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Abstract 

Cadmium is a toxic heavy metal classified by the International Agency for Research on 

Cancer as a human carcinogen and recognized as an endocrine-disrupting chemical. The 

present study aimed to evaluate tissue-specific susceptibility to cadmium-induced oxida-

tive damage to membrane lipids (lipid peroxidation, LPO) and to assess the antioxidative 

effects of melatonin in porcine tissue homogenates representing endocrine (the thyroid 

and the ovary) and non-endocrine (the liver, the kidney, and the brain) organs. Homoge-

nates were incubated with cadmium chloride (CdCl2; 2.5–1000 µM) without/with melato-

nin (0.1–5.0 mM). Lipid peroxidation was assessed spectrophotometrically by measuring 

malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA) levels. Cadmium significantly in-

creased LPO in the liver (2.5–1000 µM) and in the kidney (25–1000 µM), whereas no proox-

idative effect was observed in endocrine tissues or in the brain. Liver damage was miti-

gated by melatonin doses as low as 0.1 µM across the 250–1000 µM cadmium range, while 

protection in the kidney was limited to higher melatonin concentrations (2.5–5.0 mM) 

against damage induced by 100–1000 µM cadmium concentrations. The findings demon-

strate pronounced tissue-specific differences in susceptibility to cadmium-induced oxida-

tive stress and support the potential of melatonin as a preventive agent against heavy 

metal-induced oxidative stress, particularly in non-endocrine organs. 

Keywords: melatonin; cadmium; oxidative damage; thyroid; antioxidant; carcinogen;  

endocrine-disrupting chemical 

 

1. Introduction 

Exposure to heavy metals is recognized as a major environmental concern with signifi-

cant implications for public health [1]. These elements are released into the environment pri-

marily as a result of industrial activities, including mining, smelting, and fossil fuel combus-

tion [2], as well as intensive agricultural practices and ongoing urbanization [3]. Consequently, 

heavy metals can accumulate in environmental compartments such as air, soil, and water, 
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from which they enter the human body mainly through inhalation and dietary intake [4,5]. 

Due to their ability to bioaccumulate in tissues and organs, long-term exposure may disrupt 

physiological processes and contribute to the development of chronic toxic effects [6]. 

The International Agency for Research on Cancer (IARC) has classified cadmium (Cd) 

among substances recognized as carcinogenic to humans (Group 1) [7]. Prolonged exposure 

to this heavy metal is associated with the induction of oxidative stress and inflammatory re-

sponses in the body. Cadmium is also recognized as an endocrine-disrupting chemical (EDC), 

as it can mimic, block, or modulate the activity of endogenous hormones, thereby disrupting 

normal endocrine signaling pathways and hormonal homeostasis [8,9]. 

Following absorption, cadmium exerts toxic effects on multiple organs and systems, with 

particular vulnerability observed in tissues involved in metabolism and detoxification pro-

cesses. Owing to its long biological half-life and pronounced capacity for tissue accumulation, 

cadmium may persist in the body for decades, and its toxic effects can be sustained over time, 

contributing to an increased risk of chronic metabolic and endocrine disorders [10,11]. 

Given the central role of oxidative stress in cadmium-induced toxicity, increasing atten-

tion has been paid to the potential protective effects of antioxidants that can counteract free 

radical-mediated damage. Among them, melatonin (N-acetyl-5-methoxytryptamine) has 

emerged as a particularly promising candidate. It is a widely distributed molecule, synthe-

sized by a broad range of organisms, and is best known for its role in the regulation of circa-

dian rhythms [12,13]. In addition, melatonin exhibits strong antioxidant properties, acting 

both as a direct free radical scavenger [14] and as a modulator of antioxidant defense systems, 

thereby protecting cellular macromolecules under various experimental conditions [15–20]. 

Although cadmium-induced oxidative stress has been extensively documented, con-

siderably less is known about tissue-specific differences in susceptibility to cadmium-in-

duced lipid peroxidation, particularly when endocrine and non-endocrine organs are com-

pared under identical experimental conditions. Endocrine tissues differ substantially from 

non-endocrine organs with respect to their physiological redox characteristics, metabolic 

activity, and susceptibility to oxidative damage. Therefore, comparative evaluation of cad-

mium-induced oxidative stress in different tissues may contribute to a better understanding 

of organ-specific vulnerability to this environmental toxicant. Furthermore, despite numer-

ous reports demonstrating the antioxidative properties of melatonin [14–20], its protective 

efficacy against cadmium-induced lipid peroxidation has not been systematically compared 

across endocrine and non-endocrine tissues in a single experimental model. 

The thyroid and the ovary were selected as representative endocrine organs because 

they differ in their physiological redox characteristics. In the thyroid gland, physiological 

oxidative processes are indispensable for thyroid hormone synthesis [21], whereas the ovary 

is not characterized by such intensive constitutive oxidative processes related to hormone 

synthesis [19]. Additionally, both are recognized targets of cadmium-induced endocrine 

disruption. The liver and the kidney were included as major sites of cadmium accumulation 

and toxicity, whereas the brain was selected due to its well-known susceptibility to oxida-

tive stress. Therefore, the selected tissues represent organs with distinct physiological func-

tions and different potential vulnerability to cadmium-induced oxidative damage. 

The study aimed to check tissue sensitivity to cadmium used in the form of cadmium 

chloride (CdCl2) and to assess whether, and to what extent, melatonin can prevent cadmium-

induced oxidative damage to membrane lipids (lipid peroxidation, LPO). This investigation 

was conducted using porcine tissue homogenates from two endocrine organs, i.e., the thyroid 

and the ovary, as well as three non-endocrine organs, i.e., the liver, the kidney, and the brain. 

2. Results 

Incubation of porcine tissue homogenates with CdCl2 alone resulted in tissue-specific 

changes in LPO, measured as malondialdehyde + 4-hydroxyalkenals (MDA + 4-HDA levels) 
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(Figure 1A). A concentration-dependent increase in LPO was observed predominantly in liver 

and kidney homogenates, reaching statistical significance across the entire range of tested 

CdCl2 concentrations (1000–2.5 µM) in the liver and within the range of 1000–25 µM in the 

kidney, whereas the thyroid, the ovary, and the brain were not sensitive to the prooxidative 

effects of cadmium, i.e., no increase in LPO level was observed, rather a significant decrease 

was noticed in the ovary tissue in the presence of the highest concentration of CdCl2. Notably, 

baseline LPO levels were higher in brain homogenates compared to the analyzed tissues. 

