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A B S T R A C T 

Objective

Acrylamide is a toxic compound widely used in industrial sectors. Acrylamide causes reactive oxygen species formation  
and the subsequent lipid peroxidation  reaction, which plays an important role in the pathogenesis of oxidative damage. 
Taxifolin is a flavonoid with antioxidant properties that inhibit reactive oxygen species formation. In this study, we aimed 
to investigate the preventive effect of taxifolin on acrylamide-induced oxidative heart damage.

Methods

The rats were divided into three groups: Acrylamide,  Acrylamide+Taxifolin , and Healthy group. Water and food intake 
and body weight alterations were recorded daily. Malondialdehyde, total glutathione, nuclear factor kappa-B, total 
oxidant status, and total antioxidant status levels were analyzed from the heart tissue. Troponin-I levels, the parameter 
known as a cardiac biomarker, were analyzed from the blood sample. The cardiac histopathologic examination was also 
performed.

Results

In the Acrylamide group animals, the malondialdehyde, nuclear factor kappa-B, total oxidant status, and troponin-I 
levels were significantly higher compared to the ones of Acrylamide+Taxifolin and Healthy groups. The levels of total 
glutathione and total antioxidant status were significantly lower compared to Acrylamide+Taxifolin and Healthy groups’.  
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Additionally, in the Acrylamide group, body weight gain, food and water intake, significantly declined compared to 
the Acrylamide+Taxifolin and Healthy groups. However, in the  Acrylamide+Taxifolin group, taxifolin supplementation 
brought these values close to Healthy group ones. Furthermore, taxifolin treatment ameliorated structural myocardial 
damage signs induced by acrylamide. 

Conclusion

Acrylamide exposure significantly induced oxidative damage to rat heart tissue. Taxifolin was able to improve the toxic 
consequences of acrylamide biochemically and histopathologically, possibly due to its antioxidant properties.

Keywords: Acrylamide. Oxidative heart damage. Rat. Taxofilin. 

R E S U M O 

Objetivo

A acrilamida é um composto tóxico amplamente utilizado em setores industriais. Ela causa a formação de reativas 
de oxigênio  e subsequente reação de peroxidação lipídica, que desempenham um papel importante na patogênese 
do dano oxidativo. A taxifolina é um flavonóide com propriedades antioxidantes que inibe a formação de reativas de 
oxigênio. Neste estudo, o objetivo foi investigar o efeito preventivo da taxifolina no dano cardíaco oxidativo induzido 
por acrilamida.

Métodos

Os ratos foram divididos em três grupos: Acrilamida, Acrilamida+Taxifolina e grupo Saudável. Ingestão de água e 
comida e alterações de peso corporal dos animais foram registradas diariamente. Malondialdeído, glutationa total, 
fator nuclear kappa-B, estado oxidante total e estado antioxidante total foram analisados no tecido cardíaco dos ratos. 
Os níveis de troponina-I, – parâmetro conhecido como biomarcador cardíaco, foram analisados a partir de amostra de 
sangue. Um exame histopatológico cardíaco também foi realizado.

Resultados

Nos animais do grupo Acrilamida, os níveis de malondialdeído, fator nuclear kappa-B, estado oxidante total e 
troponina-I foram significativamente maiores em comparação com os do grupo Acrilamida+Taxifolina e Saudável. Os 
níveis de glutationa total e estado antioxidante total foram significativamente mais baixos em comparação com grupos 
Acrilamida+Taxifolina e Saudável. Além disso, no grupo Acrilamida, o ganho de peso corporal e a ingestão de alimentos 
e água diminuíram significativamente em comparação com os animais dos grupos Acrilamida+Taxifolina e Saudável. 
No entanto, no grupo Acrilamida+Taxifolina, a suplementação com taxifolina aproximou esses valores aos do grupo 
Saudável. Além disso, o tratamento com taxifolina melhorou os sinais de dano miocárdico estrutural induzidos pela 
acrilamida.

Conclusão

A exposição à acrilamida induziu significativamente o dano oxidativo do tecido cardíaco dos ratos. A taxifolina foi capaz 
de melhorar as consequências tóxicas da acrilamida bioquímica e histopatologicamente, possivelmente devido às suas 
propriedades antioxidantes.

Palavras-chave: Acrilamida. Dano oxidativo ao coração. Rato. Taxofilina.

