
Contents lists available at ScienceDirect

Food Research International

journal homepage: www.elsevier.com/locate/foodres

Extruded sorghum (Sorghum bicolor L.) reduces metabolic risk of hepatic
steatosis in obese rats consuming a high fat diet

Andressa Rodrigues de Sousaa, Maria Eliza de Castro Moreiraa, Renata Celi Lopes Toledoa,
Laércio dos Anjos Benjaminb, Valéria Aparecida Vieira Queirozc, Marcia Paranho Velosod,
Kassius de Souza Reisd, Hércia Stampini Duarte Martinoa,⁎

a Department of Nutrition and Health, Federal University of Vicosa, MG, Brazil
bDepartment of Veterinary, Federal University of Viçosa, MG, Brazil
c Embrapa Milho e Sorgo, Rodovia MG 424, Km 65, 35701-970 Sete Lagoas, MG, Brazil
d Faculty of Pharmaceutical Sciences, Federal University of Alfenas, MG, Brazil

A R T I C L E I N F O

Keywords:
Sorghum
Adipogenese
Anthocyanin
Bioactive compounds
β-Oxidation
Tannins

A B S T R A C T

The study investigated the effect of extruded sorghum flour (ESF) in a high fat diet (HFD) on biometric mea-
surements and hepatic lipogenesis. Male Wistar rats were fed a normal diet (AIN-93M), HFD, HFD plus ESF
replacing 50% cellulose and 100% corn starch (HFDS50), or HFD plus ESF replacing 100% cellulose and 100%
corn starch (HFDS100) for eight weeks. ESF reduced the body mass index and liver weight of obese rats.
Additionally, ESF reduced hepatic lipogenesis by increasing adiponectin 2 receptor gene expression and gene
and protein expressions of peroxisome proliferator-activated receptor α (PPARα), while reducing the gene ex-
pression of sterol regulatory element-binding transcription factor 1. Molecular docking analysis revealed the
affinity of ESF compounds (luteolinidin, apigeninidin, 5-methoxy-luteolinidin, and 7-methoxy-apigeninidin)
with the PPAR-α receptor. Histological analysis confirmed the decreased grade of hepatic steatosis in obese rats.
These data indicate the potential of ESF to reduce metabolic risk of hepatic steatosis associated with lipogenesis
and obesity.

1. Introduction

An imbalance between energy intake and energy expenditure con-
tributes to the development of obesity. Consumption of a hypercaloric
diet contributes to the accumulation of visceral fat and lipotoxicity in
tissues, including the liver (Lyons, Kennedy, & Roche, 2016). Lipo-
toxicity activates inflammatory pathways, which promotes increased
oxidative stress, deregulated lipid metabolism, and induction of dysli-
pidemia and hepatic steatosis, which lead to pathologies such as non-
alcoholic fatty liver disease (NAFLD) (Ceriello & Motz, 2004).

NAFLD is one of the most prevalent chronic liver diseases. It is re-
cognized as a hepatic manifestation from metabolic syndrome and is
characterized by simple steatosis, which can lead to non-alcoholic
steatohepatitis (NASH) and fibrosis and even lethal cirrhosis (Dowman,
Tomlinson, & Newsome, 2010; Szczepaniak et al., 2005). The me-
chanisms that lead to excessive fat deposition in the liver (steatosis) are
not yet fully understood. However, according to the “two hits”

hypothesis, the “first hit” is insulin resistance, which leads to lipid
metabolism disorders by increasing the expression of lipogenic genes
and reduced mitochondrial β-oxidation (Yamazaki et al., 2007). The
“second hit” is a progression to NAFLD due to increased oxidative
stress, lipid peroxidation, and activity of pro-inflammatory cytokines
(Day & James, 1998).

