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ABSTRACT

Heavy metal toxicity and bioaccumulation caused severe damage to soil, water and environment as a
result of industrialization/urbanization activities in developing and developed countries. This damage
has affected different trophic levels including plants, animals and humans and has become a global
concern. The use of various phytonutrients such as Quercetin (QE) has increased in recent years to
avoid toxicity caused by heavy metals. Among different heavy metals, cadmium (Cd) toxicity is a
major issue in the countries. Cd is a toxic heavy metal that can damage the kidneys and cause
dysregulation in many lipid metabolic pathways. However, the number of studies on renal dysfunction
and dyslipidemia caused by Cd is limited. We found that Cd causes renal dysfunction and dyslipidemia,
and QE ameliorates these Cd-induced damages. Our results showed that Cd increased urea, uric acid,
creatnine, alkene phosphatase (ALP), total bilirubin (TBIL) levels compared to the control group, while
QE improved other parameters except TBIL. In addition, our findings showed that Cd increased total
glyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL) and lactate dehydrogenase
(LDH) levels and decreased high-density lipoprotein (HDL) levels. It was noted that QE tended to
improve this dyslipidemia picture. The data presented here demonstrated that QE has a clear protective
role against dyslipidemia and renal function against Cd toxicity through its hypolipidemic and
antioxidative action.
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INTRODUCTION

As the production and use of cadmium (Cd) increases, so does the frequency of exposure to its toxic effects and
the possibility of being a significant concern for human health (Larregle et al. 2008). Cd has a biological half-life
of 30 years in humans due to its high uptake into the organism and low excretion rate (Jarup and Akesson 2009).
Exposure to Cd occurs through plant-derived foods, seafood, tobacco smoking, and industrially emitted air inhales
(Satarug et al. 2007). Cd poisoning harms the cardiovascular, immune, blood, kidney, and reproductive systems
(Erdem and Hatipoglu 2011; Oguzturk et al. 2012; Ansari et al. 2019; Kisadere and Dénmez 2019; Kisadere et al.
2019), and epidemiological studies show an increased risk of prostate, genitourinary, breast, lung, and colon
cancers, as well as hepatocellular carcinoma (Luevano and Damodaran 2014). Cd has been identified as a class 1
carcinogen by the International Agency for Research on Cancer (IARC).

Cd is taken orally into the body, absorbed from the small intestines (duodenum and proximal jejunum), and then
transported to the liver via the vena porta. Cadmium is rapidly taken up from sinusoids by hepatocytes. It has been
determined that the hepatocytes' cadmium taken into the cell binds to Metallothionein (MT), and then the Cd*?-
MT complex enters the systemic circulation (Dorian et al. 1992). After passing through renal glomerular filtration,
cadmium penetrates the systemic circulation and is reabsorbed by proximal epithelial cells (Thévenod and Wolff
2015). The Cd-MT complex causes renal tubular damage in kidney tissue (George et al. 1976). Cd has a high
affinity for sulfhydryl, carboxyl, and phosphate groups and therefore inhibits enzymes and can disrupt various
metabolic processes, including lipid metabolism (Rogalska et al. 2009). It is essential to keep lipid homeostasis
unchanged, as an imbalance in lipid metabolism leads to cardiovascular diseases, fatty liver, and obesity (Wenk
2005).

The term "phytonutrients,” arising from the strong relationship between optimal nutrition and life expectancy, has
gained popularity and continues to be the subject of research among dietitians, nutritionists, food scientists,
physicians, and food and pharmaceutical businesses (Ates and Hatipoglu 2022; Hatipoglu and Keskin 2022).
Quercetin (QE) is a bioflavonoid, a type of phytonutrient. QE is found in various fruits and vegetables, such as
cabbage, onions, strawberries, apples, red grapes, broccoli, cherries, tea, and wine (Almeida et al. 2018). In recent
years, the antioxidant activities of QE have been extensively studied, including its effects on glutathione (GSH),
enzymatic activity, signal transduction pathways, and reactive oxygen species (ROS) induced by environmental
and toxicological factors (Adedara et al. 2017; Gao et al. 2018). Chemical studies on QE have mainly focused on
the antioxidant activity of metal ion complexes and complex ions (Xu et al. 2019), and its protective activity
against various toxic substances, especially vital organs such as the kidney, brain and heart (Prabu et al. 2013). In
addition, various pharmacological effects of QE have been reported in animal and human studies, including
hyperglycemia optimization (Aguirre et al. 2011), and hypolipidemic effects (Bhaskar et al. 2013).

The kidneys are the most sensitive and vulnerable to Cd ions, and Cd-induced nephrotoxicity has been thoroughly
documented in numerous investigations (Prozialeck and Edwards 2012; Yuan et al. 2016; Alshammari et al.
2021). However, the number of studies dealing with the effects of Cd on kidneys and lipid metabolism is limited.
For this purpose, in our research, we first examined the changes in kidney function tests and lipid metabolism that
are shaped as a result of acute cadmium toxicity. In addition, we investigated the potential ameliorative effect of
QE, a flavonoid plant extract, on impaired renal function and lipid metabolism due to acute cadmium toxicity.

