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Abstract

Cadmium (Cd) and lead (Pb) are environmental contaminants that induce oxidative damage
in milk and dairy products. The aim of the study was to evaluate the effect of in vitro
administration of Pb and Cd on the oxidative status and antioxidant capacity of buffalo
cheese. Three batches (10 L each) of buffalo milk were divided: lead acetate (1 ppm) was
added to the first batch, cadmium chloride (1 ppm) was added to the second batch and
the last batch was control milk. Milk samples were stored at 4 ◦C for 24 h before the
production of “caciotta” cheese (250 g each; n = 10 for each batch) and analyzed at the end
of repining. The effect of the addition did not record significant differences in chemical
composition (p > 0.05) compared to control. In contrast, oxidative stability assessed by
primary (peroxide value—PV and acid degree value—ADV) and secondary (fatty acid
oxidation products—TBARs assay) peroxidation showed significant differences (p < 0.05).
Furthermore, Cd and Pb led to a significant increase in saturated fatty acids (SFAs) and
monounsaturated fatty acids (MUFAs), while polyunsaturated fatty acids (PUFAs) were
lower compared to the control (C; p < 0.05), especially in Pb cheese. The Cd and Pb cheese
showed an increase in MDA value of 26 and 38% compared to the C. Metals also negatively
influenced the antioxidant capacity of cheese (p < 0.05); specifically, Cd cheese showed
lower ABTS, FRAP and thiol values. Finally, the activity of superoxide dismutase (SOD)
was also strongly decreased with the addition of metals, especially Pb (p < 0.05).

Keywords: buffalo milk cheese; lead acetate; cadmium chloride; oxidative stability;
antioxidant activity

