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Evaluation of the efficacy of toasted white and
tannin sorghum flours to improve oxidative stress
and lipid profile in vivo
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Paulo César Stringheta, Hércia Stampini Duarte Martino , and Frederico Augusto Ribeiro de Barros

Abstract: The objective of the present work was to evaluate and compare the effect of toasted white and tannin sorghum
flours on lipid metabolism and antioxidant potential in vivo. Male spontaneously hypertensive rats (SHR) were induced
to oxidative stress with paracetamol and fed a normal diet (AIN-93M) and diets containing toasted tannin sorghum flour
and toasted white sorghum flour (without tannins), replacing 100% cellulose, during 29 days. Hepatotoxicity was assessed
by biochemical tests and by quantifying oxidative stress markers. Groups that received toasted sorghum flour with and
without tannins showed reduction of alanine aminotransferase (ALT) concentration and improvement of lipid profile,
with increase of high-density lipoprotein (HDL) compared to paracetamol control, and did not differ statistically from the
AIN-93M control. Moreover, toasted white sorghum flour presented similar efficacy in reducing oxidative stress in liver
tissue compared to toasted tannin sorghum flour, although the former had lower total phenolic content and antioxidant
capacity, suggesting a greater effect of small phenolic compounds, such as phenolic acids, in the prevention of oxidative
stress. Therefore, toasted white and tannin sorghum flours had similar efficacy to improve the lipid profile and oxidative
stress in rats treated with paracetamol, constituting potential sources of antioxidants, which can be used as promising
ready-to-eat foods and as ingredients for the development of sorghum-based products.
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Practical Application: The health benefits of sorghum coupled with the growing interest of the food industry in
producing healthier food products have motivated the development of toasted sorghum flours as potential sources of
antioxidants and dietary fiber. We have demonstrated that consumption of toasted white and tannin sorghum flours by
rats treated with paracetamol had similar efficacy to improve oxidative stress and lipid profile. Thus, these toasted sorghum
flours have great potential to be used by the food industry as ready-to-eat foods or as ingredients in the development of
various food products.

1. INTRODUCTION
There is a growing interest in the consumption of sorghum as

a staple food because of its facile cultivation, tolerance to unfa-
vorable weather compared to other cereals, gluten-free and health
benefits which are associated with the presence of dietary fiber
and antioxidants such as phenolic acids, 3-deoxyanthocyanidins,
and condensed tannins (Awika & Rooney, 2004; Cardoso, Pin-
heiro, Martino, & Pinheiro-Sant’Ana, 2017). Tannins are known
to have high antioxidant capacity and they act in reducing starch
digestibility (Barros, Awika, & Rooney, 2012). Thus, sorghum is
a potential food for the prevention of chronic noncommunicable
diseases (NCD), such as cardiovascular diseases, and can be ingested
by individuals with celiac disease (Asif, Rooney, Acosta-Sanchez,
Mack, & Riaz, 2010).
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Several studies have been developed to elucidate the functional
and nutritional properties of sorghum. In vitro and in vivo studies
have demonstrated the effects of sorghum phenolic compounds
in the modulation of markers related to NCD such as low- and
high-density lipoproteins (LDL and HDL) and C-reactive protein
(CRP) (Arbex et al., 2018; Awika, Yang, Browning, & Faraj, 2009;
Moraes et al., 2012; Ritchie et al., 2017). In humans, the con-
sumption of extruded tannin sorghum with unfermented probiotic
milk has been linked to reduced inflammation and oxidative stress
in individuals with chronic kidney disease (Lopes et al., 2018).
Moreover, the consumption of extruded sorghum combined with
a calorie restricted diet has been associated with reduced body fat
in obese men (Anunciação et al., 2019). In animals, the consump-
tion of whole sorghum flour of different genotypes was related to
reduced inflammatory response and oxidative stress, maintenance
of jejunal morphology, improved glucose tolerance, insulin resis-
tance, and preservation of pancreatic islet function in obese rats
(Moraes et al., 2018).

Thus, studies demonstrating the health benefits of sorghum have
motivated the development of a variety of sorghum-based prod-
ucts such as cookies, cereal bars, popcorn, pasta, among others
(Infante et al., 2017; Paiva, Queiroz, & Garcia, 2019; Palavecino
et al., 2019). However, the content of bioactive compounds in
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sorghum is affected by the processing method employed. Accord-
ing to Cardoso et al. (2014), the dry heat method stands out
for preserving a higher proportion of antioxidants, such as phe-
nolic compounds and vitamin E, compared to the moist heat
method. Thus, the use of dry heat (e.g., toasted flour produc-
tion) is attractive for the production of foods with high bioactive
compounds.

There are currently no studies relating the intake of toasted
sorghum flour to the modulation of metabolic and inflammatory
changes. Therefore, due to the potential health benefits of sorghum
and the growing interest of the food industry in developing health-
ier foods to meet consumer demands, toasted sorghum flour stands
out as a promising food ingredient, source of antioxidants and
dietary fiber, to be used in the development of sorghum-based
products. The objective of this work was to evaluate and compare
the effect of ready-to-eat toasted white and tannin sorghum flours
on lipid metabolism and antioxidant potential in spontaneously
hypertensive rats (SHR) treated with paracetamol.