I N T R O D U C T I O N

The dietary factor is a significant weight behind the rise of foodborne illnesses. Acrylamide is a 
toxic compound widely used in industrial sectors, generally formed by overheating high-carbohydrate and 
low-protein foods [1]. Acrylamide (ACR, CH2 = CHCONH2) is colorless, odorless, and highly water-soluble 
crystals are formed by the hydration of acrylonitrile with sulfuric acid monohydrate. The exposure of food 
to high temperatures, as in frying and oven-cooking (Maillard reaction), accelerates the formation of 
acrylamide that can rapidly be absorbed by the gastrointestinal system [2,3]. Acrylamide is also formed 
during the burning of tobacco at high temperatures and is taken into the body by inhaled smoke [4]. 
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Previous papers stated that acrylamide exposure is associated with unfavorable outcomes such as 
neurotoxicity, cardiotoxicity, and cancer formation [5-7]. However, the exact mechanism of these associations 
is not entirely clear; experiments point out that acrylamide causes the overproduction of Reactive Oxygen 
Species (ROS), leading to Lipid Peroxidation (LPO) and oxidative stress, which play an important role in 
the pathogenesis of toxicity [8]. Huang et al. showed that acrylamide exposure resulted in oxidative heart 
damage in zebrafish embryos [9]. Acrylamide exposure reduces antioxidant levels such as glutathione (GSH) 
and increases oxidative stress parameters such as malondialdehyde (MDA) in the heart tissue, as well as 
causing inflammatory cell infiltration and necrosis in myocardial fibrils [10]. The low antioxidant content in 
myocardial cells may facilitate the development of tissue damage [11]. In experimental methods, acrylamide 
chronic exposure caused heart failure and conduction of abnormalities due to mitochondrial dysfunction 
and oxidative damage [10]. 

Since acrylamide formation is often triggered by cooking methods and duration, its unfavorable 
impact may be reversed by natural antioxidants taken with food. Taxifolin is an antioxidant flavonoid 
that is abundantly found in onions, french maritime pine barks, milk thistles, and tamarind seeds [12]. 
Research reveals that taxifolin has antioxidant, anti-inflammatory, antiviral, antibacterial, anticancer, and 
neuroprotective effects [13-16]. In experimental studies, taxifolin was able to decrease oxidative tissue 
damage by inhibiting the overproduction of ROS [17,18]. In light of these data, we aimed to investigate 
the preventive biochemical or histopathological effects of taxifolin on the possible acrylamide-induced heart 
damage in rats.

M E T H O D S	

Animals

Eighteen male albino Wistar rats weighing between 280 and 293 grams were used in the experiment. 
All rats were obtained from the Atatürk University Medical Experimental Application and Research Center. 
The animals were housed at average room temperature (22 °C). Animals were fed ad libitum during the 
experiment and were maintained on a 12:12h light/dark cycle. All phases of our study have been approved 
by the Atatürk University Animal Experiments Local Ethics Committee in April 30, 2020, Meeting no 4/58).

Chemicals

Thiopental sodium was obtained from IE Ulagay (Turkey), taxifolin from Evalar (Russia), and acrylamide 
from the Sigma-Aldrich Chemical Company (USA) for the experiment.

Experimental groups

The animals were divided into three groups of six rats each: Acrylamide (ACL; 20 mg/kg acrylamide),  
Acrylamide+Taxifolin (TACL; 20 mg/kg acrylamide and 50 mg/kg taxifolin), and Healthy Group (HG).

Experimental procedures

Taxifolin was administered to the Acrylamide+Taxifolin (TACL) (n-6) group animals with a catheter 
directly to the stomach at a 50 mg/kg dose per day for 60 days. During this time, HG (n-6) and ACL (n-6) 
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group animals received an equal volume of distilled water as a solvent in the same way. One hour after 
delivering taxifolin and distilled water, acrylamide was administered to the TACL and ACL groups at the 
dose of 20 mg/kg with a catheter, directly to the stomach. This procedure was repeated once a day for two 
months [13]. Bodyweight alterations, food and water intake were recorded daily. None of the animals died 
during the experimental period. At the end of the two months, all animals were sacrificed with 50 mg/kg 
thiopental sodium, and their hearts were removed. The Troponin I (TP-I) level was determined from blood 
samples taken from tail veins before the anesthesia. The removed heart tissues were examined biochemically 
and histopathologically. All group results obtained from the experiment were compared.