 

Figure 1. Lipid peroxidation (LPO), assessed as the level of malondialdehyde + 4-hydroxyalkenals (MDA 

+ 4-HDA), in porcine tissue homogenates. Homogenates were incubated in the presence of (A) cadmium 

chloride (CdCl2) (1000, 500, 250, 100, 50, 25, 10, 5.0 and 2.5 µM); (B) melatonin (5.0, 2.5, 1.0, 0.50, 0.25 and 

0.10 mM). LPO levels are expressed as nmol/mg protein. Data are presented as mean ± SE (error bars). 

“a” p < 0.05 vs. control within the same tissue; “b” p < 0.05 vs. control values in all other tissues. 

In turn, when homogenates of the thyroid, the ovary, the liver, and the kidney were 

incubated in the presence of melatonin, LPO levels were generally comparable to control 

values. In contrast, in the case of brain homogenate, incubation with melatonin resulted 

in a reduction in LPO levels (Figure 1B), reaching statistical significance at the highest 

melatonin concentrations (5.0 and 2.5 mM). These findings indicate a tissue-specific and 

concentration-dependent antioxidative effect of melatonin. 

Co-incubation of porcine tissue homogenates with CdCl2 and melatonin resulted in 

tissue-specific and concentration-dependent changes in LPO, measured as MDA + 4-HDA 

levels (Figure 2); for clarity, results related to melatonin alone and cadmium alone are also 

presented in Figure 2 and described below. 

In endocrine tissues (the thyroid and the ovary), LPO levels remained relatively stable 

across the tested combinations of cadmium and melatonin, with no consistent Cd-induced 

increase or evident protective effect of melatonin, although in ovarian homogenates, Cd at 

1000 µM resulted in a significant decrease in LPO levels compared to control (shown also in 

Figure 1A), and this effect was further enhanced in the presence of melatonin (5.0 mM). 
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In contrast, non-endocrine tissues exhibited more pronounced and dynamic responses. 

In liver and kidney homogenates, increasing cadmium concentrations were associated with 

elevated LPO levels, particularly at higher concentrations. In these tissues, melatonin ex-

erted a tissue-specific protective effect against Cd-induced lipid peroxidation. In the liver 

homogenates, melatonin attenuated Cd-induced oxidative damage already at lower con-

centrations (from 0.1 mM) within the range of 250–1000 µM Cd. In contrast, in kidney ho-

mogenates, this protection was limited to higher melatonin concentrations (2.5 and 5.0 mM) 

and was observed for Cd concentrations in the range of 100–1000 µM. 

Brain tissue showed a distinct response pattern, characterized by the highest LPO 

levels among all analyzed tissues. While cadmium exposure maintained elevated LPO 

levels, melatonin reduced lipid peroxidation across the entire range of Cd concentrations, 

reaching statistical significance at the highest melatonin concentrations (2.5 and 5.0 mM). 

Overall, the interaction between cadmium and melatonin was tissue-dependent, 

with an evident protective effect of melatonin observed in non-endocrine tissues, espe-

cially in the liver. 

 

Figure 2. Lipid peroxidation (LPO), assessed as the level of malondialdehyde + 4-hydroxyalkenals (MDA 

+ 4-HDA), in porcine tissue homogenates. Homogenates were incubated in the presence or absence of 

cadmium chloride (CdCl2) (0, 2.5, 5.0, 10, 25, 50, 100, 250, 500 and 1000 µM) and melatonin (0, 0.10, 0.25, 

0.50, 1.0, 2.5 and 5.0 mM). LPO levels are expressed as nmol/mg protein. Data are presented as the mean. 

Color intensity reflects the level of LPO. “a” p < 0.05 vs. control within the same tissue; “b” p < 0.05 vs. 

samples treated with the same concentration of CdCl2 without melatonin within the same tissue. 

3. Discussion 

The present study demonstrates marked tissue-specific differences in susceptibility 

to cadmium-induced oxidative damage and in responsiveness to melatonin treatment. 

Cadmium is well known to induce oxidative stress indirectly, mainly through exces-

sive generation of reactive oxygen species (ROS), impairment of antioxidant defense sys-

tems, and disruption of mitochondrial function [8–11]. Mitochondria are considered one 

of the major intracellular sources of reactive oxygen species and are also important targets 
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of cadmium toxicity. Cadmium has been shown to impair mitochondrial function, includ-

ing disruption of the electron transport chain, which may lead to excessive ROS genera-

tion and further amplification of oxidative stress. Thus, mitochondrial dysfunction and 

ROS overproduction may constitute a self-perpetuating cycle contributing to cadmium-

induced cellular damage [22,23]. Although mitochondrial function was not assessed in the 

present study, such mechanisms may have contributed to the observed lipid peroxidation 

in cadmium-sensitive tissues. Increased lipid peroxidation observed in liver and kidney 

homogenates in the present study is consistent with previous findings indicating that 

these organs are particularly susceptible to Cd-induced oxidative damage [24]. This vul-

nerability is most likely related to their important roles in metabolism, detoxification, and 

cadmium accumulation [25]. Indeed, the kidney and the liver are considered major target 

organs for cadmium toxicity due to the tendency of this metal to accumulate in these tis-

sues during prolonged exposure [24]. Although cadmium may also accumulate in other 

organs, including endocrine and nervous tissues, the liver and the kidney are generally 

considered the primary sites of cadmium deposition and toxicity during chronic exposure 

[10,11]. Nevertheless, cadmium accumulation has also been demonstrated in endocrine 

organs, including the thyroid and the ovary, where this metal may disrupt hormonal ho-

meostasis, impair cellular redox balance, and induce structural and functional alterations 

[26,27]. In the thyroid gland, cadmium exposure has been associated with disturbances in 

thyroid hormone metabolism and oxidative damage, whereas in the ovary, cadmium may 

affect steroidogenesis, follicular integrity, and reproductive function [26–28]. In turn, 

brain tissue is considered particularly susceptible to oxidative stress due to its high meta-

bolic activity, intensive oxygen consumption, and membrane lipid composition rich in 

polyunsaturated fatty acids susceptible to peroxidation [29–31]. 