2. MATERIALS AND METHODS

2.1 Sorghum genotype samples
The grains selected and analyzed included sorghum genotype

BRS 501 with white pericarp, without tannin, and BRS 305
grains, brown pericarp with tannins, from the germplasm bank of
Embrapa Milho e Sorgo, research station, located at Sete Lagoas,
Minas Gerais, Brazil.

2.2 Toasted sorghum flour preparation
Sorghum grains were ground in a knife mill (C.W. Brabender,

Dusburg, Germany) with a 1.7 mm sieve, in order to obtain the
flours. To determine flour particle size distribution of the sorghum
genotypes, 100 g of each flour sample was sieved, in duplicate, for
10 min in vibratory sieves with mesh openings (mm) of 0.84 -
0.42 - 0.25 - 0.21 - 0.177 - 0.149 and 0,00 (AACC, 2000). The
amounts retained on each sieve were weighed and expressed in
percentages, and the first sieve (0.84 mm) was discarded. The
flours were exposed to 35 °C in an oven with air circulation for
15 h. Flours with adjusted granulometry were submitted to heat
treatment (dry heat: direct heat, average temperature of 200 °C)
for 6 min. The toasted flours were stored in polyethylene bags
at −22 °C until used in the physicochemical analysis and in vivo
studies.

2.3 In vitro characterization of toasted sorghum flour
Total phenolic content of the toasted flours was determined us-

ing the Folin–Ciocalteu method, as described by Singleton, and
Rossi (1965). The phenolic concentration was expressed in mil-
ligrams of gallic acid equivalent per gram of sample (mg GAE/g).
The antioxidant capacity (µmoles Trolox equivalent/g sample) of
the toasted flours was determined according to the ABTS method
described by Re et al. (1999) and the DPPH according to Kim,
Lee, Lee, and Lee (2002). The condensed tannins content (mg
catechin equivalent/g sample) of the flours was measured using
the vanillin/HCl reaction method as described by Price, Scoyoc,
and Butler (1978).

The proximate composition analysis (moisture, proteins, lipids,
ash, and carbohydrates) was determined by the AOAC (1998). To-
tal dietary fiber (TDF) and insoluble dietary fiber (IDF) contents
of the flours were determined according to the enzymatic gravi-
metric method (AOAC, 1992). The soluble dietary fiber (SDF)
content was obtained by the difference between TDF and IDF.

Table 1–Composition of the experimental diets (g/100g).

Ingredients AIN93-M
a

ST
b

SW
c

Cellulose 5 − −
Albumin 14 9.88 7.29
Corn starch 46.57 30.72 14.84
Dextrinized starch 15.5 15.5 15.5
Sucrose 10 10 10
Soybean oil (mL) 4 3 2.11
Mineral mix 3.5 3.5 3.5
Vitamin mix 1 1 1
L-cystine 0.18 0.18 0.18
Choline bitartrate 0.25 0.25 0.25
Toasted sorghum flour with tannin − 25.96 −
Toasted sorghum flour without tannin − − 45.33
Calories (kcal) 447.35 446.27 445.30
Carbohydrate (%) 75.80 77.15 77.02
Protein (%) 14.73 13.56 13.92
Lipids (%) 9.47 9.27 9.06
Caloric density (kcal/g) 4.47 4.46 4.45

aStandard diet for rodents.
bStandard diet for rodents +100% substitution of cellulose for toasted sorghum flour
with tannins.
cStandard diet for rodents +100% substitution of cellulose for toasted sorghum flour
without tannins.

2.4 Biological assay
2.4.1 Experimental design. Twenty-seven adult male rats

(Rattus norvergicus, albinus, lineage SHR), supplied by the Animal
Laboratory of Biological Science and Health Center (Universidade
Federal de Viçosa, Brazil) were used in this study in order to
maximize the effects of paracetamol in inducing oxidative stress
(Binda et al., 2001). They were randomly divided into four groups,
so that the difference between mean weights did not exceed 2 g in
each group. The animals were housed under standard conditions
in individual cages with 12-h light/dark cycles, and a temperature
of 22 °C. Distilled water was provided ad libitum. The animals
were acclimated for 1 week before induction of oxidative stress.
All experimental procedures were performed in accordance with
the Ethics Committee for Animal Research of the Universidade
Federal de Viçosa (approval number 16/2018).

The experimental diets (Table 1) were based on the formulations
of AIN-93M diet with modification to provide toasted sorghum
flours as a source of 100% of the recommended fiber to rodents
(Reeves, Nielsen, & Fahey, 1993). The other nutrients of the diet
(albumin, corn starch, and soybean oil) were adjusted to provide
isoproteic, normolipidic, and isocaloric diets with or without the
addition of toasted sorghum flour. Briefly, the minor ingredients,
such as vitamins, minerals, L-cystine, and choline bitartrate, were
mixed with sucrose until obtaining a homogeneous mixture. Then,
the others ingredients were added, from small to large amounts,
mixing all ingredients except the oil. The mixture was placed into
the mixing bowl. The bowl with cover was attached to the mixer
and the ingredients were mixed for 5 min at the slowest speed.
Then, the oil was slowly added and the diet mixed for about
15 min at slow speed, stopped every 5 min to avoid heat generation
and possible loss of vitamins and oxidation of fatty acid. The diets
were packed in dark polyethylene bags and stored at −20 °C to
minimize oxidation.