As the number of obese individuals and their associated diseases
continues to increase, nutritional strategies aiming to prevent and treat
obesity have been the focus of many studies (Belobrajdic et al., 2011;
Goto et al., 2011). Sorghum (Sorghum bicolor L.), a cereal native to
Africa and a member of the Poaceae family, may have nutritional and
functional value of potential benefit to human health (Lopes et al.,
2018; Stefoska-Needham et al., 2015). Among the sorghum genotypes,
grains with the pericarp and pigmented forehead have a high content of
phenolic acids, 3-deoxyanthocyanidins (3-DXA), and proanthocyani-
dins (tannins) (Cardoso et al., 2015). These compounds are effective in
the modulation of diseases such as cancer, obesity, diabetes,
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cardiovascular diseases, and others (Cardoso et al., 2017; Lopes et al.,
2018). Chung et al. (2011) reported that oral ingestion of extracts of
sorghum phenolic compounds (100 to 250mg/kg for 14 days) is ef-
fective in reducing plasma cholesterol concentration and triacylglycerol
in rats, and recent studies by our research group found that extruded
sorghum flour can effectively reduce lipogenesis by reduced fatty acid
synthase gene expression, improve sensitivity to insulin and reduce
inflammatory cytokines, including tumor necrosis factor alpha (Arbex
et al., 2018).

In order to realize the potential benefits of sorghum consumption in
humans and animals, several processing of appealing and edible food
products is imperative. Extrusion is a promising processing technique in
functional cereal production. It is characterized by the combination of
heat, moisture, and mechanical modification of raw materials to yield
new shapes and structures with differing characteristics in a short
period of time (Alam et al., 2016; Anunciação et al., 2017). It has been
proposed that the high temperatures used in sorghum extrusion con-
tribute to a reduction in the degree of polymerization of tannins and to
fragmentation of the arabinoxylan structure, increasing their bioavail-
ability and therefore their potential for biological effects on markers of
health (Cardoso et al., 2015; Lopez et al., 2016).

Recent studies by our research group have found that extruded
Sorghum has both anti-obesogenic effect and anti-inflammatory effects
in obeseWistar rats treated with a high fat diet (Arbex et al., 2018). Our
hypothesis is that he high level of bioactive compounds including 3-
DXA, proanthocyanins (tannins), and dietary fiber in brown pericarp
sorghum (SC 319) (Cardoso et al., 2017) can promote hepatic lipo-
genesis control by blocking the production of lipogenic enzymes and
increasing β-oxidation in the liver of animals fed an HFD. Then, the aim
of this study was to evaluate the effects of an extruded sorghum meal
(ESF) on the biometric profile and on the modulation of regulatory
pathways related to lipolysis and hepatic lipogenesis.

2. Material and methods

2.1. Extruded Sorghum flour

Sorghum genotype SC 319 with brown pericarp, was selected for its
high content of dietary fiber and bioactive compounds, including
proanthocyanins (tannins) and 3-DXA (Cardoso et al., 2015, 2017).
Sorghum genotype seeds SC 319 were planted on the Embrapa Milho and
Sorgo research station, located at Nova Porteirinha, Minas Gerais, Brazil
(15° 47′S latitude coordinates; 43° 18′O longitude coordinates and
516m above sea level), on June 2011. Grains were then sent to Cereal
Laboratory (Embrapa Agroindústria de Alimentos, Rio de Janeiro,
Brazil) and were extruded, according to methods described by Vargas-
Solorzano et al. (2014). The extruded grains were ground into flour and
then packed in polyethylene bags and stored at −20 ± 1 °C.

ESF chemical composition data, including carbohydrates, proteins,
lipids, dietary fiber and bioactive compounds were previously de-
termined by our research group (Arbex et al., 2018) and the data was
used to inform the design of experimental diets in this study (Table 1).

2.2. Animals and diets

Wistar rats (Rattus novergicus) adult males (60 days old; n= 32)
from the Federal University of Viçosa (UFV) were housed in individual
stainless steel cages and maintained in a controlled environment with
temperature of 22 °C ± 3 °C, with a light-dark cycle of 12 h and access
to water ad libitum. All experiments were conducted according to the
Declaration of Helsinki on the welfare of experimental animals (N° 06/
2014).