It is worth mentioning that tissue-dependent responses to prooxidants were also ob-

served in our previous studies. For example, the thyroid was much less sensitive to Fenton 

reaction substrates compared to the ovary [32]. Similarly, after exposure to potassium io-

date (KIO3), the thyroid exhibited lower susceptibility to lipid peroxidation compared to 

the spleen, ovary, and intestine [15]. Thus, the thyroid gland, as an organ of oxidative 

nature [21], is generally characterized by weaker susceptibility to exogenous prooxidants, 

and this was also observed in the current study in response to cadmium. This relative 

resistance may result from adaptation to continuous physiological exposure to reactive 

oxygen species generated during thyroid hormone biosynthesis and from efficient antiox-

idant defense systems required to maintain redox homeostasis. In contrast to the relatively 

lower susceptibility of the thyroid observed in the present and previous studies, ovarian tissue 

appears to be more vulnerable to cadmium-related endocrine and redox disturbances. Exper-

imental studies have shown that cadmium may alter estrous cycle duration, estradiol concen-

trations, steroidogenic and folliculogenic gene expression, and signaling pathways involved 

in cell survival, including mTOR/ERK1/2-related signaling, endoplasmic reticulum (ER) 

stress, autophagy, and apoptosis [33,34]. Importantly, melatonin co-treatment was reported to 

prevent or attenuate many of these alterations, including ER-stress marker activation, changes 

in the Bax/Bcl-2 ratio, caspase-3 activation, and ovulatory dysfunction [33,34]. Thus, ovarian 

susceptibility to cadmium may involve not only lipid peroxidation but also broader signaling 

disturbances related to ER stress, apoptosis, and follicular function. 

Melatonin is recognized as one of the most potent endogenous antioxidants and free 

radical scavengers. In addition to its direct free radical-scavenging activity, melatonin has 

been reported to modulate endogenous antioxidant defense systems, including antioxi-

dant enzymes and redox-regulating pathways [14]. Its indirect antioxidant effects include 

stimulation of cellular antioxidant defenses, increased expression of antioxidant-related 

genes, enhanced levels of reduced glutathione, and increased activity of key antioxidant 

enzymes. Furthermore, melatonin may initiate an antioxidant cascade, independently of 
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melatonin receptor signaling, whereby its first-, second-, and third-generation metabolites 

also function as free radical scavengers [14,35]. Thus, the protective effects observed in the 

present study may result not only from direct ROS neutralization but also from activation 

of endogenous antioxidant defenses and the antioxidant activity of melatonin-derived 

metabolites. Melatonin has also been shown to influence epigenetic mechanisms, includ-

ing DNA methylation, which is followed by changes in various gene expressions [18]. It 

is also worth mentioning that melatonin may exert immunomodulatory effects, as shown 

in our recent in vitro study in which melatonin reduced surface FcγRIII/CD16-related pa-

rameters in porcine peripheral blood mononuclear cells, supporting its broader role in the 

regulation of immune cell phenotype [36]. 

In the present study, melatonin attenuated cadmium-induced lipid peroxidation in 

non-endocrine tissues, although the magnitude of protection differed between organs. 

The protective effect was observed over a broader range of experimental conditions in the 

liver, which is consistent with recent hepatic models showing that melatonin reduces cad-

mium-associated oxidative stress, lipotoxicity, inflammatory responses, and cytotoxicity, in-

cluding under free fatty acid-induced metabolic stress [37,38]. However, because lipidomic 

and metabolic endpoints were not assessed here, these mechanisms should be considered only 

as a broader context for the hepatic responsiveness observed in the present model. 

By contrast, kidney homogenates required higher melatonin concentrations to 

achieve a significant reduction in LPO levels. In vivo studies of cadmium-induced ne-

phrotoxicity indicate that melatonin may also restore renal antioxidant status and attenu-

ate inflammatory, fibrotic, and apoptotic responses, including changes in superoxide dis-

mutase (SOD), glutathione (GSH), catalase (CAT), MDA, tumor necrosis factor-alpha, in-

ducible nitric oxide synthase, transforming growth factor-beta 1, alpha-smooth muscle 

actin, collagen I, and caspase-3 [39]. Since these markers were not assessed in the present 

in vitro homogenate model, such mechanisms should be interpreted as possible down-

stream events relevant mainly to chronic in vivo cadmium exposure. Overall, the ob-

served liver–kidney differences may reflect tissue-specific variations in endogenous anti-

oxidant capacity, membrane lipid composition, cadmium-handling mechanisms, and 

metallothionein-mediated metal sequestration. 

These differences may reflect tissue-specific variations in endogenous antioxidant ca-

pacity, membrane lipid composition, or cadmium-handling mechanisms, including 

metallothionein-mediated metal sequestration. Metallothioneins represent an important 

component of Cd toxicology and may provide a broader mechanistic context for tissue-

specific Cd responses. These low-molecular-weight, cysteine-rich proteins bind cadmium 

through thiol groups, thereby reducing the pool of free Cd ions capable of interacting with 

sensitive intracellular targets. In vivo, metallothionein-bound Cd is also involved in cad-

mium redistribution and renal accumulation, since Cd–metallothionein complexes may 

be filtered in the kidney by the glomerulus and reabsorbed by proximal tubular cells. Fol-

lowing lysosomal degradation, Cd ions can be released and may contribute to tubular 

injury when local metallothionein-mediated sequestration is insufficient [40]. Although 

such inter-organ transport mechanisms are not directly applicable to the present in vitro 

tissue model, differences in basal metallothionein content, inducibility, Cd/Zn balance 

within metallothionein, and local cadmium-binding capacity may represent potential fac-

tors influencing tissue susceptibility to cadmium-induced oxidative damage. 

Of note, brain homogenates exhibited the highest baseline LPO levels among all an-

alyzed tissues, which most likely reflects the particularly high susceptibility of nervous 

tissue to oxidative processes [41]. The brain is characterized by intensive oxygen con-

sumption, high metabolic activity, elevated content of polyunsaturated fatty acids suscep-

tible to peroxidation, and relatively limited antioxidant defense capacity [29–31]. To-

gether, these features favor enhanced generation of reactive oxygen species and high basal 
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lipid peroxidation. In the present study, melatonin reduced the basal level of LPO (au-

tooxidation) in brain homogenates. This finding is consistent with in vivo evidence, for 

example from the rat hippocampus, showing that chronic cadmium exposure increased 

lipid peroxidation/TBARS and nitric oxide levels, decreased SOD and CAT activities, and 

was associated with affective and cognitive impairments as well as neuronal loss in the 

CA3 region, whereas melatonin attenuated these biochemical, histological, and behavioral 

alterations [42]. These findings support the view that nervous tissue, because of its high 

basal oxidative status, lipid composition, and responsiveness to melatonin, may be par-

ticularly sensitive to the antioxidative activity of this indoleamine. This effect may addi-

tionally be favored by the ability of melatonin to easily penetrate biological membranes 

and accumulate in nervous tissue [43–45]. Nevertheless, a decrease in spontaneous au-

tooxidation in isolated tissue homogenates should be interpreted cautiously, since physi-

ological redox processes occur in all tissues and are not necessarily pathological. 

