10 min. The pellets were recovered, and this
extraction procedure was repeated two more times. The supernatants were pooled and
concentrated by rotary evaporation (Heidolph Laborota 4000 efficient; Heidolph Instruments
GmbH & Co, Schwabach, Germany) and then dried in a SpeedVac (Hetovac VR-1, HETO
Lab Equipment, Gydevang 17-19, 3450, ALLER@D, Denmark). These tepals extracts were
stored at -20°C until use. Before administration, the dry extract was dissolved in phosphate-
buffered saline (PBS) and the suspension was administered to cell culture at doses of 25 or

100 pg/mL, or administered daily to mice at a dose of 250 mg/kg bodyweight for 5 weeks by



oral gavage (27). The preparation and the dose of tepals extract used were selected according
to previous studies on animal models (28-31). Selected dose given to the animals
extrapolates to the human equivalent dose (HED) through normalization to body surface area
and is calculated according to Reagan-Shaw et al. (32). The calculation results in a HED of
20 mg/kg bodyweight, which is about 10 times lower compared to the values reported as the

safe dose for humans of several “herbal medicines” (33).
2.2 Metabolomic profiling

Tepals extracts were filtered through 13 mm diameter Millex filters with 0.22 um pore size
nylon membrane (Millipore, Bedford, MA, USA). Ten microliters of filtered extract were
injected using an ultra-high performance liquid chromatography device (U-HPLC, Accela
Series, ThermoFisher Scientific, Waltham, MA, USA) coupled to a high-resolution mass
spectrometer (HRMS, Exactive, ThermoFisher Scientific, Waltham, MA, USA) consisting
of an Orbitrap detector and using a heated electrospray ionization (HESI) interface. Data
processing was carried out through the Xcalibur software (version 4.3, ThermoFisher
Scientific, Waltham, MA, USA); the XCMS metabolomics platform (Scripps Center for
Metabolomics and Mass Spectrometry, La Jolla, CA, USA) and the KEGG, PUBCHEM and
PHE-NOL-EXPLORER chemical databases, among others. For fine-tuning the analysis
method, the molecular formulas of the compounds were searched in the PUBCHEM platform
and entered in the Qual Browser package of the Xcalibur software, where mass/charge (m/z)
ratios of each metabolite were identified in the negative mode, adjusting a mass tolerance of
<2 ppm in the Processing Setup Package. Additionally, correlations between compounds of

the same metabolic pathway and the LogP coefficient were used to accurately identify these



metabolites. Compounds identified in Crocus sativus tepals extracts through U-HPLC-

HRMS technique are shown in the Supplementary table (S1).
2.3 Cell culture

Mouse preadipocytes 3T3-F442A (00070654, ATCC, USA) (passage 9) were grown for
propagation in Dulbecco’s Modified Eagle's Medium (DMEM) (DMEM-HXA, Capricorn,
Germany), supplemented with 10% fetal bovine serum (FBS-11A, Capricorn, Germany) and
1% Penicillin/Streptomycin solution (PS-B, Capricorn, Germany), while the differentiation
medium was additionally supplemented with 10 pg/mL of insulin (10516, Sigma, Germany).
The cells were grown at 37°C in a humidified 5% CO2 atmosphere.

The cells were seeded into 60x15 mm tissue culture dishes (LUX 5220, Miles Laboratories
Inc., USA), at a density 425,000 cells/dish. Once 90% confluent, differentiation was initiated
with appropriate medium, and the medium was changed every 2—-3 days. The cells were
differentiated for 14 days. The cells were treated with 25 or 100 ug/mL of Cr tepals extract

for 5 days (days 9" to 14" of differentiation), or during the whole 14 days of differentiation.
2.4 Animals and experimental design

Male C57BL/6J mice (2.5 months old) bred in our laboratory were randomly divided into
three groups (at least 9 animals in each group): control group (C), high-fat diet (HFD) group,
and high-fat diet and Cr tepals extract (HFD+Cr) group. Group C received a control diet
(rodent diet with 10 kcal% fat, D12450J, Research diets, New Brunswick, USA), while the
HFD and HFD+Cr groups received a high-fat diet (rodent diet with 60 kcal% fat, D12492,
Research diets, New Brunswick, USA) during the 14-week treatment. Allocation of the

animals to the experimental groups was performed by appropriate randomization method in



order to ensure blinding and reduction of systematic differences in the characteristics of
animals assigned to experimental groups. After 9 weeks, the HFD+Cr group started receiving
a dose of 250 mg/kg bodyweight Cr tepals extract dissolved in PBS, while the control and
HFD groups received PBS without Cr tepals extract. All animals received these solutions
orally by gavage once daily for the last 5 weeks of treatment and had ad libitum access to
food and water throughout the 14 weeks of treatment. During the experiment, 2 animals at a
time were housed per cage, separated by a perforated transparent acrylic partition so that they
were not socially isolated and could communicate with each other, but individual food intake
could be monitored. Animals were housed under standard conditions at 22+2°C with a 12-h
light-dark cycle and constant humidity. Food intake per animal was recorded daily, and daily
caloric intake was calculated as follows: for control group [mass of food ingested per day (g)
x 3.85 kcal/g], whereas for the mice fed a high-fat diet [mass of food ingested per day (g) x
5.24 kcal/g]. Body mass was recorded weekly. All animal procedures were in compliance
with the EEC Directive 2010/63/EU on the protection of animals used for experimental and
other scientific purposes and were approved by the Ethical Committee for the Use of
Laboratory Animals of the Ministry of Agriculture, Forestry and Water Economy of the

Republic of Serbia (No. 323-07-02390-2022-05 from 28.02.2022).
2.5 Serum and tissue preparation and determination of blood triglycerides

After fasting for 4 h, the animals were killed by rapid decapitation, and the trunk blood was
collected. Blood triglycerides were measured onsite by Accutrend® strips (F. Hoffmann-La

Roche AG, Basel, Switzerland). The serum was prepared by separation following low-speed
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centrifugation (2000xg for 10 min) after incubation at room temperature for 30 minutes.