1. Introduction
The increase in environmental pollution has led to the presence of some extremely

harmful chemicals in food. Among these, heavy metals lead (Pb) and cadmium (Cd) are ex-
tremely harmful to health, so much so that the European Commission has published the new
Regulations (EU) 2021/1323 and 2021/1317 which amend Regulation (EC) No. 1881/2006
as regards maximum levels of lead and cadmium in certain food products [1]. For milk and
products made from cow milk protein or cow milk protein hydrolysates, the maximum
permissible limit for cadmium is 0.005 mg/kg; for lead, the maximum limit is 0.020 mg/kg.
The presence of toxic metals, including Cd and Pb, even in small amounts in dairy products
is toxic to human health; in fact, prolonged exposure to heavy metals can lead to morpho-
logical abnormalities, neurological disorders, and malfunctions of the kidneys, liver, and
prostate [2]. The presence of heavy metals in milk and milk-derived products depends on
numerous factors: the farm’s geographic location, the types of fertilizers used for forage
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production, the quality of drinking water supplied to dairy cattle on the farm, etc. [3].
Lead is a contaminant present everywhere in the environment due to human activities:
mining, metal processing, battery production [4]. The main sources of contamination (e.g.,
lead paints, organic compounds used in gasoline) have been eliminated or reduced since
the 1970s following regulatory measures aimed at reducing human exposure to this toxic
element [5]. Other measures have included the restriction of its use in drinking water pipes
and leaded food cans. Overall, these measures have led to a documented reduction in ex-
posure [6]. Cadmium is also widespread, especially in soil and water near industrial areas
or hazardous waste dumps, and in areas with heavy car traffic or fertilized agricultural
land [7]. Pb and Cd could be highly toxic if ingested in large quantities, causing irreversible
damage to the body with long-term manifestations, which is why they are called “silent
killers” [8,9]. There are numerous studies investigating the long-term toxic effect of heavy
metals that accumulate in the human body through absorption, bioavailability, bioconcen-
tration and biomagnification and negatively affect the functionality of the neurological,
skeletal, reproductive, hematopoietic, renal and cardiovascular systems [10]. One of the
main mechanisms underlying the toxicity of the two metals has been attributed to the
induction of oxidative stress that occurs through very complex and not yet fully known
systems; studies have shown that these metals have the ability to induce the generation of
reactive radicals (ROS), resulting in cellular damage such as the exhaustion of enzymatic
activities, damage to the lipid bilayer and DNA [11,12]. Generally, the first matrix to be
attacked are lipids due to their high susceptibility [13] attributed to the high number of
double bonds that favors the oxidation process [14]. Proteins can also be attacked by ROS
that can cause oxidation in both amino acid side chains and main protein structures, result-
ing in protein fragmentation or protein–protein cross-links [15]. Oxidative modifications of
proteins can alter their physical and chemical properties, including conformation, structure,
solubility, susceptibility to proteolysis and enzymatic activities [15]. In a Polish study, high
concentrations of lead and cadmium were detected in the blood of workers exposed to
these toxic metals, generating a significant increase in SOD activity. The same researchers
hypothesized that it is one of the body’s defense mechanisms against oxidative stress
caused by environmental factors [16]. Superoxide dismutase, therefore, is a very resistant
enzyme to the influence of environmental factors, but the mechanisms underlying these
processes are not well understood. For the consumer, the main source of exposure to Pb
and Cd is represented by the diet, in particular pasture/food for animals and milk and
dairy products for humans [17]. Milk and its derivatives are the foods most consumed by
humans and especially by children [18]. Among the various dairy products, buffalo cheese
is enjoying great success for its beneficial properties, so much so that it is considered a
functional food since each biological component present plays a functional and beneficial
role for the health of the consumer [19,20]. Grassi et al. [21] highlighted the effect of species
on the distribution of Cd and Pb in casein and fat fractions, observing that in buffalo milk,
the affinity of these toxic metals for caseins was high, even though their levels in the fat
fractions were also very high. Pb and Cd contamination in foods, particularly in cheese,
negatively influences the oxidative stability and antioxidant capacity of cheese and its
determination is of fundamental importance for consumer safety. The aim of our study
was to evaluate the effect of the presence of Pb and Cd, by in vitro administration (direct
addition to milk), on the oxidative state and antioxidant capacity of buffalo cheese pressed
at the end of ripening. Therefore, the working hypothesis of this study was that the in vitro
supplementation of buffalo milk with lead (Pb) and cadmium (Cd) would trigger oxidative
stress in cheese by promoting lipid and protein oxidation, impairing non-enzymatic antioxi-
dant defenses (ABTS, FRAP, thiols), and inhibiting the enzymatic antioxidant system (SOD),
even in the absence of detectable changes in the basic chemical composition of the product.
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2. Materials and Methods
2.1. Experimental Design and Cheese Manufacturing

This study was conducted on bulk milk of Italian buffalo, purchased from a super-
market in Potenza, Southern Italy (Basilicata), which also has a store selling buffalo milk
and dairy products from a confined, free-range buffalo farm located in the province of
Potenza, a low-environmental-impact zone. The concentration of 1 ppm for Pb and Cd was
chosen as a representative experimental value, based on the following: realistic contam-
ination levels found in milk and cheese in contaminated industrial or agricultural areas;
previous scientific literature (e.g., Grassi et al. [21]); and the need to observe oxidative and
antioxidant effects without compromising cheese processability.

Certainly, the added metals influence the cheeses produced from that milk, specif-
ically by accelerating oxidative phenomena and modifying lipid and protein quality, as
highlighted in the results and discussion. Furthermore, preliminary determinations of
the heavy metals under study were performed on the bulk milk, which were below the
detection limit. Bulk milk was collected and divided into three batches: the first batch (10 L)
of control milk (C; without any addition); the second batch (10 L) of milk with the addition
of lead acetate (Pb(CH3COO)2; Sigma Aldrich, Milan, Italy) to obtain a final concentration
of 1 ppm (Pb); and the third batch (10 L) of milk with the addition of cadmium chloride
(CdCl2; Sigma Aldrich, Milan, Italy) to obtain a final concentration of 1 ppm (Cd). Milk
samples were stored at refrigeration temperature (4 ◦C) for 24 h (conditioning time) in
glass containers. Bulk milk from buffalo had a higher percentage of fat (7.8) and protein
(4.5%). After the conditioning time, C, Pb, and Cd were processed for the production of
pressed cheese. Caciotta cheeses of approximately 250 g each were formed (n = 10 for
each treatment). Subsequently, the cheeses were salted by immersion (20% NaCl) and
maintained at a temperature of 4 ◦C for 15 min. The brine time was determined in relation
to the size of the cheeses (1 day for each kg of 93 weight, minus one [22]). The maturation
process was carried out in air-conditioned cells whose microclimatic characteristics were
10 ◦C and a relative humidity of 85% for 30 days. The chemical composition of each cheese
was determined following official protocols [23].