Interestingly, cadmium-induced lipid peroxidation, as well as protective effects of 

melatonin, were also demonstrated in an in vivo hamster model involving the brain, the 

liver, and the kidney [46]. Although the experimental design differed substantially from 

the present in vitro study, the consistency of the findings, at least regarding the liver and 

the kidney, may suggest that both prooxidative effects of cadmium and antioxidative ef-

fects of melatonin result also from their direct actions without the participation of systemic 

circulation and systemic metabolic processes. 

The limitations of the present study are as follows. The most important thing is that 

the study was performed under in vitro conditions using porcine tissue homogenates. 

Although porcine tissues are widely recognized as physiologically and biochemically sim-

ilar to human organs, our observations are limited to experimental conditions that differ 

from those occurring in living organisms. In addition, the use of tissue homogenates ra-

ther than intact cells or whole organs does not allow evaluation of cellular integrity, intra-

cellular signaling pathways, cadmium metabolism, or systemic regulatory mechanisms 

involved in oxidative stress responses. 

Another limitation is that oxidative damage was evaluated only with respect to one 

macromolecule, i.e., membrane lipids, and only one marker of lipid peroxidation (MDA + 

4-HDA) was used. Furthermore, the present study focused exclusively on melatonin as a 

protective antioxidative agent. Therefore, it cannot be excluded that other antioxidants 

may reveal different or even stronger protective effects against cadmium-induced oxida-

tive damage. Additionally, the present study did not assess the activity of antioxidant 

enzymes or the involvement of redox-regulating pathways. Therefore, the mechanisms 

underlying cadmium-induced oxidative damage and the protective effects of melatonin 

could not be evaluated directly and should be investigated in future studies. 

It should also be noted that each tissue homogenate represented one pooled biologi-

cal sample prepared from tissues collected from 20 animals. Thus, although experiments 

were repeated and performed in duplicate, the obtained results should be interpreted as 

technical rather than fully independent biological replicates. Nevertheless, pooling of tis-

sues reduced inter-individual variability and enabled comparative assessment of tissue-

specific oxidative responses under standardized experimental conditions. 

At present, the biological significance of the obtained findings requires further vali-

dation under in vivo conditions. Nonetheless, the present results demonstrate evident tis-

sue-specific differences in susceptibility to cadmium-induced oxidative damage to mem-

brane lipids, as well as differences in responsiveness to melatonin treatment. These obser-

vations may contribute to a better understanding of mechanisms underlying heavy metal-

induced oxidative stress and antioxidant protection in different tissues. 

In summary, the present findings confirm that cadmium exerts tissue-dependent proox-

idative effects, with non-endocrine tissues important for metabolic processes and detoxifica-
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tion, i.e., the liver and the kidney, showing greater susceptibility to oxidative damage com-

pared to endocrine organs. At the same time, melatonin demonstrated protective effects 

against cadmium-induced lipid peroxidation; however, the effectiveness of this protection 

varied depending on the tissue type and experimental conditions. The obtained results sup-

port the view that melatonin may represent a potentially beneficial protective agent against 

oxidative damage induced by cadmium and possibly other environmental toxicants. 

4. Materials and Methods 

4.1. Ethical Considerations 

According to the Polish Act on the Protection of Animals Used for Scientific or Edu-

cational Purposes, dated 15 January 2015 (which implements Directive 2010/63/EU of the 

European Parliament and the Council of 22 September 2010, on the protection of animals 

used for scientific purposes), using animals solely for organ or tissue collection does not 

require approval from the Local Ethics Committee. Moreover, in this study, no experi-

mental animals were used; instead, porcine tissues were obtained from animals in a 

slaughterhouse as part of the routine slaughter process for consumption. Additionally, a 

separate statement from the Ethics Committee of the Medical University of Lodz, obtained 

on 20 October 2021, confirmed adherence to the above directive. 

4.2. Chemicals 

All chemicals used in the study were of analytical grade and were commercially 

sourced. Melatonin and cadmium chloride (CdCl2) were purchased from Sigma (St. Louis, 

MO, USA). Ethanol (C2H5OH) (96%) was obtained from Stanlab (Lublin, Poland), and the 

LPO-568 kit for LPO was acquired from Enzo Life Science (Farmingdale, NY, USA). 

4.3. Animals 

Porcine tissues were obtained from twenty (20) pigs of both sexes at a local slaugh-

terhouse. All procedures involving animals complied with the European Community 

Council Regulation (1099/2009/EC) on the protection of animals at the time of killing. The 

animals were sexually mature, as confirmed by their age (8–9 months) and body mass [118 

± 3.8 (SD) kg], and were assessed as healthy and free from pathological conditions by the 

attending veterinary officer responsible for animal health and slaughterhouse hygiene. 

Within 5 min following slaughter, selected tissues, including the thyroid glands, ovaries, 

kidneys (renal cortex), liver (left lateral lobe), and brain, were excised, immediately frozen 

in solid CO2, and stored at −80 °C until further experimental analysis. 

4.4. Experimental Steps 

Tissues from the thyroid, ovary, liver, kidney, and brain were homogenized in a 20 

mM Tris-HCl buffer (pH 7.4) at a 10% (w/v) concentration, kept ice-cold, and subsequently 

incubated for 30 min at 37 °C with the test substances. Melatonin was dissolved in abso-

lute ethanol, with a final ethanol concentration of 1% (v/v) in the incubation mixture. A 

cadmium compound was prepared using Tris-HCl buffer. 