Serum was stored at -70°C for further analyses.

Immediately after decapitation, the depots of VAT (epididymal, retroperitoneal, mesenteric,
and perirenal) and SAT (anterior and posterior) were carefully collected and weighed.
Adiposity index (Al) was calculated using the following formula: Al = [mass of total VAT
depots (epididymal, retroperitoneal, mesenteric, and perirenal)/total body mass)]x100 (34).
For the VAT histological and molecular analyses, the epididymal depot (eVAT) was selected
because it is the primary storage depot in C57BL/6J mice that initially increases with dietary
obesity (35). On the other hand, the posterior inguinal depot (iISAT) was chosen for the
histological and molecular analyses of SAT because it has been shown that this depot plays
amore active role in influencing insulin sensitivity in the context of obesity (36, 37). Portions
of tissue for molecular analyses were frozen in liquid nitrogen and stored at -70°C for later

analyses, while those for histological analyses were fixed in 4% paraformaldehyde.
2.6 Systemic insulin sensitivity parameters

Serum insulin concentrations were measured using the rat/mouse insulin ELISA Kit
(#EZRMI-13K) according to the manufacturer’s instructions (EMD Millipore Corporation,
St. Louis, Missouri, USA). The sensitivity of the assay was 0.1 ng/mL (17.5 pM) insulin with

a sample size of 10 L, and the intra-assay coefficient of variation was 1.92%.

Systemic insulin sensitivity was estimated by the homeostasis model assessment (HOMA)
index and glucose tolerance was assessed using the intraperitoneal glucose tolerance test
(ipGTT). The HOMA index was calculated using fasting plasma insulin and glucose

concentrations according to the following formula: [insulin (mIU/L) x glucose
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(mmol/L)]/22.5. Glucose tolerance was determined by ipGTT, which was performed 3 days
before the end of the experiment. Mice were fasted for 4 h, and glucose was administered
intraperitoneally (2 g/kg). Glucose concentration was measured with Accu-Chek® strips (F.
Hoffmann-La Roche AG, Basel, Switzerland) from tail vein blood, drawn at 0, 15, 30, 60,
90, 120, and 150 min after glucose injection. The area under the concentration vs. time curve

(AUC glucose 0-150 min, mmol/L vs. min) was calculated by the trapezoidal rule.

2.7 Measurement of lipid peroxidation level

Lipid peroxidation level was determined by thiobarbituric acid reactive substances (TBARS)
assay kit (Merck, Darmstadt, Germany) in the serum according to the manufacturer’s
instructions. Readings were taken spectrophotometrically at 532 nm using the Multiskan
Spectrum (Thermo Electron Corporation, Waltham, MA, United States), and the TBARS
concentration in the samples was extrapolated from the standard curve and expressed in

nmol/mL.
2.8 Histological and morphometric analysis of adipose tissue depots

For histological analysis, portions of the eVAT and iSAT depots were removed and fixed in
4% paraformaldehyde for 24 h, dehydrated in an ethanol gradient, cleared in xylene, and
embedded in paraffin. Both eVAT and iSAT blocks were sectioned at 10-pum thickness and
stained with hematoxylin-eosin. Images for analysis were acquired with a Leitz DMRB light
microscope equipped with a Leica MC190 HD camera and Leica Application Suite (LAS)
4.11.0 software (Leica Microsystems, Wetzlar, Germany) at 20x magnification. Adipocyte
area and diameter were determined using ImageJ plugin Adiposoft 1.16 software (38), using

100 adipocytes per section, three sections per animal, and five animals per group.
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Crown-like structures (CLS) were detected using hematoxylin-eosin staining (39) and their
density in adipose tissue depots was calculated as previously described (40). For each animal
group, CLS density per 1500 adipocytes was determined using ImageJ plugin Adiposoft 1.16

software (100 adipocytes per section, three sections per animal, and five animals per group).
2.9 Adipocytes and adipose tissue RNA extraction, reverse transcription and real-time PCR

Total RNA was extracted from the 3T3-F442A following treatment, or mice eVAT and iSAT
depots using TRI reagent solution (AM9738, Thermo Fisher Scientific, USA) according to
the manufacturer’s instructions. RNA concentrations were quantified on NanoPhotometer
N60 (Implen, Munich, Germany) by reading the optical density at 260 nm, while the quality
and integrity of RNA was confirmed on 2% agarose gel. Reverse transcription was performed
using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA),

according to manufacturer’s instructions and the cDNAs were stored at —70°C until use.

To determine mRNA expression levels of genes of interest, real-time PCR was performed
using Advanced Universal SYBR Green Supermix (Bio-Rad Laboratories, USA) and specific
primers (Applied Biosystems, USA): Hsl: F 5'-GGCTCA CAG TTA CCA TCT CAC C-3,
R 5-GAG TAC CTT GCTGTC CTG TCC-3'; Lpl: F 5'-TTC CAG CCA GGA TGC AACA-
3’, R 5'-GGT CCA CGT CTC CGA GTC C-3’; Atgl: F 5-AAC ACC AGC ATC CAG
TTCAA-3', R 5'-GGT TCA GTA GGC CAT TCC TC-3'; Fasn: F 5'-TTG CTG GCA CTA
CAGAAT GC-3', R 5'-AAC AGC CTC AGA GCG ACA AT-3"; Pepck: F 5'-AAC TGT
TGG CTG GCT CTC-3', R 5'-GAA CCT GGCGTT GAA TGC-3'; Adipo F 5°-GCA CTG
GCA AGT TCT ACT GCAA-3’, R 5-GTA GGT GAA GAG AAC GGC CTTGT-37;