After the first induction of oxidative stress, the animals received
the following experimental diets: normal control group was fed
a standard diet (AIN-93M); paracetamol control group received
standard diet plus paracetamol administration (AIN-93M + P); test
groups were fed toasted sorghum flour with tannins plus paraceta-
mol administration (ST + P); and toasted sorghum flour without
tannin plus paracetamol administration (SW + P) (Figure 1).

Vol. 85, Iss. 7, 2020 � Journal of Food Science 2237



Health,Nutrition,&
Food

In vivo effect of toasted sorghum flours . . .

Figure 1–Experimental design.

The toxicity assay was based on Noh et al. (2015) with modifi-
cations. Oxidative stress was induced every 8 days and 24 hr before
euthanasia by oral gavage at a concentration of 500 milligram per
kilogram in a volume of approximately 1 mL per animal dissolved
in warm water (37 °C). The doses of 500 milligram per kilogram
were chosen according to the literature and paracetamol solubility
limit (Arnaiz, Llesuy, Cutrin, & Boveris, 1995; Kelava, Ćavar, &
Čulo, 2010; Pang et al., 2016).

Animals were weighed weekly during the experimental period
and the feed efficiency ratio (FER) was determined, which repre-
sents the relationship between weight gain (WG) and food intake
(FI) by the animals: FER = WG (g)/FI (g) (Silva et al., 2020).

After 29 days, the animals were fasted overnight, anesthetized
with isoflurane (Isoforine, Cristália R©), and euthanized via cardiac
puncture. The collected blood was centrifuged in test tubes at
4 °C and 2865 × g for 10 min (Fanem–204, São Paulo, Brazil) to
obtain serum. The liver was isolated, immediately frozen in liquid
nitrogen, and 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.

2.4.2 Biochemical analyses. The lipid profile (total choles-
terol [TC], high-density lipoprotein-cholesterol [HDLc], low-
density lipoprotein-cholesterol [LDLc] and triacylglycerol), renal
function (creatinine, uric acid, urea), hepatic function (aspartate
aminotransferase, alanine aminotransferase), C- reactive protein
(CRP), and fasting glucose were assessed in the Laboratory of
clinical Analysis of the Health Division of UFV, Viçosa, MG,
Brazil.

2.4.3 Analysis of oxidative stress and antioxidant de-
fenses in liver tissue. Liver samples (200 mg) were macerated
in microtubes before the addition of 800 µL 50 mM phosphate
buffer (pH 7.4). The samples were macerated and centrifuged at
10,000 × g and 4 °C for 15 min, and then supernatants were
collected and stored in an ultrafreezer until analysis.

Malondialdehyde (MDA) in liver homogenates was determined
via the thiobarbituric acid reactive substances (TBARS) assay
(Kohn & Liversedge, 1944; Pyles, Stejskal, & Einzig, 1993). The
final values were calculated using an extinction coefficient 1.56 ×
105 mol/L/cm (Buege & Aust, 1978). The results were expressed
as µM MDA per milligram of protein (µM MDA/mg protein).
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Protein concentrations in the liver homogenates were quantified
according to the Bradford method (Bradford, 1976).

The activity of superoxide dismutase (SOD) was expressed in
relative units (U), with a unit of SOD defined as the amount of
enzyme that inhibits the oxidation rate of pyrogallol by 50%. For
the sample assay, 30 µL of liver homogenate was used. The samples
were incubated in an oven at 37 °C for 8 min. The absorbance
was measured at 570 nm, and the results were expressed as U of
SOD/mg protein (Marklund, 1985).

Catalase activity (CAT) was determined based on its ability
to convert hydrogen peroxide (H2O2) into water and molecular
oxygen, as described by Aebi (1984).

In a polypropylene tube, 20 µL of the supernatant (diluted 1:10,
in water), 1 mL of 100 mM phosphate buffer (pH 7.2) + H2O2

(40 µL H2O2 30% in 25 mL of buffer). The absorbances at 240 nm
were determined at 0, 30, and 60 s in a spectrophotometer (T70
+ UV/VIS Spectrometer, Taylors, USA). The absorbance used
for the calculation was the delta obtained from the measured ab-
sorbances at times 0 and 60 s (final absorbance−initial absorbance).
One unit (U) of catalase is equivalent to the hydrolysis of 1 mol
of H2O2 (ε = 39.4 L/mol/cm) per minute. CAT was calculated
according to the Lambert Beer law and expressed as nmol.min/mg
of protein.