In initial tests, we evaluated whether the available cadmium compound could induce 

lipid peroxidation. In the main experiments, co-incubations were conducted with a single 

antioxidant in homogenates of the thyroid, ovary, liver, kidney or brain, as detailed below: 

Experiment 1: CdCl2 (1000, 500, 250, 100, 50, 25, 10, 5.0 and 2.5 µM) with/without 

melatonin (5.0, 2.5, 1.0, 0.50, 0.25 and 0.10 mM) in the thyroid. 

Experiment 2: CdCl2 (1000, 500, 250, 100, 50, 25, 10, 5.0 and 2.5 µM) with/without 

melatonin (5.0, 2.5, 1.0, 0.50, 0.25 and 0.10 mM) in the ovary. 
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Experiment 3: CdCl2 (1000, 500, 250, 100, 50, 25, 10, 5.0 and 2.5 µM) with/without 

melatonin (5.0, 2.5, 1.0, 0.50, 0.25 and 0.10 mM) in the liver. 

Experiment 4: CdCl2 (1000, 500, 250, 100, 50, 25, 10, 5.0 and 2.5 µM) with/without 

melatonin (5.0, 2.5, 1.0, 0.50, 0.25 and 0.10 mM) in the kidney. 

Experiment 5: CdCl2 (1000, 500, 250, 100, 50, 25, 10, 5.0 and 2.5 µM) with/without 

melatonin (5.0, 2.5, 1.0, 0.50, 0.25 and 0.10 mM) in the brain. 

The cadmium concentrations used in the experiment represent a cross-section rang-

ing from the highest concentrations achievable in vitro (limited by solubility) to lower 

concentrations that no longer produced measurable pro-oxidative effects. The concentra-

tions of melatonin were selected based on previous experiments conducted in our labor-

atory [15]. These represent the highest concentrations achievable in vitro due to limited 

solubility and showed the most effective performance in our experimental model 

[15,16,32]. All experiments were conducted in duplicate and repeated three times. 

Each homogenate was prepared as a pooled biological sample consisting of tissues 

(either the thyroid or the ovary, or the liver, or the kidney, or the brain) collected from 20 

individual animals. As such, all experiments were performed on one composite biological 

sample per tissue, with each treatment condition tested in duplicate and repeated in three 

independent experimental runs to ensure technical reproducibility. 

4.5. Measurement of Lipid Peroxidation (LPO) Products 

The concentration of MDA + 4-HDA was measured as an indicator of LPO in tissue 

homogenates. The LPO-586 kit was applied as a protocol in the whole described proce-

dure. In brief, homogenates were centrifuged at 3000× g for 10 min at 4 °C. After collecting 

the supernatant, each experiment was performed in duplicate. A 200 µL sample of the 

supernatant was combined with 650 µL of a methanol solution (1:3, v/v) containing the 

chromogenic agent N-methyl-2-phenylindole, then vortexed. Subsequently, 150 µL of me-

thanesulfonic acid (15.4 M) was added, and the mixture was incubated at 45 °C for 40 min. 

The reaction between MDA + 4-HDA and N-methyl-2-phenylindole forms a chromo-

phore, which was measured spectrophotometrically at 586 nm using a 10 mM 4-hy-

droxynonenal (4-HNE) solution as a standard. Lipid peroxidation levels were expressed 

as the amount of MDA + 4-HDA (nmol) per mg of protein. Protein content was determined 

using the Bradford method [47], with bovine serum albumin as the standard. 

4.6. Statistical Analyses 

The data were analyzed statistically using a one-way analysis of variance (ANOVA), 

followed by the Student–Newman–Keuls test, for cases involving more than two experi-

mental groups (such as different concentrations of cadmium alone or cadmium combined 

with various concentrations of melatonin). For comparisons between two independent 

groups (cadmium alone versus cadmium plus melatonin), an unpaired Student’s t-test 

was applied. A level of p < 0.05 was considered statistically significant. 

5. Conclusions 

This study demonstrates that cadmium-induced oxidative damage is highly tissue-

specific, with the liver and the kidney exhibiting the highest sensitivity to lipid peroxida-

tion. This vulnerability is likely due to the specificity of these organs, including their high 

metabolic activity, intensive oxygen consumption, and their role as primary sites of cad-

mium accumulation and detoxification, involving, for example, the synthesis of metal-

binding proteins such as metallothionein. Melatonin serves as an effective antioxidant 

against cadmium toxicity, though its protective efficacy varies significantly across differ-

ent organs. The liver exhibited the most consistent response to melatonin across a wide 

range of concentrations, potentially due to its high metabolic turnover and the hormone’s 
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synergy with hepatic antioxidant enzymes. In contrast, the kidney required significantly 

higher doses of melatonin to achieve protective effects. Of note, brain tissue demonstrated 

particularly high baseline lipid peroxidation levels, suggesting its high susceptibility to 

oxidative stress. Interestingly, the thyroid’s resistance to cadmium-induced LPO suggests 

that its high physiological oxidative activity (indispensable for hormone synthesis) para-

doxically makes the organ less vulnerable to further pro-oxidative factors. Overall, these 

findings suggest that cadmium toxicity occurs via, among others, a mechanism of lipid 

peroxidation. Additionally, they support the potential of melatonin as a preventive agent 

against cadmium-induced oxidative damage, similarly to what has been observed for 

other heavy metals. 

Author Contributions: Conceptualization, A.K.G. and M.K.-L.; methodology, A.K.G. and M.K.-L.; 

software, J.S.; validation, M.K.-L.; formal analysis, A.K.G. and J.S.; investigation, A.K.G.; data cura-

tion, A.K.G.; writing—original draft preparation, A.K.G.; writing—review and editing, M.K.-L.; vis-

ualization, A.K.G.; supervision, M.K.-L. All authors have read and agreed to the published version 

of the manuscript. 

Funding: This research was funded by statutory funds from the Medical University of Lodz, Poland 

(503/1–107-03/503–11-001). 

Institutional Review Board Statement: The porcine material used in the study was collected from 

animals slaughtered in a slaughterhouse as part of the routine slaughter process for human con-

sumption. Therefore, the study involved only post-mortem biological material obtained from ani-

mals not used for scientific or educational procedures. In accordance with the Polish Act on the Protection 

of Animals Used for Scientific or Educational Purposes of 15 January 2015, implementing Directive 

2010/63/EU of the European Parliament and of the Council of 22 September 2010, the use of animals solely 

to collect organs or tissues does not require approval from the Local Ethics Committee. Such activities 

are subject only to registration by the centre where the organs or tissues are collected. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The datasets used and/or analyzed during the current study are avail-

able from the corresponding author on reasonable request. 