C/EBPa: F 5°-CAA GAA CAG CAA CGA GTACCG-3’, R 5’-GTC ACT GGT CAACTC

13



CAG CAC-3’, Pparg: F5’-GTG CCAGTT TCG ATC CGT AGA-3’,R 5’-GGC CAG CAT
CGT GTA GAT GA-3’. Normalization of cDNA was performed using Hprt, as endogenous
control (Hprt: F 5-TCC TCC TCA GAC CGC TTT T-3, R 5-CCT GGT TCA TCA TCG
CTA ATC-3'). All reactions were performed in duplicate in 20 pL volume containing 20 ng
of cDNA template using Quant Studio™ Real-Time PCR System (Applied Biosystems,
USA). Thermal cycling conditions were 2 min incubation at 50°C, 10 min at 95°C, followed
by 45 cycles of 95°C for 15 s and 60°C for 60 s. In the mice eVAT and iSAT, the same cDNA
sample was used as calibrator on each plate. Melting curve analyses were performed to
confirm the formation of a single PCR product. Relative quantification of gene expression
was performed using the comparative 224t method (41), where ACt represents the
difference between Ct value of gene of interest and the endogenous control. The results were
analyzed by Quant Studio Design and Analysis Software v1.4.0 (Applied Biosystems, USA)

with a confidence level of 95% (p < 0.05).
2.10 Preparation of total protein fraction from adipose tissue depots

Total protein fraction of the eVAT and iSAT depots was prepared with TRIzol protocol,
according to the manufacturer’s instruction. After RNA precipitation, ethanol was added in
the remaining organic phase, followed by centrifugation at 2000xg for 5 min at 4°C. Protein
fraction was precipitated from phenol-ethanol supernatant using acetone and by
centrifugation at 12000xg for 10 min at 4°C. The protein pellets were redissolved in 0.3 M
guanidine hydrochloride in 95% ethanol with 2.5% glycerol, followed by sonication on ice

and washing in the same buffer. After protein pelleting by centrifugation at 8000xg for 5 min
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at 4°C, pellets were dissolved in the lysis buffer containing 2.5 mM Tris—HCI pH 6.8, 2%

SDS, 10% glycerol and 50 mM DTT. Samples were stored at —70°C for further analysis.
2.11 Western blot analysis

Protein concentration was determined by the Lowry method (42) using bovine serum albumin
(BSA) as a standard. The samples were boiled in 2x Laemmli buffer for 5 min and 40 pg of
proteins were subjected to electrophoresis on 7.5% or 10% sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE). The proteins were transferred from gels to polyvinylidene
difluoride (PVDF) membranes (Immobilon-FL, Millipore, USA), blocked for 1 h with 5%
non-fat milk or 2% BSA and incubated overnight at 4°C with specific primary antibodies:
anti-phospho-1RS1-Ser307 (1:500, Abcam, Cambridge, UK, ab5599), anti-IRS-1 (1:1000,
FineTest, FNab10261), anti-phospho-GSK-33-Ser9 (1:1000, Santa Cruz Biotechnology, sc-
373800), anti-GSK-3a/p (1:1000, Santa Cruz Biotechnology, sc-7291), anti-phospho-
AKT1/2/3-Thr308 (1:500, Santa Cruz Biotechnology, sc-16646-R), anti-AKT1/2/3 (1:500,
Santa Cruz Biotechnology, sc-81434), anti-SREBP1c (1:500, Santa Cruz Biotechnology, sc-
366), anti-PPARy (1:1000, Santa Cruz Biotechnology, sc-7273), anti-CD36 (1:500, Santa
Cruz Biotechnology, sc-7309), anti-FATP4 (1:500, Santa Cruz Biotechnology, sc-393309),
anti-perilipin-2/ADFP (1:1000, Novus Biologicals, NB110-40877). Anti-calnexin antibody
(1:2000, Abcam, ab2259) was used as controls of equal loading of total protein fractions in
all the samples (43). Membranes were extensively washed in PBS containing 0.1% Tween-
20 and incubated for 90 min with corresponding mouse (1:30000, Abcam, ab97046) or rabbit
(1:20000, Abcam, ab6721) HRP-conjugated secondary antibodies. The immunoreactive

protein bands were detected by chemiluminescent (ECL) method using iBright CL1500

15



(Thermo Fisher Scientific, USA) and quantitative analysis was performed by iBright

software.
2.12 Statistical analyses

The data collected from animal model are presented as means = SEM. All data were tested
for normality by Shapiro-Wilk test. Unless otherwise specified, normally distributed data
were analyzed by one-way ANOVA followed by post hoc Tukey test. Data with deviation
from normal distribution were analyzed by non-parametric Kruskal-Wallis H test followed
by post hoc Dunn's test. The data collected from cell culture are presented as means + SD.
All data were tested for normality by D’Agostino&Pearson omnibus normality test. The
treatments were compared to untreated controls. Normally distributed data were analyzed by
unpaired t test with Welch’s correction. The data without normal distribution were analyzed

by Mann-Whitney U test.

The differences between groups were considered significant at P<0.05. Statistical analyses

were performed using GraphPad Prism 8 software (San Diego, USA).