Biochemical analysis of heart tissue

Supernatant portions of homogenates prepared from heart tissues were used for the biochemical 
analysis. Prior to the dissection, all tissues were rinsed with a phosphate-buffered saline solution. The tissues 
were homogenized in ice-cold phosphate buffers (50 mM, pH 7.4) that were appropriate for the variable 
to be measured. The tissue homogenates were centrifuged at 10,000 rpm for 20min at 4 °C, and the 
supernatants were extracted to analyze MDA, GSH, Nuclear Factor Kappa-B (NF-ƘB), Total Oxidant Status 
(TOS), and Total Antioxidant Status (TAS). All tissue results were expressed by dividing by g protein. All 
spectrophotometric measurements were performed via a microplate reader (Bio-Tec, USA).

Malondialdehyde (MDA) levels – MDA analyses were performed as defined by Ohkawa et al. [19].

Total Glutathione (tGSH) levels – The mechanism was defined by Sedlak J and Lindsay RH [20].

Nuclear factor kappa-B (NF-ƘB) levels – Tissue-homogenate NF-ƘB concentration was measured 
using a rat-specific sandwich enzyme-linked immunosorbent assay. Rat NF-ƘB ELISA immunoassay kits (Cat. 
nº 201-11-0288, SunRed). 

Measurements of Total Oxidant Status (TOS) and total antioxidant status (TAS) levels – The TOS and 
TAS levels of tissue homogenates were determined using a novel automated measurement method and 
commercially available kits (Rel Assay Diagnostics, Turkey), both developed by Erel [21,22]. 

Biochemical analysis of blood samples

Troponin-I (TP-I) levels – TP-I levels were measured in the VIDAS Troponin I Ultra kit by utilizing the 
Enzyme-Linked Fluorescent Assay (ELFA) technique. 

Histopathological examination

The cardiac tissues removed from the rats were fixed in a 10% formalin solution for 24 hours. 
Samples were then treated with a conventional grade of alcohol (70%, 80%, 90%, and 100%) to remove 
the water within the tissues. Tissues were then passed through xylol and embedded in paraffin. After 
routine tissue treatment, 4-5 micron thick sections were obtained from the paraffin blocks and stained with 
Hematoxylin & Eosin. All sections were evaluated under a light microscope (Olympus BX 52, Tokyo, Japan) 
by two pathologists who were blind to treatment protocols.

Statistical analysis

The normal distribution of the data was tested using the one-sample Kolmogorov–Smirnov test. 
Continuous variables were presented as mean±SD. An analysis of variance was utilized to compare multiple 
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group means. The following post hoc evaluation was made by the least significant differences method. 
p<0.05 values were considered to be statistically significant. Statistical analyses were performed using the 
SPSS 20.0 software for Windows (SPSS Inc, Chicago, IL).

R E S U L T S	

Bodyweight, food and water intake alteration results

Acrylamide administration caused a significant decline in weight gain in the ACL group rats. A 
considerable decline in body weight gain was recorded from the end of the fifth week and a further decline 
persisted until the end of the second month, compared to the TACL and HG (p<0.01). However, in the 
TACL, in terms of body weight gain, there was no significant difference at the end of the first and second 
months compared to the HG (p>0.05) (Figure 1A). A significant reduction in food and water intake was 
recorded in the ACL group at the beginning of the 4th week and a further reduction persisted until the end 
of the second month (p<0.01), compared to the TACL and HG. However, in the TACL group, food and water 
intake were found to be similar to HG both at the end of the first and second months (p>0.05). In the TACL 
group, animals pretreatment with taxifolin caused a constant increase in food and water consumption by 
the end of the first month and further at the end of the second month, compared to the acrylamide-alone 
exposed group (p<0.01) (Figures1A, and 1B).

Figure 1 – Bodyweight, food and water intake alteration results of the experimental groups. Erzurum, Turkey, 2021.