Initially, the rats were divided into two groups and received the
following diets: high fat diet (HFD) (n=24) as obese control, based on
the composition of commercial diet D12079B (Research Diets®) for
obesity induction and AIN-93M diet (Reeves, Nielsen, & Fahey, 1993)

(n= 8) as a lean control for 49 days, corresponding to phase I of the
study. At the end of this phase, the rats were fasted for 12 h for col-
lection of blood samples by caudal puncture. Biometric measurements
and biochemical analyzes were performed to confirm the induction of
obesity and metabolic syndrome in these animals, respectively (data not
shown). In phase II, the AIN-93M group was maintained and the obese
HFD group animals were redistributed into three groups according to
mean body weight (303.8 g ± 1.4; n=8/group). The sorghum grain
flours of the extruded SC 319 genotype were added to the diets of two
of these groups in amounts sufficient to provide 50% (HFDS 50) and
100% (HFDS 100) of the recommended dietary fiber (5 g), which re-
placed 100% of cornstarch from the diets (Table 1). The other in-
gredients of the diet (casein, maltodextrin, sucrose and soybean oil)
were adjusted to provide isocaloric hyperlipidic diets with or without
ESF addition. The weight and feed intake of each animal were mon-
itored weekly for 56 days.

At the end of phase II, after a 12-h fast, the animals were anesthe-
tized with 100% isoflurane (Isoforine, Cristália®) and euthanized by
cardiac puncture. The blood was collected in appropriate tubes,
16× 100mm (BD Vacutainer®) and centrifuged under refrigeration for
10min at 1006×g, to obtain serum. The heart, brain, cecum and liver
organs were removed and then weighed. The liver was immediately
immersed in liquid nitrogen and subsequently stored at −80 °C. Some
samples of the liver tissue were washed in saline solution, fixed in 10%
formaldehyde and kept at room temperature for further histological
analysis.

2.3. Gene expression levels in hepatic tissue

RNA total extraction was performed using Trizol Reagent

Table 1
Composition of the experimental diets (g∙100 g−1).

Ingredients AIN-93MA HFDB HFDS50C HFDS100D

Casein 14 19.50 17.67 15.84
Maltodextrin 15.50 10 3.10 0
Corn starch 46.57 5.32 0 0
Sucrose 10 34.10 34.10 25.04
Soybean oil 4 1 0.66 0.32
Lard 0 20 20 20
Cellulose 5 5 2.5 0
Vitamin mix 1 1 1 1
Mineral mix 3.5 3.5 3.5 3.5
Bitartrate choline 0.25 0.25 0.25 0.25
L-cystine 0.18 0.18 0.18 0.18
Cholesterol 0 0.15 0.15 0.15
BHT 0.0008 0.0004 48 0.0004 0.0004
Extruded sorghum flour – – 16.86 33.72
Total 3- DXAS (μg) nd nd 16.92 33.85
Luteolinidin (μg) nd nd 4.45 8.90
Apigeninidin (μg) nd nd 2.39 4.78
5-Metoxi-luteolinidin (μg) nd nd 6.82 13.65
7-Metoxi-apigeninidin (μg) nd nd 3.27 6.54
Total proanthocyanins (mg

EC)a
nd nd 8.20 16.41

Total phenolic compounds (mg
AG)b

nd nd 0.08 0.16

Calories (kcal)
Carbohidrates (%) 72.58 42.42 41.09 39.82
Protein (%) 17.96 16.74 17.12 17.58
Lipids (%) 9.47 40.85 41.79 42.61
Caloric density (kcal/g) 3.80 4.66 4.56 4.44

nd: not determined; BHT: Butylated hydroxytoluene.
Standard diet for rodents (A); High fat diet (B); High fat diet +50% substitution
of cellulose and 100% of corn starch by extruded sorghum flour (C); High fat
diet +100% substitution of cellulose and corn starch for extruded sorghum
flour (D).