3. Results
3.1 Crocus tepal extract polyphenolic profile

U-HPLC-HRMS analysis of the hydroalcoholic Crocus sativus tepals extract used in this
study revealed a total of 131 phenolic compounds that included flavonoids (i.e.,
anthocyanins, dihydrochalcones, flavonols, isoflavonoids), phenolic acids (hydroxybenzoic

acids, hydroxycinnamic acids, hydroxyphenypropanoic acids), stilbenes and other
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polyphenols. The comprehensive list of all the phenolic compounds annotated is reported in
the Supplementary Table S1, together with their relative abundance. The polyphenolic profile
of the hydroalcoholic tepals extract is in accordance with that found in other studies (12, 44,

45).
3.2 Caloric intake and morphological parameters of animals

The body mass of the animals did not differ significantly at the beginning of the experiment
(Table 1). As expected, all mice on high-fat diet had increased caloric intake, eVAT and
ISAT depot masses (P<0.001), and Al (P<0.01) as compared with the control group,
regardless of Cr tepals extract treatment (Table 1). After 9 weeks on a high-fat diet and before
oral administration of the extract, both groups of mice on a high-fat diet had an increased
body mass (P<0.05, Table 1). Total body mass at the end of the experiment was also
significantly higher in the group receiving a high-fat diet compared with the control group
(P<0.001), while this increment was lower after Cr tepals extract treatment (P<0.01). Hence,
administration of Cr tepals extract significantly decreased total body mass, as well as iISAT

depot mass compared with the HFD group (P<0.05, Table 1).
3.3 Histological and morphometric analysis of eVAT and iSAT depots

To determine the effects of a high-fat diet and Cr tepals extract treatment on the morphology
of the different adipose tissue depots, we performed histological and morphometric analysis
of the eVAT and iSAT depots. Representative sections of the eVAT and iSAT depots are
shown in Figure 1.A1 and B1, respectively. Morphometric analysis showed that in the eVAT
depot, both adipocyte diameter and area were significantly increased in both groups on high-

fat diet compared with the control group, regardless of Cr tepals extract (P<0.001, Figure
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1.A2 and A3). On the other hand, regarding the iSAT depot, adipocyte diameter and area
were increased relative to control group only when mice were fed a high-fat diet without
administration of Cr tepals extract (P<0.001, Figure 1.B2 and B3). In this depot, treatment
with Cr tepals extract significantly reduced both adipocyte area and cell diameter compared
with animals receiving a high-fat diet alone (P<0.001, Figure 1.B2 and B3). This differential
effect of high-fat diet and Cr tepals extract on the morphology of eVAT and iSAT depots
was further confirmed by analysing the size distribution of adipocytes (Figure 1.A4 and B4)
and the density of the CLS (Figure 1.A1 and B1). As shown in Figure 1.A4, all animals on
HFD regardles of the Cr treatment, had a significantly lower proportion of small adipocytes
(<50 um, P<0.001) in the eVAT, and a higher proportion of large (70-89 um, P<0.001) and
very large adipocytes (>90 um, P<0.001). In the iSAT depot the proportion of small
adipocytes (<50 pm) was decreased relative to the control group when mice were fed with
HFD (P<0.001) and with HFD and Cr tepals extract (P<0.01, Figure 1.B4). Also, Cr tepals
extract increased the fregency of small adipocytes in comparison to the HFD alone
(P<0.001). The proportion of large adipocytes (70-89 um) was increased in HFD group
(P<0.001) and with lower significance in Cr tepals extract treated group (P<0.05). Thus, the
proportion of large adipocytes was significantly reduced after Cr tepals extract administration
in comparison to mice on a high-fat diet (P<0.001). The iSAT depot had a higher proportion
of very large adipocytes (>90 um) after a high-fat diet without Cr tepals extract
administration compared with control animals (P<0.01), resulting in a higher mean adipocyte
size only in this group of animals (Figure 1.B2 and B3). As shown in Figure 1.Al and B1,

the number of CLS in the eVAT of all animals with HFD was increased regardless of Cr
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treatment, whereas administration of Cr-Tepal extract reduced the number of CLS in the

ISAT to the control level.
3.4 Systemic insulin sensitivity parameters, triglycerides and TBARS level

Glucose homeostasis was estimated from fasted glucose and insulin serum levels, HOMA
index was used for the estimation of insulin sensitivity, while glucose tolerance was
estimated through ipGTT-AUC values. As shown in Table 2 and Figure 2, Cr tepals extract
administration reverted the increase in glucose homeostasis and insulin sensitivity parameters
induced by the high-fat diet. Only mice fed with high-fat diet without Cr tepals extract
treatment showed increased fasting glucose level (P<0.001), insulin level (P<0.05), HOMA
index (P<0.01) and ipGTT AUC value (P<0.001) compared with the control group (Table
2). In addition, the HFD group showed worse profiles for ipGTT AUC levels compared with
control animals (for TO: P<0.001; for T15: P<0.01; for T30: P<0.001; for T60: P<0.01; for
T90: P<0.05; for T150: P<0.01, Figure 2). However, after administration of Cr tepals
extract, AUC value was significantly lower in comparison to high-fat diet alone (P<0.01,
Table 2) and the response to a glucose load was significantly improved after 30 min in this
group of animals compared with the HFD group (P<0.05). As expected, the ameliorating
effect of Cr tepals extract against dyslipidemia and oxidative stress was also confirmed.
Namely, administration of Cr tepals extract significantly decreased blood triglyceride levels
compared with the control group (P<0.05, Table 2). In addition, Cr tepals extract treatment
significantly decreased the amount of TBARS, which is a direct measure of lipid peroxidation
and a marker of oxidative stress, compared with both the control group and the high-fat diet

group (P<0.01, Table 2).
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3.5 Insulin signaling pathway in the eVAT and iSAT depots