Acknowledgments: This article is a revised and expanded version of the presentation entitled “Dif-

ferential Sensitivity of Endocrine and Non-Endocrine Tissues to Cadmium-Induced Lipid Peroxi-

dation and the Protective Role of Melatonin”, presented as an e-poster at the 28th European Con-

gress of Endocrinology, Prague, Czech Republic, 9–12 May 2026, and as an oral presentation (in 

Polish) at the 3rd Congress of the Polish Society of Oncological Endocrinology and the 10th Con-

gress of the Polish Thyroid Association, Lodz, Poland, 16–18 April 2026. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Abolli, S.; Soleimani, H.; Askari, M.; Ghani, M.; Oskoei, V.; Alimohammadi, M. Health risk assessment according to exposure 

with heavy metals and physicochemical parameters; water quality index and contamination degree evaluation in bottled water. 

Int. J. Environ. Anal. Chem. 2024, 104, 8032–8049. https://doi.org/10.1080/03067319.2023.2191194. 

2. Badeenezhad, A.; Soleimani, H.; Shahsavani, S.; Parseh, I.; Mohammadpour, A.; Azadbakht, O.; Javanmardi, P.; Faraji, H.; Ba-

bakrpur Nalosi, K. Comprehensive health risk analysis of heavy metal pollution using water quality indices and Monte Carlo 

simulation in R software. Sci. Rep. 2023, 13, 15817. https://doi.org/10.1038/s41598-023-43161-3. 

3. Shi, J.; Zhao, D.; Ren, F.; Huang, L. Spatiotemporal variation of soil heavy metals in China: The pollution status and risk assess-

ment. Sci. Total Environ. 2023, 871, 161768. https://doi.org/10.1016/j.scitotenv.2023.161768. 

https://doi.org/10.3390/ijms27135991


Int. J. Mol. Sci. 2026, 27, 5991 11 of 13 
 

https://doi.org/10.3390/ijms27135991 

4. Sadia, U.; Islam, M.N.; Hoque, M.A.; Tanbi, T.A.; Asha, S.M.A.A.; Howlader, S.; Sarker, N.; Islam, S.; Rahman, I.; Bandyopadh-

yay, A.; et al. Assessing trace metal based human health risks in the highly consumed vegetables collected from the industrial-

ized zones of Bangladesh. Environ. Geochem. Health 2025, 48, 21. https://doi.org/10.1007/s10653-025-02907-w. 

5. Lv, L.; Jiao, Z.; Ge, S.; Zhan, W.; Ruan, X.; Wang, Y. Assessment of Cd pollution in paddy soil-rice system in silver mining-

affected areas: Pollution status, transformation and health risk assessment. Int. J. Environ. Res. Public Health 2022, 19, 12362. 

https://doi.org/10.3390/ijerph191912362. 

6. Radfard, M.; Hashemi, H.; Baghapour, M.A.; Samaei, M.R.; Yunesian, M.; Soleimani, H.; Azhdarpoor, A. Prediction of human 

health risk and disability-adjusted life years induced by heavy metals exposure through drinking water in Fars Province, Iran. 

Sci. Rep. 2023, 13, 19080. https://doi.org/10.1038/s41598-023-46262-1. 

7. de Conti, A.; Madia, F.; Schubauer-Berigan, M.K.; Benbrahim-Tallaa, L. Carcinogenicity of some metals evaluated by the IARC 

monographs: A synopsis of the evaluations of arsenic, cadmium, cobalt, and antimony. Toxicol. Appl. Pharmacol. 2025, 504, 

117506. https://doi.org/10.1016/j.taap.2025.117506. 

8. Haverinen, E.; Fernandez, M.F.; Mustieles, V.; Tolonen, H. Metabolic syndrome and endocrine disrupting chemicals: An over-

view of exposure and health effects. Int. J. Environ. Res. Public Health 2021, 18, 13047. https://doi.org/10.3390/ijerph182413047. 

PMID: 34948652; PMCID: PMC8701112. 

9. Iavicoli, I.; Fontana, L.; Bergamaschi, A. The effects of metals as endocrine disruptors. J. Toxicol. Environ. Health B Crit. Rev. 2009, 

12, 206–223. https://doi.org/10.1080/10937400902902062. PMID: 19466673. 

10. Parida, L.; Patel, T.N. Systemic impact of heavy metals and their role in cancer development: A review. Environ. Monit. Assess. 

2023, 195, 766. https://doi.org/10.1007/s10661-023-11399-z. PMID: 37249740. 

11. Balali-Mood, M.; Naseri, K.; Tahergorabi, Z.; Khazdair, M.R.; Sadeghi, M. Toxic mechanisms of five heavy metals: Mercury, 

lead, chromium, cadmium, and arsenic. Front. Pharmacol. 2021, 12, 643972. https://doi.org/10.3389/fphar.2021.643972. PMID: 

33927623; PMCID: PMC8078867. 

12. Bondy, S.C. Melatonin and aging. Subcell. Biochem. 2023, 103, 291–307. https://doi.org/10.1007/978-3-031-26576-1_13. PMID: 

37120473. 

13. Zhao, D.; Yu, Y.; Shen, Y.; Liu, Q.; Zhao, Z.; Sharma, R.; Reiter, R.J. Melatonin Synthesis and Function: Evolutionary History in 

Animals and Plants. Front. Endocrinol. 2019, 10, 249. https://doi.org/10.3389/fendo.2019.00249. PMID: 31057485; PMCID: 

PMC6481276. 

14. Monteiro, K.K.A.C.; Shiroma, M.E.; Damous, L.L.; Simões, M.J.; Simões, R.D.S.; Cipolla-Neto, J.; Baracat, E.C.; Soares, J.M., Jr. 

Antioxidant actions of melatonin: A systematic review of animal studies. Antioxidants 2024, 13, 439. https://doi.org/10.3390/an-

tiox13040439. PMID: 38671887; PMCID: PMC11047453. 

15. Iwan, P.; Stepniak, J.; Karbownik-Lewinska, M. Pro-oxidative effect of KIO3 and protective effect of melatonin in the thyroid-

comparison to other tissues. Life 2021, 11, 592. https://doi.org/10.3390/life11060592. Erratum in Life 2022, 12, 1007. 

https://doi.org/10.3390/life12071007. PMID: 34205777; PMCID: PMC8234753.  