a Equivalent of catechin.
b Gallic acid equivalent.
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(Invitrogen, CA, USA) according to the manufacturer protocols. The
RNA concentration and purity was evaluated by Microdrop plate
spectrophotometer Multiskan™ GO (Thermo Scientific, DE, USA), and
its integrity was confirmed by electrophoresis agarose gel. A M-MLV
Reverse Transcriptase Kit (Invitrogen) was used for cDNA synthesis.
The gene expression relative quantification was performed by RT-qPCR
using AB StepOne Real Time PCR System equipment and Fast SYBR
Green Master Mix (Applied Biosystems, CA, USA) reagent. The initial
parameters used to run were 20 s at 95 °C and then 40 cycles at 95 °C
(3 s), 60 °C (30 s) followed by melting curve analysis. The primers used
on amplification are listed as follows: PPAR-α (Peroxisome proliferator-
activated receptor): CCT GGC TTC CCT GTG AAC T (Forward); ATC
TGC TTC AAG TGG GGA GA (Reverse); AdipoR2 (Adiponectin receptor
2): CAT GTT TGC CAC CCC TCA GTA (Forward); ATG CAA GGT AGG
GAT GAT TCC A (Reverse); SREBP-1c (Sterol regulatory element-
binding proteins 1c): CGC TAC CGT TCC TCT ATC AAT GAC (Forward);
AGT TTC TGG TTG CTG TGC TGT AAG (Reverse); CPT-1α: GTA AGG
CCA CTG ATG AAG GAA GA (Forward); ATT TGG GTC CGA GGT TGA
CA (Reverse); and the housekeeping gene GAPDH (Glyceraldehyde-3-
phosphate dehydrogenase): AGG TTG TCT CCT GTC ACT TC (Forward);
CTG TTG CTG TAG CCA TAT TC (Reverse). All primers were designed
by using Primer 3 Plus program and obtained from Sigma-Aldrich Brasil
Ltda. Gene expression was calculated using 2-Delta-Delta C (T) (2-ΔΔCt)
method (Livak & Schmittgen, 2001), by using GAPDH as reference and
obese group as control, which was normalized to 1.

2.4. Cytokine and transcription factor

Serum adiponectin concentrations were analyzed by immunoassay
using a commercial ELISA specific kit (Adiponectin Cat. # EZRADP-
62K-Millipore®, Billerica, MA). Samples were added on microtiter plate
and coated with antibody primary monoclonal anti-adiponectin and
was incubated for 2 h. Afterwards biotin conjugated antibody
Horseradish Peroxidase (HRP) - Avidin was incubated for 1 h. The en-
zyme-substrate reaction finished with sulfuric acid solution addition
and color change was determined spectrophotometrically (Awareness®,
Stat Fax 2100) in a 450 nm wavelength. The results were determined by
comparing absorbance samples with standard curve.

To determine peroxisome proliferator-activated receptor (PPAR-α)
hepatic concentrations, hepatic tissue samples were homogenized using
NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit (Thermo
Scientific Fisher) to separate proteins from nuclear fraction and cyto-
plasmic, according to manufacturer's instructions. Nuclear fraction
PPAR-α was assessed by immunoassay using Elisa PPAR-Rat Kit (Cat #
E-EL-R0725-ra; Elabscience, USA), according to manufacturer's re-
commendations. The microplate that ELISA kit provided was precoated
with a PPAR-α antibody specific. Absorbance was measured spectro-
photometrically in a 450 nm wavelength. The PPAR-α concentration on
samples was calculated by comparing them with corresponding stan-
dard curve.

2.5. Molecular modeling

All computer applications were run on OpenSUS Tumbleweed. The
ligands: Luteolinidin, Apigeninidin, 5-Methoxy-luteolinidin, 7-
Methoxy-apigeninidin and Cyanidin (used as standard drug) structures
were constructed using Maestro 10.2.010 (Maestro, Version 10.2.010;
Schrödinger, LLC, New York, NY, USA). The software LigPrep 3.4
(LigPrep, Version 3.4; Schrödinger, LLC) was used to construct and
prepare the ligands involved in this study. The PPAR-α (Protein Data
Bank [PDB] ID: 3G8I) (Benardeau et al., 2009) crystallographic struc-
ture was obtained from PDB database and Protein Preparation Wizard
(Schrödinger, LLC) software was used to prepare this receptor. The
OPLS3 force field in the MacroModel 9.9 (MacroModel, Version 9.9;
Schrödinger, LLC) was used for optimization. Molecular docking studies
between PPAR-α and ligands were performed using Induced Fit

Docking Software (Induced Fit Docking, Version 9.9; Schrödinger, LLC).
All computer software belongs to Schrödinger suite.