Nitric oxide concentration was determined in liver ho-
mogenates according to Griess (1879). A standard curve was pre-
pared by the addition of sodium nitrite standard and buffer. The
absorbance was measured at 570 nm on a Thermo Scientific-
MultiskanTM GO reader (Thermo Fisher Scientific, Waltham,
MA, USA) and the results were expressed as µM.

2.4.4 Hepatic tissue: Histomorphometric and
histopathologic analysis. The hepatic tissue samples were
fixed in resin. Sections were cut at 3 µm thick, mounted on
glass slides, and stained with toluidine blue and sodium borate.
Glass slides analysis was performed under a color microscope
(Olympus, BX53, Tokyo, Japan). The histological sections images
were captured in a 40 × objective. Fat vesicles, cytoplasm,
nucleus, macrophage, and blood vessels were analyzed using
Image J

R©
version 1.5 software (Wayne Rasband). The quantitative

analysis of hepatocytes diameter was conducted by the system
ImagePro-Plus

R©
version 4.5 (Media Cybernetcs, Rockville,

USA), using the mean of 50 cells for each group.

2.5 Statistical analysis
Data were analyzed using the Statistical Analysis System (SAS)

software version 9.1 and expressed as the mean ± standard devia-
tion. Statistically significant differences between groups were cal-
culated using variance analysis (ANOVA) followed by the Tukey
test for characterization analysis and SNK test to compare means of
test groups with control group. P-values lower than 0.05 (P < 0.05)
were considered statistically significant. Correlation between con-
sumption of total phenolics, consumption of tannins, and SOD
activity was measured by Pearson’s correlation coefficient (r) (α =
5%).

3. RESULTS AND DISCUSSION

3.1 Physicochemical characterization
3.1.1 Particle size distribution of sorghum flours. The

ground sorghum flour was sifted through a sieve for particle size
analysis. The properties of the retained flour are presented in
Table 2. Currently, there is no standard method for the classifica-
tion of sorghum flour, therefore, we followed the 66-20 method

Table 2–Particle size distribution (%) of sorghum flours.

ST SW

Sieves openings (mm) Particles retention (%)

0.84
a

8.22 ± 0.43 5.16 ± 0.00
0.42 63.43 ± 1.77 65.72 ± 1.87
0.25 3.94 ± 1.14 5.20 ± 0.33
0.21 6.98 ± 0.06 10.41 ± 2.27
0.177 14.47 ± 2.35 9.85 ± 1.63
0.149 1.24 ± 0.70 2.09 ± 0.66
0.00 1.00 ± 0.74 0.79 ± 0.80

ST, sorghum flour with tannin; SW, sorghum flour without tannin.
Data are expressed as means values ± standard deviation.
aAmount of flour in the first sieve (0.84 mm) was discarded. Flours with adjusted
granulometry (from 0.42 to 0.00 mm) were used in this study.

Table 3–Proximate composition of toasted sorghum flours
(g/100g).

Flours

Nutrients ST SW

Proteins 13.17 ± 1.19a 12.22 ± 0.42a
Carbohydrates 59.15 ± 1.08b 68.62 ± 1.01a
Lipids 3.83 ± 0.13a 4.16 ± 0.26a
Total dietary fiber 20.81 ± 2.33a 12.02 ± 0.55b
Soluble dietary fiber 1.56 ± 0.65a 1.00 ± 0.09a
Insoluble dietary fiber 19.25 ± 1.67a 11.02 ± 0.65b
Ash 1.53 ± 0.01b 1.72 ± 0.04a
Moisture 1.56 ± 0.01a 1.33 ± 0.10b
Kcal/100 g 323.16 ± 9.5b 359.46 ± 1.64a

ST, toasted sorghum flour with tannin; SW, toasted sorghum flour without tannin.
Data are expressed as means values ± standard deviation; same letters on the line do not
differ by Tukey test at 5% probability.

proposed by AACC International (2000). The particle size of the
flour was determined in a preliminary study (unpublished data)
aimed at producing a model flour with acceptable grain size. The
highest percentage of flour was retained in a 0.42 mm mesh sieve.
Similar results were obtained by Martino et al. (2012), who used
the same methodology and genotype evaluated in this study. In
addition, the authors characterized the flour as coarse and hard
grain, similar to whole corn flour. Thus, the sorghum flour used
in our study has similar particle size distribution as other cereals,
and can be used for different food preparations.

3.1.2 Proximate composition analysis of toasted
sorghum flours. Sorghum-based toasted flours showed differ-
ences in the contents of carbohydrate, dietary fiber, ash, moisture,
and calories (P < 0.05) (Table 3). Toasted tannin sorghum flour
(ST) presented higher dietary fiber content, while toasted white
sorghum flour (SW) presented a higher amount of carbohydrates,
ash, and calories (Table 3). Dietary fiber content was much higher
in ST because the sorghum genotype BRS 305 has naturally a
high resistant starch content (Teixeira et al., 2016), which is a type
of dietary fiber. For both toasted flours, the fraction of IDF was
higher than soluble fiber, which is expected given that most cere-
als have more IDF (Wu, Qiu, Wang, & Li, 2020). However, the
quantity of IDF observed was higher compared to another study
conducted on sorghum flour of the same genotype (Martino et al.,
2012).