16. Rynkowska, A.; Stępniak, J.; Karbownik-Lewińska, M. Melatonin and indole-3-propionic acid reduce oxidative damage to 

membrane lipids induced by high iron concentrations in porcine skin. Membranes 2021, 11, 571. https://doi.org/10.3390/mem-

branes11080571. PMID: 34436334; PMCID: PMC8400501. 

17. Gładysz, A.K.; Stępniak, J.; Karbownik-Lewińska, M. Exogenous melatonin protects against oxidative damage to membrane 

lipids caused by some sodium/iodide symporter inhibitors in the thyroid. Antioxidants 2023, 12, 1688. https://doi.org/10.3390/an-

tiox12091688. PMID: 37759991; PMCID: PMC10525497. 

18. Linowiecka, K.; Slominski, A.T.; Reiter, R.J.; Böhm, M.; Steinbrink, K.; Paus, R.; Kleszczyński, K. Melatonin: A potential regulator 

of DNA methylation. Antioxidants 2023, 12, 1155. https://doi.org/10.3390/antiox12061155. PMID: 37371885; PMCID: 

PMC10295183. 

19. Reiter, R.J.; Sharma, R.; Romero, A.; Manucha, W.; Tan, D.X.; Zuccari, D.A.P.C.; Chuffa, L.G.A. Aging-related ovarian failure 

and infertility: Melatonin to the rescue. Antioxidants 2023, 12, 695. https://doi.org/10.3390/antiox12030695. PMID: 36978942; 

PMCID: PMC10045124. 

20. González-Flores, D.; López-Pingarrón, L.; Castaño, M.Y.; Gómez, M.Á.; Rodríguez, A.B.; García, J.J.; Garrido, M. Melatonin as a coad-

juvant in the treatment of patients with fibromyalgia. Biomedicines 2023, 11, 1964. https://doi.org/10.3390/biomedicines11071964. PMID: 

37509603; PMCID: PMC10377739. 

21. Carvalho, D.P.; Dupuy, C. Thyroid hormone biosynthesis and release. Mol. Cell Endocrinol. 2017, 458, 6–15. 

https://doi.org/10.1016/j.mce.2017.01.038. PMID: 28153798. 

https://doi.org/10.3390/ijms27135991


Int. J. Mol. Sci. 2026, 27, 5991 12 of 13 
 

https://doi.org/10.3390/ijms27135991 

22. Wang, J.; Xiao, H.; Zhu, Y.; Liu, S.; Yuan, Z.; Wu, J.; Wen, L. Tannic acid induces the mitochondrial pathway of apoptosis and S 

phase arrest in porcine intestinal IPEC-J2 cells. Toxins 2019, 11, 397. https://doi.org/10.3390/toxins11070397. PMID: 31323908; 

PMCID: PMC6669611. 

23. Lv, Y.; Jiang, H.; Li, S.; Han, B.; Liu, Y.; Yang, D.; Li, J.; Yang, Q.; Wu, P.; Zhang, Z. Sulforaphane prevents chromium-induced 

lung injury in rats via activation of the Akt/GSK-3β/Fyn pathway. Environ. Pollut. 2020, 259, 113812. https://doi.org/10.1016/j.en-

vpol.2019.113812. PMID: 31884211. 

24. Chouchene, L.; Kessabi, K.; Banni, M.; Messaoudi, I. Counteracting cadmium toxicity: Selenium and zinc as modulators of his-

tological and molecular responses in zebrafish. Biol. Trace Elem. Res. 2026, 204, 4142–4154. https://doi.org/10.1007/s12011-025-

04955-w. PMID: 41454208. 

25. Satarug, S.; Vesey, D.A.; Gobe, G.C. Current health risk assessment practice for dietary cadmium: Data from different countries. 

Food Chem. Toxicol. 2017, 106, 430–445. https://doi.org/10.1016/j.fct.2017.06.013. PMID: 28602857. 

26. Buha, A.; Matovic, V.; Antonijevic, B.; Bulat, Z.; Curcic, M.; Renieri, E.A.; Tsatsakis, A.M.; Schweitzer, A.; Wallace, D. Overview 

of cadmium thyroid disrupting effects and mechanisms. Int. J. Mol. Sci. 2018, 19, 1501. https://doi.org/10.3390/ijms19051501. 

PMID: 29772829; PMCID: PMC5983752. 

27. Henson, M.C.; Chedrese, P.J. Endocrine disruption by cadmium, a common environmental toxicant with paradoxical effects on 

reproduction. Exp. Biol. Med. 2004, 229, 383–392. https://doi.org/10.1177/153537020422900506. PMID: 15096650. 

28. Nasiadek, M.; Danilewicz, M.; Klimczak, M.; Stragierowicz, J.; Kilanowicz, A. Subchronic Exposure to Cadmium Causes Per-

sistent Changes in the Reproductive System in Female Wistar Rats. Oxid. Med. Cell. Longev. 2019, 2019, 6490820. 

https://doi.org/10.1155/2019/6490820. PMID: 31949881; PMCID: PMC6935823. 

29. Cobley, J.N.; Fiorello, M.L.; Bailey, D.M. 13 reasons why the brain is susceptible to oxidative stress. Redox Biol. 2018, 15, 490–

503. https://doi.org/10.1016/j.redox.2018.01.008. PMID: 29413961; PMCID: PMC5881419. 

30. Steinert, J.R.; Amal, H. The contribution of an imbalanced redox signalling to neurological and neurodegenerative conditions. 

Free Radic. Biol. Med. 2023, 194, 71–83. https://doi.org/10.1016/j.freeradbiomed.2022.11.035. PMID: 36435368. 

31. Angelova, P.R.; Abramov, A.Y. Role of mitochondrial ROS in the brain: From physiology to neurodegeneration. FEBS Lett. 2018, 

592, 692–702. https://doi.org/10.1002/1873-3468.12964. PMID: 29292494. 

32. Rynkowska, A.; Stępniak, J.; Karbownik-Lewińska, M. Fenton reaction-induced oxidative damage to membrane lipids and pro-

tective effects of 17β-estradiol in porcine ovary and thyroid homogenates. Int. J. Environ. Res. Public Health 2020, 17, 6841. 

https://doi.org/10.3390/ijerph17186841. 