2.6. Hepatic samples histological study

The hepatic tissue samples were fixed in resin. Sections were cut at
3 μm thick, mounted on glass slides and stained with hematoxylin and
eosin. Glass slides analyzes were performed under a light microscope
(Nikon Phase Contrast 0.90 Dry®, Japan) and images were captured
using a DIGI-PRO 5.0M digital camera via Micrometrics SE Premium
Software (Accu-Scope®). The histological sections images were cap-
tured in a 40× objective. Fat vesicles, cytoplasm and nucleus were
analyzed using Image J® version 1.5 software (Wayne Rasband). The
steatosis degree was evaluated semi quantitatively according to 5°
scale: degree 0, if fat percentage was absent or< 5%; Grade 1, if ≥5%
and<25%; Grade 2, if ≥25% and < 50%; Grade 3, if ≥50% and<
75%; and grade 4, if ≥75% (Turlin et al., 2001).

2.7. Statistical analysis

Data were analyzed using the Statistical Package for Social Sciences
(SPSS) software version 20.0 and expressed as the mean ± S.D.
Statistically significant differences between groups were calculated
using variance analysis (ANOVA) followed by the Tukey test. P–values
lower than 0.05 (p < 0.05) were considered statistically significant.
The graphs were made using the software Graphpad Prism version 6.0.
(GraphPad Software, San Diego, CA).

3. Results

3.1. Effect of diet on dietary intake, body weight, and body mass index

In general, the dietary intake of the obese control group (HFD) was
lower than that of the lean control group (AIN-93M) and the body
weight was higher (p < 0.05) (Fig. 1A and C). Dietary intake in the
HFDS50 and HFDS100 groups was similar to that in the lean control
and obese control groups until the seventh week, when there was a
higher food consumption by the groups fed ESF (p < 0.05). Food ef-
ficiency was significantly higher (p < 0.05) in groups fed the HFD with
or without ESF (Fig. 1B).

ESF consumption did not interfere with the body weight of animals
fed a HFD. However, the body mass index was lower in obese animals
fed ESF than in the obese control group (p < 0.05) and was similar to
that in the lean control group (p < 0.05) (Fig. 1C and D). Liver weight
and the hepatosomatic index were higher in the obese control group
(both p < 0.05) and were decreased in the HFDS50 and HFDS100
groups (both p < 0.05). The cecum weight and its somatic index was
decreased in the obese control group (both p < 0.05). ESF consump-
tion in the HFDS50 and HFDS100 groups interfered with cecum weight
and its somatic index, making them similar to that in the lean control
group (p < 0.05), although the body weight was not different from
that in the obese control group. There was no statistical difference in
brain and heart weight between the experimental groups (Fig. 1E and
F).

3.2. Gene expression levels in hepatic tissue and PPAR-α quantification

The expression of PPAR-α – a nuclear receptor family member that
regulates lipid metabolism by mediating fatty acid uptake, activation,
and oxidation – decreased in HFD (p < 0.05). ESF treatment increased
PPAR-α mRNA expression to 5.56-fold in HFDS50 and 14.25-fold in
HFDS100 (p < 0.05; Fig. 2A), but the PPAR-α protein hepatic levels
increased only in the HFDS100 group (p < 0.05; Fig. 2B). Gene ex-
pression of the hepatic adiponectin receptor (AdipoR2) was decreased
in the HFD group, but was increased 2-fold in the HFDS100 group
(p < 0.05; Fig. 2C). No difference was observed between serum
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adiponectin levels in the experimental groups; however, there was a
trend to adiponectin hormone reduction in the obese control group
(p=0.08; Fig. 2D).

The expression of PPAR-α target genes, such as carnitine palmitoyl
transferase (CPT-1α), was decreased in animals fed the HFD when
compared to AIN-93M (p < 0.05; Fig. 2E). However, in the HFDS50
and HFDS100 groups, the CPT-1α mRNA expression did not differ from
that in the obese control group (p > 0.05).

In the obese control group animals, the mRNA expression of sterol
regulatory element-binding protein 1c (SREBP-1c) – a nuclear tran-
scription factor that regulates fatty acid synthesis – was significantly
increased compared to that in animals from the AIN-93M group
(p < 0.05, Fig. 2F). ESF treatment significantly reduced SREBP-1c
expression to 0.26-fold in HFDS50 (p < 0.05) and to 0.13-fold in
HFDS100 (p < 0.05).