2.2. Extraction, Identification, and Quantification of Fatty Acids by Gas Chromatography
2.2.1. Lipid Extraction in Cheese

The analysis was carried out by performing a series of three cold extractions of cheese
lipids according to the modified method of Folch et al. [24]. The samples were homogenized
by Ultra—Turrax T25 (Janke & Kunkel, Gmbh & Co, Staufen, Germany), sonicated for
10 min at 0 ◦C, and then centrifuged at 3350 rpm for 5 min at 0 ◦C. After centrifugation,
the supernatant was recovered in a falcon containing anhydrous sodium sulfate and the
extraction solution was added again to the precipitate and centrifuged. After the second
centrifuge, the supernatant was put together with the previous one and the precipitate
resuspended in ethyl ether/heptane was centrifuged again. After the third centrifuge, the
supernatant was put together with the previous ones, the clear part was recovered and
dried with a rotary evaporator (Heidolph, Laborota 4000, Heidolph Instruments GmbH &
Co. KG, Schwabach, Germany).

2.2.2. Extraction and Derivatization of Free Fatty Acids

Cheese samples were extracted and derivatized by the method described by
Kilcawley and Mannion, [25]. Free fatty acids (FFAs) were prepared on the extracted fat by
adding 2 mL of ether per 100 mg of lipids. The mixture was placed inside pointed vials and
vortexed. Methylation of FFAs was carried out by adding 200 µL of tetramethylammonium
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(TMA). After shaking the solution, the upper layer containing the methyl esters of the fatty
acids was diluted with water, and finally used for the gas chromatography analysis.

2.2.3. Gas Chromatography (GC) Analysis

Gas chromatography analysis for the acid profile of the products was performed
using a Varian 3400 gas chromatograph (Varian, Turin, Italy), equipped with a flame ion-
ization detector (FID), split–splitless injector, capillary column (Omegawax 250 column
30 m × 0.25 µm × 0.25 µm; Thermo Fisher Scientific, Milan, Italy), and a Galaxie ™ Chro-
matography software version 2003–2007 (Varian, Inc., Walnut Creek, CA, USA) for data
acquisition. Helium was used as carrier gas with a flow rate of 1 mL/min. The injector
and detector temperatures were 250 and 220 ◦C, respectively. The operating conditions
were as follows: initial temperature 120 ◦C for 1 min, 180 ◦C with an increase of 5 ◦C/min,
and maintained at 180 ◦C for 18 min, 230 ◦C with an increase of 2 ◦C/min and maintained
at 230 ◦C for 19 min. The identification of individual acids was obtained by comparing
the retention times of the different peaks of the chromatographic trace with the retention
times of known fatty acids, contained in a mixture of standards (Sigma-Aldrich, St. Louis,
MO, USA and Supelco, Bellefonte, PA, USA). The results were expressed as % of the total
methyl esters. The data on the fatty acid composition were processed and subsequently,
the contents of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), and
polyunsaturated fatty acids (PUFAs) were calculated.

2.3. Determination of Lipid Oxidation Products
2.3.1. Peroxide Value (PV)

Initial oxidation products were measured on lipid fraction by peroxide value (PV)
method according to the ISO 3976:2006-IDF 74:2006 method [26]. The results were expressed
as meq O2/kg−1 fat. Each determination was made in triplicate.