33. Kechiche, S.; Venditti, M.; Knani, L.; Jabłońska, K.; Dzięgiel, P.; Messaoudi, I.; Reiter, R.J.; Minucci, S. First evidence of the 

protective role of melatonin in counteracting cadmium toxicity in the rat ovary via the mTOR pathway. Environ. Pollut. 2021, 

270, 116056. https://doi.org/10.1016/j.envpol.2020.116056. PMID: 33199064. 

34. Yang, Q.; Zhu, J.; Luo, X.; Li, F.; Cong, L.; Wang, Y.; Sun, Y. Melatonin attenuates cadmium-induced ovulatory dysfunction by 

suppressing endoplasmic reticulum stress and cell apoptosis. Reprod. Biol. Endocrinol. 2019, 17, 61. 

https://doi.org/10.1186/s12958-019-0502-y. PMID: 31358006; PMCID: PMC6661738. 

35. García, J.J.; López-Pingarrón, L.; Almeida-Souza, P.; Tres, A.; Escudero, P.; García-Gil, F.A.; Tan, D.X.; Reiter, R.J.; Ramírez, J.M.; 

Bernal-Pérez, M. Protective effects of melatonin in reducing oxidative stress and in preserving the fluidity of biological mem-

branes: A review. J. Pineal Res. 2014, 56, 225–237. https://doi.org/10.1111/jpi.12128. PMID: 24571249. 

36. Śliwka, P.W.; Stępniak, J.; Karbownik-Lewińska, M. Melatonin and Indole-3-Propionic Acid Reduce Surface FcγRIII/CD16-Re-

lated Parameters in Porcine Peripheral Blood Mononuclear Cells In Vitro. Int. J. Mol. Sci. 2026, 27, 4898. 

https://doi.org/10.3390/ijms27114898. PMID: 42278427; PMCID: PMC13257097. 

37. Migni, A.; Bartolini, D.; Marcantonini, G.; Sardella, R.; Rende, M.; Tognoloni, A.; Ceccarini, M.R.; Galli, F. Melatonin Repairs 

the Lipidome of Human Hepatocytes Exposed to Cd and Free Fatty Acid-Induced Lipotoxicity. J. Pineal Res. 2025, 77, e70047. 

https://doi.org/10.1111/jpi.70047. PMID: 40193217; PMCID: PMC11975211. 

38. Liu, X.; Kang, W.; Li, J.; Li, X.; Yang, P.; Shi, M.; Wang, Z.; Wang, Y.; Medina, A.D.P.A.; Liu, D.; et al. Melatonin Ameliorates 

Cadmium-Induced Liver Fibrosis Via Modulating Gut Microbiota and Bile Acid Metabolism. J. Pineal Res. 2024, 76, e70005. 

https://doi.org/10.1111/jpi.70005. PMID: 39555739. 

39. Yang, Z.; He, Y.; Ma, Q.; Wang, H.; Zhang, Q. Alleviative effect of melatonin against the nephrotoxicity induced by cadmium 

exposure through regulating renal oxidative stress, inflammatory reaction, and fibrosis in a mouse model. Ecotoxicol. Environ. 

Saf. 2023, 265, 115536. https://doi.org/10.1016/j.ecoenv.2023.115536. PMID: 37797427. 

40. Nordberg, M.; Nordberg, G.F. Metallothionein and Cadmium Toxicology-Historical Review and Commentary. Biomolecules 

2022, 12, 360. https://doi.org/10.3390/biom12030360. 

https://doi.org/10.3390/ijms27135991


Int. J. Mol. Sci. 2026, 27, 5991 13 of 13 
 

https://doi.org/10.3390/ijms27135991 

41. Paduraru, E.; Jijie, R.; Simionov, I.A.; Gavrilescu, C.M.; Ilie, T.; Iacob, D.; Lupitu, A.; Moisa, C.; Muresan, C.; Copolovici, L.; et al. Honey 

enriched with additives alleviates behavioral, oxidative stress, and brain alterations induced by heavy metals and imidacloprid in 

zebrafish. Int. J. Mol. Sci. 2024, 25, 11730. https://doi.org/10.3390/ijms252111730. PMID: 39519279; PMCID: PMC11546825. 

42. Lamtai, M.; Azirar, S.; Zghari, O.; Ouakki, S.; El Hessni, A.; Mesfioui, A.; Ouichou, A. Melatonin Ameliorates Cadmium-Induced 

Affective and Cognitive Impairments and Hippocampal Oxidative Stress in Rat. Biol. Trace Elem. Res. 2021, 199, 1445–1455. 

https://doi.org/10.1007/s12011-020-02247-z. PMID: 32613486. 

43. Osuna, C.; Reiter, R.J.; García, J.J.; Karbownik, M.; Tan, D.X.; Calvo, J.R.; Manchester, L.C. Inhibitory effect of melatonin on 

homocysteine-induced lipid peroxidation in rat brain homogenates. Pharmacol. Toxicol. 2002, 90, 32–37. 

https://doi.org/10.1034/j.1600-0773.2002.900107.x. PMID: 12005111. 

44. El Brouzi, M.Y.; Lamtai, M.; Zghari, O.; El Hamzaoui, A.; Rezqaoui, A.; Hadch, Z.; Fath, N.; Ouichou, A.; El Hessni, A.; Mesfioui, 

A. Melatonin is a neuroprotective and antioxidant agent against neurotoxicity induced by an intrahippocampal injection of 

nickel in rats. Neurotox. Res. 2024, 42, 24. https://doi.org/10.1007/s12640-024-00700-8. PMID: 38598025. 

45. Kołodziejska, R.; Woźniak, A.; Bilski, R.; Wesołowski, R.; Kupczyk, D.; Porzych, M.; Wróblewska, W.; Pawluk, H. Melatonina 

powerful antioxidant in neurodegenerative diseases. Antioxidants 2025, 14, 819. https://doi.org/10.3390/antiox14070819. PMID: 

40722923; PMCID: PMC12291784. 

46. Karbownik, M.; Gitto, E.; Lewinski, A.; Reiter, R.J. Induction of lipid peroxidation in hamster organs by the carcinogen cad-

mium: Melioration by melatonin. Cell Biol. Toxicol. 2001, 17, 33–40. https://doi.org/10.1023/a:1010903130693. PMID: 11504448. 

47. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 

protein-dye binding. Anal. Biochem. 1976, 72, 248–254. https://doi.org/10.1016/0003-2697(76)90527-3. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/ijms27135991