Carbohydrates are the main macronutrient found in cereals,
which was also observed in our results (Table 3). Similar results
were obtained by Martino et al. (2012) regarding both carbohy-
drate and ash content, as the authors also reported higher amounts
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Table 4–Antioxidant capacity, total phenolics, and condensed
tannins of toasted sorghum flours.

Flours

Analysis ST SW

Antioxidant capacity- ABTS
(µMol de TE/g)

81.10 ± 2.74a 1.51 ± 0.05b

Antioxidant capacity- DPPH
(µMol de TE/g)

80.72 ± 4.02a 2.02 ± 0.63b

Total phenolics (mg GAE/g) 12.44 ± 0.31a 0.69 ± 0.03b
Condensed tannins (mg CE/g) 75.32 ± 5.13 nd

ST, toasted sorghum flour with tannins; SW, toasted sorghum flour without tannins;
nd, not detected; TE, trolox equivalent; GAE, gallic acid equivalent; CE, catechin
equivalent.
Data are expressed as means values ± standard deviation; same letters on the line do not
differ by Tukey test at 5% probability.

of them in white sorghum flour when compared to sorghum flour
with tannins.

On average, toasted tannin sorghum flour presented higher pro-
tein and dietary fiber whereas the toasted white sorghum flour had
high carbohydrate, lipid, and ash contents. These results may be
related to differences in genotypes. Moreover, the moisture con-
tent of the toasted flours (less than 2%) was lower than sorghum
flours reported in the literature (10% to 13%) (Antunes et al.,
2007; Martino et al., 2012), due to the dry heat method they
underwent. In general, the toasted flours presented similar com-
position to sorghum flours (Antunes et al., 2007; Martino et al.,
2012; Ragaee et al., 2006), except for dietary fiber and moisture
contents.

3.1.3 Antioxidant capacity, total phenolics, and con-
densed tannins. Sorghum-based toasted flours showed sig-
nificant differences in total phenolic content and antioxidant
capacity (P < 0.05) (Table 4). Toasted sorghum flour with
tannins have higher phenolic content, as well as higher an-
tioxidant capacity (P < 0.05), which may be due to dif-
ferences in genotypes. White sorghum has phenolic acids in
its composition, such as coumaric and ferulic acids; whereas,
brown sorghum has phenolic acids in addition to flavonoids
and condensed tannins, resulting in higher total phenolic con-
tent and antioxidant capacity (Hahn et al., 1983; Rao et al.,
2018).

Toasted sorghum flour with tannins had a high content of
condensed tannins, the same was absent in white sorghum flour
(Table 4). Besides their high antioxidant capacity, condensed tan-
nins can interact with starch, decreasing its digestibility and thereby
increasing resistant starch content, which acts as dietary fiber (Bar-
ros et al., 2012). In this sense, sorghum with tannins can play
an important role in the prevention of NCD and in the pro-
tection against oxidative stress. The high antioxidant capacity of
the sorghum genotype BRS 305 may be associated to its greater
potential in controlling biochemical changes and in preventing
oxidative stress in the rats evaluated in this study, which are more
sensitive to metabolic alterations. The result of the present study
is in agreement with that observed by Oliveira et al. (2017) and
Moraes et al. (2015) who analyzed sorghum genotypes with brown
pericarp and pigmented testa (SC 21, SC 319).

3.2 In vivo study
3.2.1 Food intake. Diets had similar energy density and,

thus, they provided similar WG among the experimental groups
(P � 0.05) (Table 5). There were no differences in food intake
(FI) and food efficiency coefficient (CEA) between the control

and test groups (P � 0.05) (Table 5). Similar results were observed
in the study of Moraes et al. (2012) which evaluated the effect
of adding three different sorghum genotypes (BRS 305, BRS309,
and BRS 310) to high fat diets. Sorghum grains, especially those
with pigmented testa and high tannin content, may decrease FI
due to astringency and low starch digestibility (Barros et al., 2012).
Despite this fact, no difference in FI and WG was observed in the
present study. This result may be due to the dry heat treatment
applied to the flours, as reported by Moraes et al. (2012), where
dry heat did not alter the food consumption of animals fed with
sorghum flours of different genotypes (BRS305, BRS309, and
BRS310).

3.2.2 Biochemical tests. TC increased in the SW + P
group compared to paracetamol control. This change is probably
associated with increased high-density lipoprotein in the test
groups that matched the normal control group (Table 6). The ad-
dition of paracetamol in the control group increased low-density
lipoprotein compared to normal control (P < 0.05). The tests
groups were not able to reduce LDL-c levels compared to parac-
etamol control, however, they kept the LDL-c levels equivalent to
the normal control (P � 0.05) (Table 6). These changes were ben-
eficial to the test groups, since atherogenic index (AI) decreased
and became similar to the normal control group, whereas in the
paracetamol control group this index increased (P < 0.05). A
trend similar to that of AI was observed in the ratio of TC/HDL-c,
indicating the protective effect of toasted sorghum flour on lipid
metabolism. On the contrary, Moraes et al. (2018) observed
that the addition of 19% whole sorghum (SC 21 genotype) to
the diet of obese rats reduced HDL-c levels without altering
TC and LDL-c. This discrepancy may be related to differences
in sorghum varieties, experimental model, and the percentage
of sorghum added to diet. We utilized approximately 26% of
sorghum with tannins and 45% of white sorghum, suggesting that
higher sorghum consumption is associated with increased HDL-c.