2.3.2. Acid Degree Value (ADV)

The lipolysis index was performed according to the modified procedure by Thomas
and Pearce [27]. A cheese sample (10 g) was treated with anhydrous sodium sulfate
(20–50 mL) until it became a homogeneous powder. The sample was then macerated
with dichloromethane (50–70 mL) using a mortar to extract the fat. The mixture was
filtered (Whatman n◦42), and the extraction was repeated two more times to allow good
fat extraction. Most of the solvent was recovered by evaporation using a refrigerated
Heidolph rotavapor (Laborota 4000), while the residual solvent was removed using a
thermostatic bath. Then a certain amount of fat (200–400 mg) was dissolved in 5 mL of
hexane–propanol (4:1) and the resulting solution was titrated with 0.02 N methanolic KOH
using phenolphthalein as an indicator. The blank was prepared with the hexane–propanol
mixture without the fat sample. The lipolysis index was expressed as mg KOH 100 g−1 fat.

2.3.3. Fatty Acid Oxidation Products

The products of the secondary oxidation of fatty acids were determined by the quantifi-
cation of thiobarbituric acid reactive substances (TBARS), as suggested by Grassi et al. [21].
Two grams of cheese were homogenized in a solution of hexane–isopropanol (4:1). The
suspension was vortexed and sonicated for 10 min at room temperature. A total of 218 µL
of sample, 382 µL of distilled H2O, and 900 µL of TBA reagent were added to the tube. The
latter was placed in a water bath at 80 ◦C for 45 min with a solution for the development
of the colorimetric reaction. After cooling, the sample was transferred into Eppendorf
and centrifuged at 12,000 rpm for 10 min. Finally, the supernatant was filtered, and the
absorbance was read on the spectrophotometer at 525 nm. Malonaldehyde quantification
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(MDA) was carried out using a calibration curve, and the data was expressed in ng of
MDA/kg of cheese.

2.4. Pre-Treatment for Antioxidant Activity

The method of Sacchetti et al. [28] was followed for sample preparation with some
modifications. An aliquot of sample (2 g) was added to 6 mL of distilled water and
homogenized with the polytron (PT-MR 2100, Kinematica AG, Littau, Luzern, Switzerland).
The mixture was then sonicated for 5 min at room temperature and centrifuged at 5000 rpm
for 20 min at 4 ◦C. The supernatant was filtered and analyzed.

2.5. Protein Oxidation
2.5.1. Free Thiols Group

Thiols are organic compounds containing sulfhydryl groups able to counteract the
action of ROS by neutralizing their toxicity. The Ellman’s assay was used (Ellman, [29]) to
quantify the presence of sulfhydryl groups, with some modifications. A total of 250 µL of
water-soluble extract of cheese samples was mixed with 2.5 mL of 0.1 M sodium phosphate
buffer (containing 1 mM EDTA; pH 8.0, reaction buffer) and 50 µL of DTNB (5,5’-Dithio-
bis(2-Nitrobenzoic acid) reagent solution (4 mg in 1 mL of sodium phosphate buffer).
Subsequently, the solution was mixed and left at room temperature (25 ◦C) for 30 min.
Finally, the reaction mixture was read at 412 nm. Reaction buffer was used instead of
sample, as a reagent blank. A molar extinction coefficient of 14.150 M−1cm−1 was used to
calculate moles of thiol groups.

C (mol/g) = ∆A/ε × b (1)

where A is the absorbance at 412 nm and b is the optical path (cm). Each measurement was
made in triplicate.

2.5.2. Radical Scavenging Assay (ABTS)

In order to evaluate the scavenging ability of cheese samples in a reaction with the
ABTS radical, a modification of the original method of Re et al. [30] was used. An amount
of 2 mL of ABTS•+ solution was added to 20 µL of sample. Absorbance was measured
at 734 nm after 30 min of incubation at 30 ◦C against the blank. The measurement was
performed in triplicate. The results were expressed as microgram of Trolox equivalent (TE)
per gram of cheese (µg TE/g of cheese).