The effect of the high-fat diet and Cr tepals extract on the eVAT and iSAT insulin signaling
pathways was estimated from the protein levels of IRS-1 with its inhibitory phosphorylation
on Ser307, Akt with its stimulatory phosphorylation on Thr308, and GSK3f with its
stimulatory phosphorylation on Ser9. As shown in Figure 3.Al, we observed impaired local
insulin sensitivity in the eVAT depot, as the pIRS1%?%/IRS1 ratio was significantly
increased in both high-fat diet groups compared with the control group, regardless of Cr
tepals extract treatment (P<0.05, Figure 3.Al ). However, this ratio remained unchanged in
the iSAT depot (Figure 3.B1), suggesting that the disruption of the insulin signaling pathway
after a high-fat diet occurs only in the eVAT depot. This was consistent with the changes in
the analyzed kinases involved in the insulin signaling pathway. Both the pAkt™3%/Akt ratio
and the pGSK3p5¢%/GSK30/p ratio were decreased in the eVAT depot after a high-fat diet,
but only in the absence of Cr tepals extract administration (P<0.05, Figure 3.A2 and 3.A3).
On the other hand, Cr tepals extract administration in the iSAT depot increased
pAkt™"3%/ Akt ratio in the group receiving high-fat diet and Cr tepals extract compared to the

group receiving only high-fat diet (P<0.05, Figure 3.B2).
3.6 In vitro differentiation of adipocytes

After the observed effects on histological traits and insulin signaling in iISAT depot with Cr
tepals extract treatment, we wanted to see if the tepals extract affects the adipocyte cells’
differentiation directly. Apart from pharmacokinetics, which has to be considered for drugs
and phytochemicals, an important aspect of mechanistic studies is the question of whether

the effect in question occurs through a direct interaction of the phytochemical with (fat) cells
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and tissue or whether the target is another cell type, of other tissue and organ, that ultimately
affects the adipose tissue as well. For this reason, an in vitro study was conducted to
determine whether the extracts active ingredients have a direct effect on adipocytes. To
determine this, we treated mouse adipocytes 3T3-F442A cells, stimulated to differentiate,
with 25 or 100 pg/mL of Cr tepals extract for 5 days (day 9" to 14" of differentiation), or
during the whole 14 days of differentiation. As shown in Figure 4, both treatment duration
and applied concentrations significantly reduced the expression levels of key transcription
factors for adipocyte differentiation and maturation, by at least 50% compared to the
untreated control group (25 pg/mL: P<0.001, 100 pg/mL: P< 0.05 for Pparg; 25 pg/mL:

P<0.05, 100 ug/mL P<0.001 for Adipo; both treatments: P<0.001 for Cebpa).
3.7 Markers of adipose tissue lipid metabolism

To evaluate the effects of the high-fat diet and Cr tepals extract treatment on eVAT and iSAT
adipogenesis, lipid metabolism, and fatty acid transport, we analyzed protein levels of
SREBPIc, PPARY, and perilipin-2 (Figure 5.A1 and Figure 5.B1, respectively), CD36 and
FATP4 (Figure 6.A1 and Figure 6.B1) and mRNA levels of genes involved in lipolysis and
adipo/lipogenesis (Figure 7.A1, A2 and Figure 7.B1, B2). As expected, the high-fat diet
without Cr tepals extract administration led to an increase in protein concentrations of
SREBP1c (P<0.05) and perilipin-2 (P<0.001), but only in the eVAT depot (Figures 5.A1),
whereas PPARY protein levels remained unchanged in both depots in all groups (Figures
5.Al1 and B1). Moreover, the applied treatments did not affect the protein levels of the fatty

acid transporters CD36 and FATP4 in the eVAT depot (Figure 6.A1), whereas in the iSAT,
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the protein level of CD36 decreased only in the HFD+Cr group compared to the HFD group

(P<0.05, Figure 6.B1).

As shown in Figures 7.A1 and 7.A2, the mRNA levels of genes encoding the major lipolytic
enzymes (Hsl, Lpl and Atgl) and the relative expression of markers of adipo/lipogenesis
(Adipo, and C/EBPa«) in the eVAT depot were decreased in HFD group (for Hsl: P<0.001;
for Lpl, Atgl and Cebpa: P<0.01; for Adipo: P<0.05) and in the group treated with Cr tepals
extract as compared with the control group (for Hsl and Lpl: P<0.001; for Atgl, Adipo and
Cebpa: P<0.01). Moreover, the expression of the gene encoding the lipogenic enzyme Fasn
was lower in the eVAT depot only after Cr tepals extract treatment as compared with control
(P<0.001) and high-fat group (P<0.01). Expression of the gene encoding Pepck, another
lipogenic enzyme, was decreased in the eVAT depot in both high-fat diet group (P<0.001)
and Cr tepals extract treated group as compared with the control group (P<0.05), but it was
increased after Cr tepals extract administration compared with the high-fat diet group
(P<0.05, Figure 7.A2). In the iSAT depot, treatment with Cr tepals extract decreased the
expression of Hsl and Atgl coding genes compared to the control group (Figure 7.B1, for
Hsl: P<0.05; for Atgl: P<0.01), and also the mRNA level of Hsl compared with the high-fat
diet group (P<0.001). The expression level of Lpl was lower in the high-fat diet group only
after Cr tepals extract administration (P<0.01, Figure 7.B1). Consistent with the changes in
eVAT, the mRNA level of Fasn in iSAT was also decreased only after Cr tepals extract
treatment compared with the control (P<0.001) and high-fat group (P<0.01, Figure 7.B2).
The expression of Pepck, Adipo, and Cebpa was decreased in the iSAT depot after a high-fat

diet (for Pepck: P<0.01; for Adipo and Cebpa: P<0.001), as well as after Cr tepals extract
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treatment compared with the control group (for Pepck and Cebpa: P<0.001; for Adipo:

P<0.01, Figure 7.B2).