On the other hand, Arbex et al. (2018) evaluated the effect
of extruded sorghum flour on adiposity modulation and inflam-
mation in obese rats and found high HDL-c levels in the group
that received extruded sorghum flour in replacement of 100% of
the recommended dietary fiber. Compared to the present study,
despite the difference in heat treatments, both toasted flours were
efficient in promoting high HDL-c, indicating the protective effect
of sorghum consumption on lipid profile improvement.

Increased AST and ALT concentration was observed in the
paracetamol control group (P < 0.05) (Table 6). However, AST
and ALT concentrations were similar in the test and normal con-
trol groups. In the present study, the inhibition of ALT in the
test groups may be related to the suppression of factors related to
lipid metabolism, leading to an improvement in the lipid profile
of the animals. This indicates that toasted sorghum flour promotes
liver protection, preventing the occurrence of lipid accumulation
in the liver, in agreement with the study of Sousa et al. (2018),
where hepatic steatosis reduction was observed. In addition, the
reduction of these markers is a protective factor against inflamma-
tion, although c-reactive protein (CRP) was not altered, which
is justifiable since it presents early elevation and rapid return to
basal levels after improvement of the inflammatory process due to
the shorter half-life. Similar results were observed by Arbex et al.
(2018), who evaluated the effect of combining extruded sorghum
flour and high fat diet on the modulation of adiposity and inflam-
mation in obese rats. Another possible contributing factor to the
reduction of these markers is the phenolic compounds present in
sorghum, especially phenolic acids, considering that both tannin
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Table 5–Biometric measurements, changes in food intake, and consumption of bioactive compounds of the experimental animals
after the treatments with toasted sorghum flours, for 4 weeks (g).

Measures AIN-93M AIN-93M+P ST+P SW+P

Initial weight 189.20 ± 20.83a 203.91 ± 16.54a 197.53 ± 9.59a 188.62 ± 17.84a
Final weight 251.59 ± 29.09a 245.39 ± 21.21a 255.64 ± 15.49a 263.37 ± 25.22a
Food intake 556.49 ± 64.01a 519.32 ± 38.45a 566.94 ± 29.36a 570.06 ± 15.77a
FER 0.11 ± 0.05a 0.08 ± 0.04a 0.10 ± 0.03a 0.13 ± 0.04a
Tannin intake − − 11.27 ± 0.57 −
TP intake − − 1.86 ± 0.09a 0.18 ± 0.00b

AIN-93M = standard diet;
AIN-93M+P, Standard diet + paracetamol.
ST+P, toasted sorghum flour with tannins + paracetamol.
SW+P, toasted sorghum flour without tannins + paracetamol.
FER, feed efficiency ratio; TP, total phenolics.
Data are expressed as means values ± standard deviation; same letters on the line do not differ by SNK test at 5% probability.

Table 6–Blood biochemistry values and oxidative stress markers of experimental animals after the treatment with toasted sorghum
flours, for 4 weeks (mg/dL).

Variables AIN-93M AIN-93M + P ST + P SW + P

TC 56.29 ± 7.36ab 51.75 ± 5.83b 60.60 ± 5.27ab 62.86 ± 7.86a
HDL-c 28.33 ± 2.42a 19.25 ± 3.62b 30.60 ± 2.61a 30.33 ± 2.25a
LDL-c 16.43 ± 3.87b 22.25 ± 3.06a 19.80 ± 1.79ab 21.29 ± 4.49ab
AI∗ 0.26 ± 0.10b 0.43 ± 0.11a 0.21 ± 0.08b 0.27 ± 0.05b
TC/HDLc 1.92 ± 0.10b 2.74 ± 0.34a 1.98 ± 0.07b 2.12 ± 0.15b
Triglycerides 51.00 ± 13.05a 51.25 ± 6.43a 50.60 ± 8.88a 57.00 ± 3.74a
Uric acid 1.54 ± 0.57a 1.03 ± 0.40a 1.20 ± 0.75a 0.99 ± 0.30a
Glucose 143.33 ± 8.04a 181.75 ± 41.67a 135.20 ± 33.84a 147.71 ± 22.63a
Creatinine 0.64 ± 0.07a 0.64 ± 0.03a 0.67 ± 0.02a 0.66 ± 0.05a
Urea 31.57 ± 3.41a 32.38 ± 4.03a 30.60 ± 6.11a 30.14 ± 5.58a
CRP (mg/L) <6a <6a <6a <6a
AST (U/L) 304.14 ± 158.45ab 466.25 ± 111.86a 300.00 ± 157.58ab 232.50 ± 58.19b
ALT (U/L) 49.29 ± 17.51b 200.88 ± 125.62a 52.20 ± 13.39b 68.43 ± 35.65b
Nitric oxide 13.25 ± 2.64a 10.52 ± 3.45a 12.07 ± 4.95a 11.81 ± 2.85a
MDA 1.63 ± 0.75a 2.07 ± 0.84a 1.57 ± 0.35a 1.63 ± 0.65a