2.5.3. Activity by Ferric-Reducing Antioxidant Power

The assay of the antioxidant power ferric reduction (FRAP) was evaluated as suggested
by Grassi et al. [21]. Aliquots of 100 µL of supernatant were mixed with 2.9 mL of FRAP
reagent and incubated at 37 ◦C for 30 min. The increase in absorbance was measured at
593 nm against acetate buffer (pH 3.6). The blank reagent was prepared by adding distilled
water instead of the sample. The results were expressed as microgram of TE per gram of
cheese (µg TE/g of cheese).

2.5.4. Superoxide Dismutase (SOD) Activity

SOD activity was detected by measuring the inhibition of pyrogallol autoxidation
following the method proposed by Grassi et al. [31]. Briefly, the reaction mixture was
prepared by adding 1.9 mL of Tris-HCl 0.1 M, 50 µL of sample, and 50 µL pyrogallol 20 mM
in HCl 1 mM. Inhibition of self-oxidation was followed spectrophotometrically at 325 nm
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every 30 s for 3 min. The results were expressed as percentage inhibition (I%) and were
calculated by following the equation:

I(%) = [Ab − (As − At)/Ab] × 100

where Ab = absorbance of blank sample (t = 3 min); As = absorbance of sample (t = 3 min);
At = absorbance of the test sample (pyrogallol was replaced by distilled water; t = 3 min).

2.6. Statistical Analysis

Statistical analyses were performed using the General Linear Model (GLM) procedure
of SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA) [30]. Data are expressed
as mean ± standard deviation (SD). The normality of data distribution was verified using
the Shapiro–Wilk test, and the homogeneity of variances was assessed using Levene’s test.
When the assumptions of normality and homoscedasticity were met, a one-way analysis of
variance (ANOVA) was carried out to evaluate the effect of treatment (Control, Cd, Pb) on
the oxidative stability and antioxidant capacity of the cheese samples. Differences among
means were considered significant at p < 0.05 and were further separated using Tukey’s
post hoc test.

3. Results and Discussion
3.1. Chemical Composition of Cheese

The chemical composition of control cheese (C) and contaminated cheese (Cd, Pb) is
shown in Table 1.

Table 1. Chemical composition (%) of control cheese, cadmium-contaminated (Cd), and lead-
conataminated (Pb) cheese.

Control Cd Pb

µ SD µ SD µ SD

Moisture (%) 33.66 2.90 33.35 1.97 33.82 3.28
Total fat (%) 35.82 2.70 36.03 2.46 35.70 2.16

Total protein (%) 26.96 2.17 26.96 1.64 26.86 1.42
Ash (%) 3.55 0.28 3.64 0.30 3.80 0.20

µ: mean; SD: standard deviation.

Statistical analysis showed that there is no significant change in the qualitative and
quantitative nutritional profile of cheeses containing Cd and Pb compared to control cheese.
These results are consistent with those of [32], who did not observe significant correlations
between protein, fat, and heavy metals.

To evaluate the change in oxidative stability of cheese induced by the presence of
Pb and Cd, the oxidation of lipid fractions was studied using acid degree value (ADV),
peroxide value (PV), malonaldehyde assay (Figure 1), and percentage of free fatty acids
(FFAs; Figure 2). The index of ADV is a measure of the amount of free fatty acids generated
in a food sample during a given period by the hydrolysis of triglycerides. The index of
PV (milliequivalents of peroxide per kilogram of fat sample) provides an indication of
the formation of peroxide, a primary product of lipid oxidation (conjugated dienes and
peroxides) that could have a negative impact on the health of the consumer if ingested [33].