MATERIALS AND METHODS
Ethical statement

All animal procedures were approved and conducted by following the guidelines of the Selcuk Experimental
Animal Production and Research Center Ethics Committee (Approval No:2022/114). Furthermore, the European
Economic Community Directives carried out all experimental procedures on animal welfare (86/609/CEE and
2010/63/EU).
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Animals and experimental design

Male albino Wistar rats (n=30; body weights 350+10g) were purchased from Selcuk University Experimental
Application and Research Center. Before beginning the study, the animals' overall health was evaluated.
Throughout the study, the rats were housed ad libitum in plastic rat cages in an environment with 12/12 day-night
light cycles, room temperature 22+2°C, and humidity 50£10% percent (30 days). After 7 days of acclimatization,
rats were divided into four groups based on their mean body weight: Control group (C; n=6), Cadmium group
(Cd; n = 8), Quercetin group (QE; n= 8), and Cadmium + Quercetin group (Cd+QE; n=8). Rats in group K were
given standard rat food and drinking water ad libitum throughout the experiment. The rats in the Cd group were
injected subcutaneously with cadmium chloride (CdCl,) at a dose of 4 mg/kg/day for three days. The rats in the
QE group were injected with 50mg/kg/day Quercetin intraperitoneally for three days. The rats in the Cd+QE
group were injected subcutaneously with cadmium chloride (CdCl,) at a dose of 4mg/kg/day and Quercetin at a
dose of 50mg/kg/day intraperitoneally for three days (Figure 1)

At the end of the three-day trial, after general anesthesia (thiopental anesthesia, 40mg/kg) was applied to the rats
used in the study, blood was drawn from the heart into serum-seperating tubes at a sufficient rate by cardiac
puncture. After blood collection, the animals were terminated under anesthesia by the cervical dislocation
technique (Figure 1).
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Figure 1. Graphical abstract of the experimental design and method
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Measurement of Renal Function Test and Lipid Profile Parameters

The blood samples were centrifuged (3000 rpm, 25 min., Hermle Z380, Résler, Germany), and their serums were
separated. Separated serum samples were stored at minus 80 °C until analysis. Triglyceride (TG), cholesterol
(TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL), lactate dehydrogenase (LDH), urea, uric
acid, creatinine, alkaline phosphatase (ALP), total bilirubin (TBIL) and direct bilirubin (DBIL) levels in the
obtained serum samples were determined in a biochemical analyzer (Architect C-8000, Abbott, USA) using
commercial kits by the prospectuses (Figure 1).

Statistical Analysis

Normal distribution analyzes of serum triglyceride, cholesterol, HDL, LDL, LDH, urea, uric acid, creatinine,
ALP, TBIL and DBIL were done with the Kolmogorov-Smirnov test. The homogeneity of variances was
controlled using Levene's test. The Duncan analysis evaluated all data following one-way ANOVA (SPSS®
program). Statistical importance was described as a value of (p<0.05).

RESULTS

The effects of Cd on kidney function are summarized in Figure 2. Accordingly, it is noteworthy that Cd
significantly increased urea, creatinine, ALP, TBIL, and uric acid levels compared to the control group (p<0.05).
However, in the Cd+QE group, especially the urea, ALP, and uric acid levels were found to be statistically lower
(p<0.05), and the creatinine level was numerically inferior to the Cd group (p>0.05). Interestingly, only the TBIL
level in the Que group was significantly higher than in the control group (p<0.05).
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Figure 2. Renal function tests between different groups. "*" indicates a significant difference with the control
group, and "#" indicates a significant difference with the Cd group (p<0.05). "ns" and "ns*" indicate insignificant
differences between the control group and Cd group, respectively (p>0.05).
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The effects of Cd on lipid metabolism in rat serum are summarized in Figure 3. Compared with the control group,
TG, TC, LDL and LDH levels increased significantly (p<0.05) in the Cd group, while HDL levels decreased
significantly (p<0.05). In the quercetin group (Cd+QE) administered concurrently with Cd to reduce the side
effects of Cd, LDH levels were found to be statistically lower than the Cd group (p<0.05), while TG, TC and LDL
levels were numerically lower (p>0.05).
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Figure 3. Serum lipid metabolic parameter levels between different groups. "*" indicates a significant difference
with the control group, and "#" indicates a significant difference with the Cd group (p<0.05). "ns" and "ns*"
indicate insignificant differences between the control group and Cd group, respectively (p>0.05).