AIN-93M, standard diet.
AIN-93M+P, Standard diet + paracetamol.
ST+P, toasted sorghum flour with tannin + paracetamol.
SW+P, toasted sorghum flour without tannin + paracetamol.
AI, atherogenic index ∗Niroumand, Khajedaluee, & Khadem-rezaiyan, (2015)
TC, total cholesterol; HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; CRP, C-reactive protein; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; MDA, malondialdehyde.
Data are expressed as means values ± standard deviation; same letters on the line do not differ by SNK test at 5% probability. Nitric oxide is expressed as µM. MDA is expressed as
µM/mg of protein.

sorghum and white sorghum were effective in not altering the lev-
els of liver enzymes, keeping CRP concentration within a normal
range.

Thus, our study confirmed that although paracetamol increases
ALT and AST, which may impair liver function, and consumption
of toasted sorghum flour exerted a protective effect against liver
damage as observed by previous studies. Girish et al. (2009), eval-
uated the hepatoprotective effect of antioxidants on paracetamol-
induced toxicity in mice, and demonstrated that animals re-
ceiving pretreatment with antioxidants had reduced AST and
ALT levels compared to group treated with paracetamol. Sim-
ilar results were reported by Pang et al. (2016) in the evalu-
ation of protective mechanism of caffeic acid in paracetamol-
induced liver injury in mice. The authors demonstrated a re-
duction in serum AST and ALT levels in the groups on 30
mg/kg of caffeic acid when compared to the group on paracetamol
alone.

The presence of paracetamol in the control diet did not al-
ter the levels of triglycerides, uric acid, glucose, creatinine, urea
and CRP, nor did the addition of toasted sorghum flours in the
groups receiving paracetamol (P � 0.05) (Table 6), indicating that
paracetamol combined with the sorghum flour diet or not, did

not alter markers of renal function and glycemia. In addition, the
levels of nitric oxide and MDA did not differ between the ex-
perimental groups (P � 0.05) (Table 6). The results demonstrate
that the oxidative stress induction in SHRs with paracetamol was
a good experimental design to evaluate lipid profile and hepatic
function.

The groups treated with toasted sorghum flour with and with-
out tannins had similar catalase enzyme activity as the control
group with paracetamol. The normal control group had the high-
est average catalase enzyme activity, differing statistically from the
other groups (P < 0.05) (Figure 2A). The expression of the antiox-
idant enzyme SOD was higher (P < 0.05) in the normal control,
paracetamol control, and SW + P groups (Figure 2B). On the
other hand, SOD showed lower activity in the group that received
toasted tannin sorghum flour (P < 0.05). This result may be due
to the high antioxidant capacity observed in the tannin sorghum
(approximately 81 µMol TE/g), suggesting that the bioactive com-
pounds present in sorghum, such as phenolic acids, flavonoids, and
condensed tannins act directly on the elimination of reactive oxy-
gen species as well as in conjunction with antioxidant enzymes
(Bellassoued et al., 2015). White sorghum cultivars have phenolic
acids as their main phenolic compounds, while sorghum cultivars

Vol. 85, Iss. 7, 2020 � Journal of Food Science 2241



Health,Nutrition,&
Food

In vivo effect of toasted sorghum flours . . .

Figure 2–Liver antioxidant enzymes activity (A and B) of experimental animals after the treatment with toasted sorghum flours, for 4 weeks; and the
correlation between total phenolic consumption and superoxide dismutase (SOD) activity (C). Means followed by the same letter, in the same graph (A
or B), do not differ by SNK test at 5% probability. AIN-93M, standard diet; AIN-93M + P, Standard diet + paracetamol; ST + P, toasted sorghum flour
with tannin + paracetamol; SW + P, toasted sorghum flour without tannin + paracetamol.

containing high tannin contents have phenolic acids, flavonoids,
and condensed tannins (Hahn et al., 1983; Rao et al., 2018).

In this sense, toasted sorghum flour with tannins showed excel-
lent results due to the presence of phenolic acids, flavonoids, and
possibly low-molecular weight condensed tannins (Barros, Awika,
& Rooney, 2014). Despite the predominance of polymeric proan-
thocyanidins, sorghum with tannins also has catechins and low-
molecular weight proanthocyanidins which are more absorbed in
the body (Barros et al., 2014). In addition, thermal processing of
sorghum can alter the content and molecular weight of proan-
thocyanidins, facilitating their absorption in the body (Awika,
Dykes, Gu, Rooney, & Prior, 2003). Sousa et al. (2019) demon-
strated the protective effect of extruded sorghum flour on the
modulation of intestinal microbiota, inflammation, and oxidative
stress in obese rats on a high-fat diet. The effects were observed
when the extruded sorghum flour replaced 50% and 100% of
the dietary fiber, contributing to the reduced production of reac-
tive oxygen species, increased expression of antioxidant enzymes,
such as SOD, as well as improvement in intestinal dysbiosis. In
the present work, the mild heat treatment applied did not pro-
mote drastic changes in the chemical composition of the toasted
flours, in fact the bioactive compounds were maintained. This re-
sult is in agreement with Cardoso et al. (2014) who found that
dry heat stood out for preserving a higher proportion of antiox-

idants, such as phenolic compounds, compared to the moist heat
method.