The malonaldehyde assay is widely used to determine lipid peroxidation [13,34].
Malondialdehyde is one of the end products generated following the degradation of lipid
peroxidation products that are positive for thiobarbituric acid (TBA). On average, the
control cheese showed an ADV of 1.39 ± 0.15%, a PV of 1.17 ± 0.11 meq/kg fat, and an
MDA concentration of 937.51 ± 90.01 ngMDA/kg cheese. These results are in line with
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those reported in the literature for late-ripening cheese [35]. The addition of heavy metals
resulted in a significant increase in the values of each parameter studied (p < 0.05). The
ability of Cd and Pb to induce ROS generation resulted in lipid peroxidation and changes in
membrane structure, fatty acid composition and increased MDA levels [36]. Regarding the
ADV, Pb and Cd cheeses showed a significantly higher percentage content (2.43 ± 0.19%
and 2.17 ± 0.18%, respectively; p < 0.05) with an increase in the ADV equal to 1.7 and
1.6 times compared to the control. In support of our results, Quiroga-Roger et al. (2015) [37]
indicated that there is a requirement of divalent cation for full milk lipase activity. It is
known that ADV is the index of lipolysis. The result of lipolysis is the release of FFA.
Figure 2 showed the percentage content of free fatty acid classes by product type.

Figure 1. Acid degree value (ADV), peroxide value (PV), and content of TBARs in control cheese,
cadmium-contaminated (Cd), and lead-contaminated (Pb) cheese. a,b,c p < 0.05: values with different
letters are statistically different; error bars indicate standard deviation.

Regarding free fatty acid classes, the presence of metals led to a significant increase in
saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs), while polyunsatu-
rated fatty acids (PUFAs) were lower compared to the control (p < 0.05). In particular, Pb
cheese had higher levels of SFAs and lower levels of MUFAs compared to Cd-contaminated
cheese, while no significant differences were recorded for PUFAs (p > 0.05). Triglyceride
hydrolysis mainly depends on moisture content, temperature, metal ion contamination,
and lipase concentration. After lipolysis, the released free fatty acids contribute directly
to the cheese flavor by acting as precursor molecules for a series of catabolic reactions
leading to the production of flavor compounds, such as methyl ketones, lactones, esters,
alkanes, and secondary alcohols [38]. Lipid oxidation of cheese intentionally contami-
nated with toxic heavy metals was determined by quantitative evaluation of peroxide
and malondialdehyde formation (Figure 1). The PV of the studied cheeses was higher
in the contaminated products (Cd and Pb) compared to the C cheese (p < 0.05); further-
more, the PV was significantly higher in the Pb-contaminated cheese compared to the
Cd-contaminated cheese (1.79 ± 0.17 and 2.09 ± 0.20 meqO2/kg, respectively; p < 0.05).
The results of this study showed that the formation of primary oxidation products could be
immediately accelerated by toxic heavy metal contamination, also causing the promotion
of secondary oxidation products expressed in ngMDA/Kg. The addition of Cd and Pb
influenced the TBAR content in cheese (p < 0.05; Figure 1). Pb contamination revealed an
MDA value of 1005.21 ± 80.12 ngMDA/Kg in cheese, with an increase of 8% compared
to the control. The Cd-contaminated cheese presented a significantly higher MDA value
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(1290.28 ± 125.50 ngMDA/Kg (p < 0.05), which compared to the control, increased by 38%.
The toxicity of Cd and Pb is mainly attributed to oxidative damage due to ROS genera-
tion [39]. Heavy metals such as Pb and Cd, although not redox active, caused alterations
in the oxidation state of many biological macromolecules [9,40]. It is known that reactive
oxygen species (ROS) are chemically aggressive species and the attack of free radicals on
polyunsaturated fatty acid components of membrane lipids triggers lipid peroxidation, an
autocatalytic process that modifies membrane structure and function [13]. In line with our
findings, the authors of [38,41] found significant lipid peroxidation evidenced by increased
malondialdehyde levels and changes in free fatty acid composition following oxidative
stress induced by the presence of Pb and Cd in animal tissues.

  

Figure 2. Content of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) and polyun-
saturated fatty acids (PUFAs) in control, cadmium-contaminated (Cd), and lead-contaminated (Pb)
cheese. a,b,c p < 0.05: values with different letters are statistically different; error bars indicate
standard deviation.

3.2. Protein Oxidation

In Figure 3, the antioxidant capacities studied for the control, Cd- and Pb-contaminated
cheeses are shown. The antioxidant capacity of the products represents a useful tool for
evaluating the oxidative stability of the cheese [38].