4. Discussion

Numerous studies to date have confirmed the anti-obesity potential of Crocus sativus
stigmas, while the role of Crocus sativus tepals as a source of bioactive compounds remains
poorly understood. In the present study, we demonstrated for the first time that Crocus sativus
tepals have an anti-adipogenic effect on 3T3-F442A preadipocytes by inhibiting their
differentiation, and also in obese mice on a high-fat diet, because of the suppressive effect
on hypertrophy of SAT, but not of VAT adipocytes. In addition, our results confirmed that 5
weeks of oral treatment with Crocus sativus tepals extract in mice fed a high-fat diet resulted
in weight loss, improved systemic insulin sensitivity, lower triglyceride levels, and improved

lipid peroxidation.

The results confirmed that all animals fed a HFD for 14 weeks developed obesity, as caloric
intake, adiposity index, total body mass, and the mass of the two adipose tissue depots studied
increased independently of Cr tepals extract treatment. However, the treatment with Cr tepals
extract resulted in the reduction of the body mass and iISAT mass, relative to the high-fat diet
control group. These results are in line with the work by Mashmoul et al., where saffron and
its bioactive compound crocin had a significant effect in reducing body mass, total fat mass,
and the mass ratio of epididymal fat to total body fat in an obesity animal model (46).
Mohagiq et al. demonstrated that treatments with both saffron stigma and petal extracts

resulted in a decrease in lipid peroxidation, weight loss, and improvement in dyslipidemia in
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rats fed a high-fat diet (47). Oral administration of Cr tepals extract resulted in a decrease in
systemic TBARS levels, one of the end products of lipid peroxidation. This is coherent with
the well-known antioxidant activity of polyphenols found in abundance in Cr tepals extract

(48).

As a particularly interesting result, Cr tepals extract reduced the effect of the high-fat diet on
ISAT adipocyte size as adipocyte area and cell diameter in this depot were significantly
reduced following the Cr tepals extract treatment, compared with control animals on a high-
fat diet. As previously suggested (49, 50), reducing the size of subcutaneous fat cells may
play a more important role in improving insulin sensitivity than reducing subcutaneous fat
mass per se. Adipose tissue metabolism depends on the influx of free fatty acids from the
bloodstream, and we observed that in the iSAT, CD36 protein levels were decreased after the
administration of Cr tepals extract. CD36 is a key factor in the uptake of fatty acids and
subsequent storage of triglycerides in adipocytes, and mice lacking CD36 have reduced
adiposity and improved insulin resistance (51). Previous data suggest that CD36 expression
is more sensitive to metabolic perturbations in SAT compared with VAT (52). The decrease
in the size of iISAT adipocytes and presumably decreased capacity for fatty acid uptake was
accompanied by decreased lipolytic capacity in response to Cr tepals extract treatment,

concluded by reduced mRNA levels of the major lipolytic enzymes Hsl, Atgl, and Lpl.

However, the Cr tepals extract effect on adipocyte size reduction was not observed in eVAT,
where morphometric analysis showed that the proportion of large adipocytes was
significantly increased in the eVAT of both groups on high-fat diet, regardless of the effect

of Cr tepals extract. On the other hand, the increased expression of lipogenic factors,
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SREBP1c, and perilipin-2 was present only in the eVAT depot of the high-fat diet control
group but not in the Cr tepals extract treated group. Nonetheless, none of the applied

treatments affected the fatty acid transporters FATP4 and CD36 in eVAT.

Obesity is associated with impaired adipose tissue function. Beyond adipocyte hypertrophy
and impaired lipolysis, this impaired tissue is characterized by inflammation, and chronic
inflammation caused by obesity is thought to be an important mediator of systemic insulin
resistance (53). The increased inflammation in the adipose tissue is characterized
histologically by the presence of CLS. In the present study, we demonstrated that increased
adipocyte hypertrophy in the eVAT depot of mice on a high-fat diet was associated with a
high degree of inflammation, as indicated by the high number of CLS structures. VAT
hypertrophy is often associated with dyslipidemia and a pro-inflammatory state that may be
related to systemic insulin resistance (54). On the other hand, CLS in the iSAT depot were
less pronounced after a high-fat diet, and administration of Cr tepals extract decreased
inflammation to the level of control animals. It could be argued that eVAT contributes
substantially to obesity-induced insulin resistance, whereas iSAT may play a protective role,

and this role is particularly fortified by Cr tepals extract treatment.

Importantly, glucose homeostasis and systemic insulin sensitivity was largely preserved in
the Cr tepals extract treated group on HFD. In agreement with our results, other studies also
showed positive effects of saffron administration on parameters of insulin sensitivity in
metabolic disorders (10). With regard to this restored systemic insulin sensitivity, we further
investigated the insulin signaling pathway in the eVAT and iSAT depots locally. In the eVAT

depot, the impaired insulin signaling after HFD was confirmed by changes in protein levels
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of IRS-1, Akt and GSK3p. On the other hand, insulin signaling was preserved in the iSAT
after the HFD. However, the results appear to indicate that Cr tepals extract treatment leads
to a slight improvement in the insulin sensitivity of the iSAT depot, due to the detected
increase in the ratio between total Akt and its activating phosphorylation. Akt signaling is
known to play a central role in insulin-stimulated glucose uptake in both muscle and adipose
tissue, and defects in Akt phosphorylation have been associated with the development of

insulin resistance in muscle and adipose tissue in obesity (55).