Note: A: Bodyweight gain over two months in Acrylamide (ACL), Acrylamide+Taxifolin (TACL), and Healthy Group (HG) animals. In the ACL group animals, 
a significant decrease in body weight gain was recorded both by the end of the first month and at the end of the second month. B: Food intake over two 
months in ACL, TACL, and HG animals. In the ACL group animals, a significant decrease in food intake was recorded both by the end of the first month 
and at the end of the second month. C: Water intake over two months in ACL, TACL, and HG animals. In the ACL group animals, a significant water intake 
decrease was recorded both by the end of the first month and at the end of the second month. 

Biochemical results

Malondialdehyde (MDA), tGSH, NF-ƘB, TOS, and TAS levels were analyzed from the heart tissue. 
Results showed that the MDA, NF-ƘB, and TOS levels in the ACL group animals significantly increased 
compared to HG and TACL groups (p<0.001). The difference in the MDA, NF-ƘB, and TOS levels between 
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HG and TACL groups was statistically insignificant (p>0.05). The tGSH and TAS levels of the ACL group 
animals were significantly lower compared to the HG and TACL groups (p<0.001). However, the tGSH and 
TAS levels were found to be similar in HG and TACL groups (p>0.05) (Figure 2). 

Blood sample biomarker results

The TP-I levels were significantly higher in the ACL group animals compared to the other two groups 
(p<0.001). TP-I levels were found to be similar in HG and TACL groups. This difference was statistically 
insignificant (p>0.05) (Figure 2).

Figure 2 – Oxidative status in heart tissue and troponin-I levels in blood serum of the experimental groups. Erzurum, Turkey, 2021.

Note: *p<0.001 according to ACL group. MDA: Malondialdehyde; tGSH: Total Glutathione; NF-ƘB: Nuclear Factor Kappa-B; TOS: Total Oxidant Status; and 
TAS: Total Antioxidant Status levels in the heart tissue and Troponin-I (TP-I) in the blood serum of study groups (n=6). Acrylamide (ACL) group compared 

to Healthy Group (HG) and Acrylamide+Taxifolin (TACL) groups.

Histopathological results

Under microscopic examination, normal endocardial, myocardial, and epicardial histological structure 
layers were observed in the heart tissue of HG. Acrylamide-alone administration caused myocardial and 
endocardial degeneration, inflammatory cell infiltration, dilated and congested coronary vessels in the ACL 
group (Figure 3A). Additionally, in the ACL group, loss of myofibrillar striation, substantial hemorrhage, 
and edema in the necrotic areas was observed (Figure 3B). Contrary to the ACL group, in the heart tissue 
of the TACL group animals, a decrease in the inflammatory cell infiltrate, minimal vascular congestion, 
and noticeably reduced hemorrhage were observed (Figure 3C). Taxifolin supplementation maintained the 
integrity of all heart layers and vessels.
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Figure 3 – Histopathological results of the experimental groups. Erzurum, Turkey, 2021.

Note: A: Substantial inflammatory cell infiltration (arrow) and vascular congestion (double arrow) in the heart tissue of the Acrylamide (ACL) group (H&E 

x 200). B: Hemorrhage and edema (arrow), myocardial degeneration, and loss of myofibrillar striation (double arrow) in the heart tissue of the ACL group 

(H&E 200). C: The decrease in the inflammatory cell infiltrate (arrow), vascular congestion (double arrow), and hemorrhage (zigzag arrow) were detected 

in the heart tissue of the Acrylamide+Taxifolin (TACL) group (H&E x 200).