3.3. Histology of hepatic samples

Significant changes were observed in cellular components of liver
tissue between the AIN-93M, HFD, HFDS50, and HFDS100 groups
during the 8-week treatment (Fig. 3A, B, C and D). The percentage of fat
vesicles in the obese control group was higher than in the lean control
group and ESF was able to reverse hepatic steatosis in both the HFDS50
and HFDS100 groups (p < 0.05; Fig. 3E). The nucleus and cytoplasm
percentage in the obese control group was lower than in the lean
control group (p < 0.05). ESF consumption increased the cytoplasmic
content in the HFDS50 and HFDS100 groups, while the nuclear per-
centage increased only in the HFDS100 group (p < 0.05; Fig. 3E). The
lean control group was classified as grade 0 steatosis; HFD consumption
in the obese control group increased steatosis to grade 3 and ESF con-
sumption significantly reduced steatosis to grade 2 in both the HFDS50
and HFDS100 groups (p < 0.05, Fig. 3F).

Fig. 1. The food consumption (A), food ef-
ficiency (B), body weight (C), Body Mass
Index (BMI) (D), organ weight (E) and the
liver, heart, brain and cecum somatic index
of rats treated with different diets for the
8 weeks (F). Each value is expressed as
mean ± standard deviation. a,b Different
letters indicate statistically significant dif-
ference (p < 0.05). ANOVA followed by
Tukey's test. AIN-93M: lean control group;
HFD: obese control group; HFDS50: test
group with extruded sorghum meal repla-
cing 50% cellulose and 100% corn starch in
a high fat diet; HFDS100: test group with
extruded sorghum meal replacing 100%
cellulose and 100% corn starch in a high fat
diet.
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3.4. Molecular modeling

Molecular docking analysis of the 3-deoxyanthocyanidins and their
methoxylated forms luteolinidin, apigeninidin, 5-methoxy-luteolinidin,
7-methoxy-apigeninidin, and the standard PPAR-α agonist cyanidin
with PPAR-α receptor (Zoete et al., 2007), produced docking score
values of −9.837, −9.676, −9.234, −9.507,
and− 10.345 kcal.mol−1, respectively (Table 2). The main interactions
are shown in Fig. 4, demonstrating that affinity scores can lead to
agonist receptor activity. Fig. 4A, B, C, and D depict the molecular
docking results of the five ligands in two-dimensional format with
PPAR-α amino acids. Fig. 4E, F, G, and H present the best molecular
docking from among the evaluated compounds.

4. Discussion

The purpose of this study was to investigate the benefit of ESF on
the biometric profile and modulation of both lipogenesis and hepatic
lipolysis on Wistar rats fed an HFD, because of a high level of bioactive
compounds including 3-DXA, proanthocyanins (tannins), and dietary
fiber in brown pericarp sorghum (SC 319) (Cardoso et al., 2017). Food
intake was generally lower in the obese group compared to the lean
control group; possibly due to the high energy density of the HFD.
However, the food intake in the HFDS50 and HFDS100 groups was

higher than in both the lean and obese controls groups in the last week
of the experiment.

Sorghum is a bitter-tasting astringent cereal because of the high
content of proanthocyanins (tannins) in its grains. According to Cardoso
et al. (2015) the extrusion processing reduces high molecular weight
proanthocyanins (oligomers and monomers) into low molecular weight
compounds (monomers and dimers), making food palatable. In addi-
tion, low molecular weight proanthocyanins are more bioavailable, and
can bind to carbohydrates and proteins forming insoluble complexes
that are not absorbed, thereby contributing to the meal caloric reduc-
tion (Al-Mamary et al., 2001; Cardoso et al., 2015). Thus, lower calorie
availability in HFD diets helps to explain a higher dietary intake asso-
ciated with body weight maintaining and BMI decrease in the HFDS50
and HFDS100 groups.

Our study demonstrates that animals consuming HFD lower cecum
weights and somatic index, compared to animals consuming ESF. On
the other hand, there was an increase in total liver weight in animals
consuming the HFD and a reduction in animals consuming ESF. Lyons,
Kennedy, and Roche (2016) also observed that the consumption of HFD
contributes to accumulation of fat in tissues such as the liver, heart,
pancreas, and muscle, leading to lipotoxicity and contributing to the
development of chronic non-communicable diseases.