It has been established that the mechanisms controlling the expansion capacity of adipose
tissue, including its high capacity for adipocyte differentiation and lipid storage, may be key
factors in determining insulin resistance risk in obesity (56). A study using mice fed a high-
fat diet showed that VAT developed by hypertrophy, whereas SAT expanded mainly by
hyperplasia and had more proliferating adipogenic progenitor cells than VAT (57).
Therefore, inhibition of adipogenesis may be an important target for the prevention and
treatment of obesity-related complications. Thus, we investigated what effects it might have
on adipocyte differentiation and maturation in vitro. The results showed that Cr tepals extract
significantly decreased the expression profile of the major regulators of adipocyte
differentiation and maturation, Ppary, Cebpa and Adipo, in 3T3-F442A cells. This is in
agreement with the previous results obtained with saffron and its active compounds in human
adipose tissue-derived stem cells (58) and in 3T3-L1 adipocytes (59, 60). It is noteworthy
that in vitro testing has its limitations, particularly in light of the fact that the parent
compounds undergo metabolic changes in vivo, primarily in the gastrointestinal tract, while

adipocytes cultured in vitro are exposed to the parent compounds. However, in vitro studies
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can still serve as a valuable screening tool for further investigation if the direct effect of the
parent compounds on adipocytes proves desirable. This is of particular importance as the
technological advancement of bioactive compounds' administration is rapidly developing.
Some of the novel solutions for overcoming the bioavailability problem are the use of
nanoparticles (61), liposomes (62), and spray drying for inhalators application of the natural
compounds (63), to name a few. In our study, in adipose tissue depots, the level of adipogenic
factor PPARYy was not changed in response to the applied treatments. In both iISAT and eVAT
of animals fed a HFD, the expression of Cebpa and Adipo decreased independently of Cr
treatment, whereas tepals extract caused an additional decrease in Fasn mRNA levels
compared with HFD alone. The expression of the lipogenic enzyme Pepck was also reduced
in both adipose tissue depots. However, significantly higher Pepck mRNA levels were
observed only in the eVAT after Cr treatment compared with animals fed only a HFD. This
result may explain the observed difference in eVAT and iSAT hypertrophy in Cr-treated

obese mice, as upregulation of Pepck facilitates lipid storage in adipocytes (64).

So far, Crocus sativus stigmas have generally been used in the food, cosmetic and
pharmaceutical industries. The results of this study show that another part of the Crocus
sativus plant, the tepals, which are usually wasted in saffron production, are a source of
bioactive compounds with anti-adipogenic potential. Namely, we have demonstrated for the
first time that oral ingestion of a Cr tepals extract resulted in weight loss, improved systemic
insulin sensitivity, lower triglyceride levels, and improved lipid peroxidation in obese
animals. The Cr tepals extract treatment had a suppressive effect on SAT hypertrophy and

inhibited differentiation of adipocyte cells in vitro. Interestingly, the suppressive effect was
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not present in VAT, suggesting that Cr tepals extract treatment has different local effects on
adipose tissue development and metabolism, and the possible mechanisms involved need
further investigation. With all considered, future pharmaceutical/nutraceutical interventions
aimed at improving subcutaneous adipocyte function may help maintain adequate insulin

sensitivity and reduce the risk of developing obesity-related complications.
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Figure captions
Figure 1

Histological and morphometric analysis of epididymal VAT (eVAT) (A) and inguinal SAT
(iSAT) (B) in control group (C), high-fat diet group (HFD) and high-fat diet + Cr tepals
extract group (HFD+Cr). Representative sections of eVAT and iSAT are shown in Figure Al
and B1, respectively (magnification %20, bar = 100 um). Morphometric data on eVAT
adipocyte cell diameter (A2), area (A3) and adipocyte size distribution (A4), as well as iISAT
adipocyte cell diameter (B2), area (B3) and adipocyte size distribution (B4) are presented as
mean + SEM (100 adipocytes per section, 3 sections per animal and 5 animals per group).
CLS number was determined as total number of CLSs per group (3 sections per animal and
5 animals per group). A one-way ANOVA followed by the Tukey post hoc test or non-
parametric Kruskal-Wallis H test followed by post hoc Dunn's test were performed. Different
superscripts signify significant mean differences. The difference was considered significant

at P<0.05.

Figure 2

Intraperitoneal glucose tolerance test (ipGTT) in control group (C), high-fat diet group (HFD)
and high-fat diet + Cr tepals extract group (HFD+Cr). All data are presented as mean + SEM
(n =9-11 animals per group). At each time point a one-way ANOVA followed by the Tukey
post hoc test was performed, and the difference was considered significant at P<0.05.

Different superscripts signify significant mean differences.
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Figure 3

Insulin signaling in the epididymal VAT (eVAT) (A) and inguinal SAT (iISAT) (B) in control
group (C), high-fat diet group (HFD) and high-fat diet + Cr tepals extract (HFD+Cr). (Al
and B1). Protein levels of pIRS1%3% |RS1 and their relative ratio with representative
Western blots in the eVAT and iSAT depots, respectively. (A2 and B2) Protein levels of
pAkt™"% Akt and their relative ratio with representative Western blots in the eVAT and
iISAT depots, respectively. (3A and B3) Protein levels of pGSK3p%®, GSK30/p and their
relative ratio with representative Western blots in the eVAT and iSAT depots, respectively.
All protein levels were measured in the total protein extract of eVAT and iSAT and
normalized to calnexin. The data are presented as mean + SEM (n = 5-9 animals per group).
One-way ANOVA followed by the Tukey post hoc test or non-parametric Kruskal-Wallis H
test followed by post hoc Dunn's test were performed. The difference was considered

significant at P<0.05. Different superscripts signify significant mean differences.