In this study, the antioxidant status of cheese samples was assessed by ABTS spec-
trophotometric assay with 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) based on
free radical scavenging; FRAP (ferric reducing antioxidant power) assay based on the
reduction in ferric ion and thiol assay measuring sulfhydryl groups reacting with the thiol
reagent 5-5′-dithiobis (2-nitrobenzoic acid) (DTNB), forming 5-thionitrobenzoic acid and
disulfide bridges [42].
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Figure 3. The antioxidant capacities (Thiols, ABTS and FRAP) in control, cadmium (Cd) and lead
(Pb) cheese. a,b,c p < 0.05: values with different letters are statistically different; error bars indicate
standard deviation.

In general, all the analyzed samples showed antioxidant activity (Figure 3). How-
ever, the presence of Cd and Pb negatively affected the antioxidant capacity of cheese
(p < 0.05). The values of ABTS, FRAP, and thiols were significantly lower in contaminated
cheeses. In particular, Cd-contaminated cheese showed lower ABTS, FRAP, and thiol
values (106.11 ± 2.82; 32.25 ± 1.17; and 10.19 ± 1.14, respectively; p < 0.05), highlighting a
percentage decrease in antioxidant activity compared to the control of 13.19% for ABTS,
33.7% for FRAP, and 21.7% for thiols. Pb-contaminated cheese showed a smaller decrease
of 10.4% for ABTS, 27.48% for FRAP, and 10.07% for thiols (Figure 4). These metals dis-
rupt the functions of native proteins by binding to free thiols or other functional groups,
catalyzing the oxidation of amino acid side groups, perturbing protein folding, and/or
replacing essential metal ions in enzymes [43]. The oxidative alterations observed in buffalo
cheese contaminated with Cd and Pb may be mechanistically linked to molecular signaling
pathways commonly involved in heavy metal-induced oxidative stress [44]. Both Cd2+

and Pb2+ are known to generate a surplus of mitochondrial reactive oxygen species (ROS),
leading to the activation of the Nrf2/Keap1–ARE pathway, which regulates the expression
of antioxidant defense enzymes such as SOD, CAT, and GPx. The observed decrease in SOD
activity and thiol content in contaminated cheese suggests an alteration of this adaptive
response [45].
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Figure 4. Percentage decrease in antioxidant activity of contaminated cheese compared to control.

Concurrently, heavy metal exposure may stimulate MAPK signaling (ERK, JNK, p38),
promoting/accelerating lipid peroxidation and protein carbonylation through increased
ROS generation. Furthermore, the two heavy metals can inhibit glutathione metabolism and
suppress the ascorbate–glutathione cycle, reducing the ability to scavenge free radicals [46].
These effects collectively contribute to redox imbalance and oxidative damage. Therefore,
the biochemical findings reported here (increased PV, MDA, and decreased SOD/FRAP) can
be interpreted as downstream consequences of disrupting Nrf2-mediated redox regulation
and enhancing MAPK-driven oxidative signaling.

During cheese ripening, protein oxidation occurs naturally, leading to loss of
sulfhydryl (thiol) group with formation of disulfide bridges, aided by lipid oxidation
whose products such as superoxide radicals, hydroxyl radicals, and nitric oxide radicals
could be generated indirectly. Wang and Wang [47] demonstrated the generation of non-
radical hydrogen peroxide, which itself became a significant source of free radicals through
Fenton chemistry. These free radicals directly affect proteins by creating cross-links and
aggregations [48]. Furthermore, lipid oxidation products show greater interaction with
proteins than their primary counterparts. The inclusion of specific toxic heavy metals,
such as Cd and Pb, accelerated and increased these processes, negatively affecting the
oxidative stability of cheese. To highlight the effect of contamination on the antioxidant
stability of cheese, the percentage of decrease in SOD activity was evaluated. SOD is an
important enzyme in the control of free radicals and, together with other enzymes such as
glutathione peroxidase and catalase, modulates the effects of oxidative stress [49]. Its activ-
ity represents a valid index of oxidative stability. SOD activity, expressed as percentage of
inhibition of pyrogallol autoxidation (I%), was significantly lower in contaminated cheeses
(p < 0.05; Figure 5).