The increased liver weight in animals consuming HFD can be ex-
plained by the higher fat accumulation in this tissue (three degrees of

Fig. 2. Adiponectin serum levels (ng/mL),
PPAR-α hepatic levels (ng/mL) and genes
expression involved in lipolysis and hepatic
lipogenesis of obese Wistar rats fed with
extruded sorghum flour in a high fat diet for
eight weeks. Each value is expressed as
mean ± standard deviation. a,b Different
letters indicate statistically significant dif-
ference (p < 0.05). ANOVA followed by
Tukey's test.
AIN-93M: lean control group; HFD: obese
control group; HFDS50: test group with
extruded sorghum meal replacing 50% cel-
lulose and 100% corn starch in a high fat
diet; HFDS100: test group with extruded
sorghum meal replacing 100% cellulose and
100% corn starch in a high fat diet.
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steatosis). In addition, livers from animals on HFD presented a lower
percentage of cellular components including cytoplasm and nuclei,
when compared to the livers from animals in the lean control group. In
contrast, animals consuming ESF displayed a decreased degree of
steatosis from 3 to 2, reflecting a reduction in body weight and somatic
index, as well as increases in the percentages of nuclei and cytoplasm.
These results show that, despite the apoptosis evident in hepatic cells
from obese animals fed HFD, ESF was able to reverse the hepatic injury
caused by lipotoxicity. The same effects were observed in rats following
the consumption of white bread with added bioactive compounds, and
fed an HFD (Pozzo et al., 2015). Therefore, bioactive compounds, such
as tannins, anthocyanins, and phenolic acids, as well as the dietary fiber
present in extruded brown sorghum may explain the results in our

study, though precise mechanisms of action cannot be identified in this
study (Cruz et al., 2016; Kieffer, Martin, & Adams, 2016).

The liver is the main organ for lipogenesis. Therefore, increased
circulation of free fatty acids in an HFD can activate SREBP-1c in the
liver. SREBP-1c is a transcription factor that is sensitive to nutritional
and hormonal regulation, which controls the expression of a variety of
enzymes necessary in triacylglycerol synthesis and storage (Jeon &
Osborne, 2012). Presently, the HFD increased the SREBP-1c mRNA
expression, indicating a lipogenic process. ESF addition to HFD reduced
the expression of SREBP-1c mRNA regardless of the amount added. This
may be associated with the reduced hepatic steatosis in these animals.
These findings suggest that ESF plays an important role in endogenous
fatty acid synthesis control, lipid accumulation, and lipotoxicity.

On the other hand, PPAR-α regulates the expression of genes in-
volved in the pathways of peroxisomal and mitochondrial β-oxidation
as well as fatty acid transport proteins such as CPT-1, which plays an
important role in fatty acid oxidation and reduction of triacylglycerol
(Mello, Materozzi, & Galli, 2016). Obese rats fed an HFD tend to de-
velop hypoadiponectinemia associated with lower expression of per-
ipheral adiponectin receptors (AdipoR1 and AdipoR2) and reduced
activity of energy-critical sensors such as PPAR-α and target genes such
as CPT-1 (Yamauchi et al., 2007).

Adiponectin activity is important for PPAR-α activation as observed
in this study, although the serum levels did not differ significantly be-
tween the groups studied. Animals fed with 100% ESF dietary fiber

Fig. 3. Hepatic tissue phenotype (A: AIN93-
M; B: HFD; C: HFDS50; D: HFDS100), cel-
lular components percentage (E) and stea-
tosis degree (F) of obese Wistar rats fed with
extruded sorghum flour in a high fat diet for
eight weeks. Each value is expressed as
mean ± standard deviation. a,b Different
letters indicate statistically significant dif-
ference (p < 0.05). ANOVA followed by
Tukey's test.
AIN-93M: lean control group; HFD: obese
control group; HFDS50: test group with
extruded sorghum meal replacing 50% cel-
lulose and 100% corn starch in a high fat
diet; HFDS100: test group with extruded
sorghum meal replacing 100% cellulose and
100% corn starch in a high fat diet.
N: Nucleus; F: Fat vesicles; C: Cytoplasm.
HE staining. Barr: 20 μm.

Table 2
Values of Glide Score (GScore), the number of interaction by Hydrogen bonds
(Hbond) and by van der Waals (good vdW) between the ligands and PPAR-α
receptor (Schrödinger Suite, Induced Fit Docking Program).