DISCUSSION

Cd is a significant environmental pollutant and a very toxic heavy metal that causes poisoning in the tissues of
animals and humans (Bernhoft 2013). Cd enters the living organism via water or food, binds to albumin and
erythrocytes in the blood, and is then transferred to tissues and organs, where it binds to proteins of low molecular
mass, producing metallothioneins (Cd-MT) through the induction of metallothionein MRNA synthesis (Sato and
Kondoh 2002). These Cd-MT complexes can lead to lipid peroxidation by producing various reactive oxygen
species and depleting the level of major antioxidant compounds in cells, leading to cell death, tissue damage and
diseases in various organs, especially kidneys and liver (Johri et al. 2010; Fatima et al. 2019). It has been reported
that chelation therapy is ineffective when the Cd-MT complex develops (Nordberg 1984), and that antioxidant
therapies may have protective effects on Cd toxicity (Renugadevi and Prabu 2009; Kisadere et al. 2019; Kisadere
et al. 2021). Considering the relationship between Cd exposure and oxidative stress caused by reactive oxygen
species, using some antioxidants in cadmium intoxication may be a fundamental therapeutic approach. This study
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provides experimental evidence of the adverse effect of acute Cd intoxication on kidney function and serum lipid
profile in rats. In addition, our study shows the curative effect of QE against dyslipidemia and kidney function
damage caused by this heavy metal.

Recent studies have shown that Cd can accumulate in the kidneys and lead to nephropathy (Madden and Fowler
2000; Kayaalti et al. 2015). Our results were similar to previous studies (Kido et al. 1990; Renugadevi and Prabu
2009; Aranami et al. 2010; Renugadevi and Milton Prabu 2010; Momeni et al. 2019; Goodarzi et al. 2020) and
clearly showed that acute Cd exposure increases serum levels of urea, creatinine, ALP, TBIL and uric acid (Figure
2). Cd ions cause severe glomerular and tubular damage and mainly affect the proximal tubules, the site of
maximum absorption. As a result, impaired absorption leads to increased urinary albumin excretion, proteinuria
and glycosuria, decreased creatinine clearance and higher urine levels (Pollack et al. 2015; Satarug 2018; Satarug
et al. 2018). Urea is a nitrogen-containing metabolic product of protein metabolism, while uric acid is the primary
product of adenosine and guanosine metabolism. High blood urea levels result from increased protein catabolism
in mammals or the conversion of ammonia to urea due to increased synthesis of the enzyme arginase involved in
urea production (Huang et al. 2002). The finding of a high serum uric acid concentration, which is used as a renal
prognostic factor, suggests that hyperuricemia may result from a bodily response to increased production of
endogenous oxygen species (ul Haq et al. 2010). In this study, increased serum urea, uric acid and creatinine levels
suggest a diagnosis of renal failure (Johri et al. 2010). Our previous studies reported that QE showed antioxidant
activity and reduced lipid peroxidation products in the brain and serum against Cd toxicity (Kisadere and Donmez
2019; Kisadere et al. 2019). In the current study, the administration of QE can significantly restore serum urea,
uric acid, creatinine and TBIL levels against Cd intoxication by showing antioxidant activity in the kidneys and
reducing lipid peroxidation (Figure 2).

Cd ions show a high affinity for biological structures containing sulfhydryl, carboxyl and phosphate groups.
Studies have shown that CD changes the activity of many metabolic enzymes (Almeida JA et al. 2001; Fu and Xi
2020) and disrupts the functioning of some metabolic processes, such as lipid metabolism, by inhibiting many
enzymes in the organism (Rogalska et al. 2009; Hong et al. 2021). In the current study, significant increases in
TC, TG, LDL and LDH fractions and a decrease in HDL levels were observed in rats exposed to Cd compared to
the control group (Figure 3). Other studies have shown similar increases in serum levels of TC, TG, LDL, and
LDH after the administration of Cd to rats (Pathak and Khandelwal 2007; Samarghandian et al. 2015). A
substantial body of evidence supports the link between Cd exposure and dyslipidemia (Larregle et al. 2008;
Rogalska et al. 2009; Liu et al. 2016). According to the current findings, it was noted that QE applied to prevent
Cd-induced dyslipidemia improved the serum lipid profile, albeit limited, by showing a hypolipidemic effect
(Figure 3). Various studies have reported that QE partially normalizes dyslipidemia, exerts a hypolipidemic effect
and can reduce liver fat accumulation (Jeong et al. 2012; Tang et al. 2012; Muselin et al. 2022). It is thought that
the ability of QE to ameliorate dyslipidemia may be due to the attenuation of peroxisome proliferator-activated
receptor-a (PPAR-a), sterol regulatory element-binding protein-1c (SREBP-1c), and reduction of acetyl-CoA
carboxylase in the liver (Gnoni et al. 2009; Kobori et al. 2011; Hosseini et al. 2021). Quercetin's antioxidant
properties are essential role in improving dyslipidemia by reducing lipid peroxidation (Samarghandian et al.
2015).

In conclusion, this study explained that acute Cd exposure might adversely affect kidney, lipid, and lipoprotein
profiles. More detailed studies are needed to evaluate the exact mechanism of Cd's role in dyslipidemia.
Nevertheless, the data presented here demonstrated that QE has a clear protective role against dyslipidemia and
renal function against Cd toxicity through its hypolipidemic and antioxidative action. Although further elucidation
of the correct pharmacological mechanism is needed, the preventative action of QE highlights a promising strategy
for preventing the side effects of Cd.
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