Figure 4

The effects of Cr tepals extract on 3T3-F442A differentiation. The cells were treated with 25
or 100 pg/mL of tepals extract for 5 days (days 9" to 14" of differentiation), or during the
whole 14 days of differentiation. Mean values + SD were obtained from four independent
experiments. Data were analyzed by unpaired t test with Welch’s correction, and the
difference was considered significant at P<0.05. Different superscripts signify significant

mean differences.
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Figure 5

The levels of proteins involved in adipose tissue lipo/adipogenesis, SREBP1C, PPARYy and
perilipin-2, with representative Western blots in the epididymal VAT (eVAT) (Al) and
inguinal SAT (iISAT) (B1) in control group (C), high-fat diet group (HFD) and high-fat diet
+ Cr tepals extract group (HFD+Cr). All protein levels were measured in the total protein
extract of eVAT and iSAT depots and normalized to calnexin. The data are presented as mean
+ SEM (n = 6-9 animals per group). One-way ANOVA followed by the Tukey post hoc test
or non-parametric Kruskal-Wallis H test followed by post hoc Dunn's test were performed.
The difference was considered significant at P<0.05. Different superscripts signify

significant mean differences.

Figure 6

Proteins involved in fatty acid transport, CD36 and FATP4, in the epididymal VAT (eVAT)
(Al) and inguinal SAT (iSAT) (B1) in control group (C), high-fat diet group (HFD) and
high-fat diet + Cr tepals extract group (HFD+Cr). All protein levels were measured in the
total protein extract of VAT and SAT depots and normalized to calnexin. The data are
presented as mean + SEM (n = 6-9 animals per group). One-way ANOVA followed by the
Tukey post hoc test or non-parametric Kruskal-Wallis H test followed by post hoc Dunn's
test were performed. The difference was considered significant at P<0.05. Different

superscripts signify significant mean differences.
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Figure 7

Relative expression of markers of lipolysis (Hsl, Lpl, Atgl) and adipo/lipogenesis (Fasn,
Pepck, Adipo and Cebpa) in the epididymal VAT (eVAT) (Al and A2, respectively) and
inguinal SAT (iSAT) (B1 and B2, respectively) in control group (C), high-fat diet group
(HFD) and high-fat diet + Cr tepals extract group (HFD+Cr). The gene expression was
normalized to Hprt and the data are presented as mean + SEM (n = 9 animals per group).
One-way ANOVA followed by the Tukey post hoc test or non-parametric Kruskal-Wallis H
test followed by post hoc Dunn's test were performed. The difference was considered

significant at P<0.05. Different superscripts signify significant mean differences.
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Table 1. The effects of high-fat diet and Crocus sativus tepals extract on morphological

parameters
C HFD HFD+Cr
Caloric intake 9.19+04 14.48 £ 0.32 *** 15.37 £ 0.48 ***
(kcal /day/animal)
Body mass (g) 34.00 £ 0.94 46.88 £ 1.53 *** 41.38 £1.97 **#
eVAT mass (g) 1.25+0.15 2.32 +0.14 *** 2.50 + 0.11 ***
iISAT mass (Q) 0.93+0.11 2.76 £ 0.19 *** 2.03 £ 0.24 ***#
Adiposity Index (Al) (%) 5.45+0.51 9.28 £ 0.60 ** 9.19 £ 0.50 **

All data are presented as mean + SEM (n = 9-11 animals per group). Food intake, energy
intake, body mass, epididymal visceral adipose tissue (eVAT) mass, inguinal subcutaneous
adipose tissue (iISAT) mass and index of adiposity (Al) were measured in control group (C),
high-fat diet group (HFD) and high-fat diet + Crocus sativus tepals extract group (HFD+Cr).
To determine the effects of high-fat diet and Crocus sativus treatment, a one-way ANOVA
followed by the Tukey post hoc test or non-parametric Kruskal-Wallis H test followed by
post hoc Dunn's test were performed. The difference was considered significant at p<0.05.
Asterisk indicates a significant difference between control group and high-fat diet group
(HFD vs. C, **p<0.01, ***p<0.001) or control group and high-fat diet + Crocus sativus
tepals extract group (HFD+Cr vs. C, **p<0.01, ***p<0.001), hashtag indicates a significant
difference between high-fat diet group and high-fat diet + Crocus sativus tepals extract group
(HFD+Cr vs. HFD, #p<0.05).
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Table 2. The effects of high fat diet and Crocus sativus tepals extract on systemic insulin

sensitivity parameters, triglycerides and MDA level

C HFD HFD+Cr
Glucose (mmol/L)) 9.27 £ 0.64 12.76 £ 0.65*** 10.09 +0.25
Insulin (mIU /mL) 2.55+0.35 6.87+£1.36* 438 £0.91
HOMA index 0.37 £ 0.07 1.23+0.26 ** 0.71+0.21
Triglycerides (mmol/L) 2.1+0.12 1.94+0.14 1.55 +0.15*
MDA (nmol/ml) 13.21+0.41 13.58 + 0.45 11.95 + 0.61**##

All data are presented as mean + SEM (n = 9-11 animals per group). Glucose level, insulin
level, HOMA index and MDA level were measured in control group (C), high-fat diet group
(HFD) and high-fat diet + Crocus sativus tepals extract group (HFD+Cr). To determine the
effects of high-fat diet and Crocus sativus treatment, a one-way ANOVA followed by the
Tukey post hoc test or non-parametric Kruskal-Wallis H test followed by post hoc Dunn's
test were performed. The difference was considered significant at p<0.05. Asterisk indicates
a significant difference between control group and high-fat diet group (C vs. HFD, *p<0.05,
**p<0.01, ***p<0.001) or control group and high-fat diet + Crocus sativus tepals extract
group (C vs. HFD+Cr, *p<0.05, **p<0.01), hashtag indicates a significant difference
between high-fat diet group and high-fat diet + Crocus sativus tepals extract group (HFD vs.
HFD+Cr, #p<0.01).
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Figure 3
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Figure 4
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Figure §
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Figure 7
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