D I S C U S S I O N

We conducted this study to evaluate the taxifolin effects on acrylamide-induced oxidative heart 
damage. Numerous published studies have shown that acrylamide exposure and subsequent tissue 
accumulation may trigger oxidative stress on many organs due to the consumption of highly processed 
foods rich in carbohydrates [23,24]. According to the results of our study, acrylamide-alone exposure 
significantly decreased body weight, food and water intake until the end of the second month in the ACL 
group. However, in the TACL group, the bodyweight increase rate, food and water intake were recorded 
to be similar to the HG, despite the exposure to acrylamide. Taxifolin treatment steadily increased all three 
parameters by the end of the first and second months. Acrylamide-related body weight loss and decrease 
in water and food intake may be associated with alterations in thirst and hunger regulation centers in 
the hypothalamus and may also be related to the significant gut oxidative stress due to a decrease of 
antioxidant levels [25,26]. Previous studies have shown that acrylamide-induced cytotoxicity is mediated 
through mitochondrial dysfunction and oxidative stress [27]. The inflammatory process due to acrylamide’s 
long-extent exposure may be responsible for so-called cardiac cachexia, which is well defined in patients 
suffering from long-term heart failure [28]. Besides the known association between increased NF-ƘB levels 
and the inflammatory process, this parameter seems to be a useful indicator for bodyweight alteration 
due to acrylamide exposure. The statistical evidence that the NF-ƘB levels of the TACL group were found 
to be close to those of the HG supports the anti-inflammatory and antioxidant effects of taxifolin on 
acrylamide-induced cardiotoxicity. A recently published paper has shown a preventive effect of dietary 
taxifolin via NF-ƘB signaling, enhancing intestinal barrier, and modulating gut microbiota [29].
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Our experimental results showed that tissue MDA levels, the parameter for toxic damage, were 
significantly increased in the ACL group. However, the detection of TACL group MDA levels close to HG 
suggests the inhibitory effect of taxifolin on oxidative damage. Tang Z. et al., consistently with our study, 
demonstrated the cardioprotective effects of taxifolin treatment by lowering MDA heart tissue levels in the 
rat ischemia-reperfusion model [30].

Total Glutathione (tGSH) is an endogenous antioxidant that plays an important role in the 
detoxification of ROS products; hence, in excessive detoxification capacity, the level of tGSH may decrease, 
suggesting the overproduction of ROS [15,31]. In this study, tGSH levels decreased significantly in the ACL 
group. However, in the TACL group, antioxidant levels close to the HG suggest that taxifolin has a protective 
effect on oxidative damage. Li et al., have shown a scavenging effect of taxifolin on hydroxyl radicals, which 
is defined as one of the strongest toxic ROS [32].

As oxidative stress increases, accordingly, a decrease in TAS levels and an increase in TOS levels are 
expected [33]. Our results showed that acrylamide exposure significantly increased TOS levels and decreased 
TAS levels in an ACL group. However, the TOS and TAS levels of the TACL group were found to be close 
to the HG, suggesting the inhibitory effect of taxifolin on oxidative damage. Recently Kushwah et al. 
demonstrated that the protective effect of flavonoids is more beneficial with high-dose treatment compared 
to the low-dose [26]. In this term, to avoid inappropriate cooking techniques, increasing the intake of dietary 

antioxidants can reduce the harmful effects of acrylamide. The underlying mechanism of the protective effects 

of flavonoids is attributed to the ROS scavenging effect, maintaining the integrity of the cell membrane. 

Moreover, taxifolin may promote cell survival by regulating signal pathways in heart tissue [34]. Excessive 

ROS formation causes myocardial membrane damage resulting in myocardial cell leakage and subsequently, 

cardiac biomarkers get released into the circulation [35]. TP-I is a sensitive biomarker that is widely used for 

myocardial infarction confirmation [36]. Our study also showed that acrylamide administration increased 

TP-I levels in the blood serum of rats, whereas taxifolin treatment significantly reduced TP-I levels. These data 

suggest that taxifolin may protect cell membrane integrity by preventing cardiac biomarker leakage into 

circulation. In addition to increasing oxidative stress, acrylamide administration also stimulates apoptosis, 

which can explain myocardial degeneration and inflammation in heart tissue [10]. The histopathological 

examination showed that taxifolin treatment ameliorated acrylamide-induced cardiac damage in rats. In the 

ACL group animals, histopathological changes like myocardial degeneration, inflammatory cell infiltration, 

vascular congestion, and edema were observed prominently. However, in the TACL group, histopathologic 

signs were similar to the HG. Taxifolin treatment reduced cardiac destruction signs induced by acrylamide 

and provided cell integrity.

Functional studies are needed to confirm if the biochemical and histopathological changes correlate 
with cardiac function.

C O N C L U S I O N

Acrylamide exposure substantially induced oxidative stress-related damage in rat heart tissue. Oxidative 
parameters and cardiac biomarkers might be favorable indicators in the identification of acrylamide-induced 
cardiotoxicity. Taxifolin was able to ameliorate the toxic consequences of acrylamide, both biochemically and 
histopathologically, probably due to its antioxidant properties. According to our study results, in order to 
reverse the effects of acrylamide, a food-based toxin, consuming foods rich in flavonoids such as taxifolin 
may be beneficial to prevent the risk of cardiovascular diseases.
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