Ligand GScore (kcal mol−1) Hbond Good vdW

Luteolinidin −9.837 5 164
Apigeninidin −9.676 3 230
7-Methoxy-Apigeninidin −9.507 1 251
5-Methoxy-Luteolinidin −9.234 2 288
Cyanidin (standard) −10.345 5 220
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displayed increased mRNA expression of the hepatic AdipoR2 receptor
and increased expression and activity of PPAR-α, but without changes
in the expression of target genes (CPT-1). However, animals fed 50%
ESF dietary fiber showed reduced AdipoR2 receptor and, although there
was an increase in the expression of PPAR-α mRNA, the protein levels
remained unchanged. The increase in hepatic PPAR-α expression in
animals treated with ESF by replacing 100% dietary fiber may be ex-
plained based on the compounds present in the brown pericarp sor-
ghum; 3-DXA (luteolinidine, apigeninidine, 7-methoxy-apigeninidine,

and 5-methoxy-luteolinidine) was consumed in large quantities by this
group of animals.

Isolated anthocyanins or their extracts can bind directly to PPAR-α
and act as agonists favoring both increased expression and activity of
this receptor (Jia et al., 2013; Seymour et al., 2008; Tsuda et al., 2003;
Yang et al., 2011). The present molecular plating analysis revealed
good affinity values (Gscore) between PPAR-α and luteolinidine, api-
geninidine, 7-methoxy-apigeninidine, 5-methoxy-luteolinidine, and
standard cyanidin agonist. Luteolinidine displayed the best affinity

Fig. 4. Interactions between amino acids of PPAR-α receptor site and Luteolinidin (A), Apigeninidin (B), 7-Methoxy-apigeninidin (C) and 5-Methoxy-luteolinidin (D)
and representation of molecular docking results between Luteolinidin (E), Apigeninidin (F), 7-Methoxy-apigeninidin (G) and 5-Methoxy-luteolinidin (H) and PPAR-α
receptor site.

Fig. 5. Potential action mechanism of bioactive compounds present in brown pericarp extruded sorghum flour in the lipogenic pathway and fatty acids lipolysis in
the hepatic tissue of obese Wistar rats.
ACC: Acetyl-CoA carboxylase; AMPK: AMP-activated protein kinase; Adipo R1/R2: Adiponectin receptor 1/2; CPT1: Carnitine palmitoyltransferase 1; FA: Fatty acid;
FAS: Fatty acid synthase; PPAR-α: Peroxisome proliferator-activated receptor α; SCD1: Stearoyl-CoA desaturase; SREBP1: Sterol regulatory element-binding proteins;
ESF: extruded sorghum flour; 3-DXAs: 3-deoxyanthocyanidins. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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value (GScore −9837 kcal.mol−1) and was comparable to the known
PPAR-α agonist, cyanidin (GScore −10,345 kcal.mol−1). In addition,
apigenidine, 7-methoxy-apigeninidine, and 5-methoxy-luteolinidine
showed good affinity values and hydrogen bonding with amino acid
residues. These results suggest an interaction that may lead to agonist
activity of the 3-deoxyanthocyanidins and their methoxylated forms
present in the EFS to the PPAR-α receptor, which may favor the reg-
ulation of hepatic lipolysis.

The beneficial effects observed after EFS consumption show that
sorghum extrusion improved biometric markers and hepatic steatosis
by regulation of transcription factors of the lipogenic pathway. EFS
contributed to reduced hepatic steatosis by inhibiting fatty acids
synthesis and decreasing the SREBP-1c expression, possibly blocking
the production of lipogenic enzymes including acetyl coenzyme A
carboxylase, fatty acid synthase, and estearoil coenzyme A desaturase
1, while promoting increased β-oxidation by the increased sensitization
of the AdipoR2 receptor and increased PPAR-α (Fig. 5).

5. Conclusion

Consumption of ESF, which is rich in bioactive compounds, pro-
motes hepatic lipogenesis control by reducing fat accumulation in the
liver of animals fed an HFD. This contributes to improvements in bio-
metric measurements in obese Wistar rats. ESF has potential value as a
component of foods to assist in the prevention of obesity and hepatic
steatosis.
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