On the other hand, white sorghum showed similar efficacy as
tannin sorghum, although it had lower total phenolic content and
antioxidant capacity. This fact can be attributed to the higher
bioavailability of their phenolic acids when compared to con-
densed tannins (Scalbert & Williamson, 2000). This is because the
chemical structure of polyphenols and possible interactions with
other compounds determine their rate and extent of intestinal
absorption. Barros et al. (2014) evaluated the effects of pheno-
lic extracts of sorghum containing proanthocyanidins of different
molecular weights on the formation of resistant starch. The authors
demonstrated that the higher the degree of polymerization, the
greater the interaction of proanthocyanidins with starch. Thus,
the high molecular weight of the condensed tannins present in
sorghum implies they are not absorbed in the gastrointestinal tract.
Therefore, although white sorghum does not contain condensed
tannins in its composition, it contains other bioactive compounds,
such as phenolic acids, which may have beneficial effects on health
(Hahn et al., 1983).

In the groups that received toasted sorghum flours with and
without tannins, a significant correlation (r = −0.852) (P = 0.001)
was observed between the consumption of total phenolics and
SOD levels (Figure 2C), showing that the higher the consumption
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Table 7–Cellular components in hepatic tissue of the experimental animals after the treatments with toasted sorghum flours, for
4 weeks.

Cellular components (%) AIN-93M AIN-93M + P ST + P SW + P

Nucleus 9.59 ± 2.88a 10.57 ± 3.45a 8.76 ± 2.05a 9.86 ± 1.65a
Cytoplasm 75.36 ± 3.63a 80.59 ± 3.64a 80.10 ± 2.13a 80.00 ± 1.35a
Fat 2.59 ± 2.52a 0.48 ± 0.53a 0.52 ± 0.89a 0.34 ± 0.65a
Macrophage 0.88 ± 0.65a 0.48 ± 0.24a 0.50 ± 0.39a 0.77 ± 0.45a
Blood vessel 11.59 ± 2.82a 7.88 ± 1.50a 10.11 ± 1.12a 9.02 ± 2.35a

AIN-93M, standard diet.
AIN-93M+P, Standard diet + paracetamol.
ST+P, toasted sorghum flour with tannins + paracetamol.
SW+P, toasted sorghum flour without tannins + paracetamol.
Data are expressed as means values ± standard deviation; same letters on the line do not differ by SNK test at 5% probability.

of total phenolics, the lower the increase in SOD levels. More-
over, in the group that received sorghum flour with tannins, the
consumption of condensed tannins did not show significant corre-
lation with SOD (r = 0.466) (P = 0.429). Our results demonstrate
that other phenolic/bioactive compounds are acting more effec-
tively in the elimination of reactive oxygen species, proving once
again that white sorghum showed similar efficacy to sorghum with
tannins.

3.2.3 Histology. No significant differences in liver tissue cell
components were observed between the experimental groups dur-
ing the 4-week treatment (Table 7). Our results suggest that al-
though paracetamol promotes oxidative stress, its extent did not
differ from control, and the sorghum flour diet maintained this
balance. This fact may be due to the high fiber content of the
sorghum varieties as well as their bioactive compounds. Although
the present study did not evaluate the histology of adipose tissue,
our results suggest a beneficial effect of toasted sorghum flour in
the modulation of lipid metabolism, in view of the improvement
in lipid profile compared to the test groups.

In addition, several studies have demonstrated the hepato-
protective effect of phenolic compounds in the prevention of
paracetamol-induced oxidative stress (Girish et al., 2009; Liu et al.,
2011). Pang et al. (2016) demonstrated the protective effect of caf-
feic acid on paracetamol-induced liver injury in mice. The authors
observed that caffeic acid reverses severe liver injury, indicated by
intrahepatic hemorrhage, lymphocyte infiltration, and destruction
of liver structure.

4. CONCLUSIONS
Toasted sorghum flours with and without tannins are a good

source of dietary fiber and bioactive compounds. Their consump-
tion by male SHRs treated with paracetamol promoted signifi-
cant improvement of lipid profile, through an increase in HDLc
and reduction in the oxidative stress. In addition, consumption of
sorghum phenolic compounds was associated with a lower SOD
activity, which demonstrates that they act directly on the elimina-
tion of reactive oxygen species. Therefore, toasted sorghum flours
with or without tannins can be used as promising ready-to-eat
foods and as ingredients for the development of sorghum-based
products, demonstrating that the use of sorghum for human con-
sumption should be encouraged.
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