An activity of 78.18% was detected in the control cheese, 68.96% in the Cd-
contaminated cheese, and 64.97% in the Pb-cheese, corresponding to a decrease of 11.79%
in the presence of Cd and 16.90% with Pb compared to the control. A comparison between
the contaminated cheeses revealed that Pb has a significantly lower I% than Cd; 64.97% and
68.97%, respectively (p < 0.05). SOD is a potential target for Pb toxicity because this antioxi-
dant enzyme depends on various essential trace elements such as copper and zinc for its
activity; copper ions play a functional role in the reaction by undergoing alternating oxida-
tion, while zinc ions appear to stabilize the enzyme. Both of these biometals can be replaced
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by Pb and Cd in the active site of the enzyme, resulting in decreased SOD activity [48].
Elarabany and Bahnasawy [50] observed an accumulation of ROS in African catfish (Clar-
ias gariepinus) exposed to Cd and Pb resulting in decreased SOD, demonstrated by the
significant increase in MDA. These results could be related to the high electron sharing
affinities of Pb and Cd, which can lead to the formation of covalent bonds mainly between
heavy metals and sulfhydryl groups of proteins. Cangelosi et al. [51] showed that Pb(II)
in proteins is coordinated by sulfur, oxygen, and nitrogen donors, although coordination
via cysteine (Cys) is preferred over glutamic acid (Glu) or histidine (His). Jomova and
Valko [52] reported that among milk proteins, α-casein (αs1 and αs2) has been identified as
having the ability to bind many metal ions, including Pb. Another mechanism for cadmium-
and lead-induced oxidative stress involves the antioxidant defense systems of cells. The
binding affinity of Pb and Cd to sulfhydryl (-SH) groups influences many enzymes of the
antioxidant defense system, such as SOD, catalase (CAT), glutathione peroxidase (GPx) and
glucose-6-phosphate dehydrogenase (G6PD), subsequently inhibiting their activity [52,53].
Pb and Cd, as divalent cations, not only bind to -SH groups, but can also replace divalent
bioelements that serve as important cofactors of antioxidant enzymes such as GPx, SOD,
and CAT, causing their inactivation. Several components determine the antioxidant activity
of cheese, such as ascorbate, ureate, and other low molecular weight compounds [54],
including vitamins and phenolic compounds, together with enzymes such as glutathione
peroxidase [55]. The presence of Cd and Pb, however, influences the ascorbate–glutathione
pathway depending on the concentration of toxic metals; the greater their presence, the
lower its activity [56]. The results obtained allow us to outline an integrated picture of
the main mechanisms of oxidative stress induced by Cd and Pb in buffalo cheese. Both
metals, although not redox-active, act as indirect pro-oxidants through three main and
interconnected pathways: 1. Triggering of lipid peroxidation, resulting in a significant
increase in PV, ADV, and MDA, demonstrating that the metals promote the formation of
peroxyl and hydroxyl radicals responsible for the degradation of PUFAs. This phenomenon
is confirmed by the reduction in PUFAs and the relative increase in SFAs and MUFAs,
indicating a selective oxidation of unsaturated fatty acids. The effect is more pronounced
for cadmium, likely due to its greater affinity for the sulfhydryl groups of membrane
lipoproteins, which facilitates its interaction with redox systems. 2. Protein oxidation and
loss of enzymatic functionality.

Figure 5. Percentage of SOD activity of control, Cd-contaminated, and Pb-contaminated
cheese. a,b,c p < 0.05: values with different letters are statistically different; error bars indicate
standard deviation.
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The decrease in thiol groups and the formation of disulfide bonds confirm the di-
rect oxidation of proteins by free radicals and secondary products of lipid peroxidation
(aldehydes, hydroperoxides). This modification of protein structure limits the activity of
enzymes sensitive to –SH bonds, including SOD, whose activity is reduced by 12–17%.
This loss is consistent with the competitive substitution of Cu2+ and Zn2+ in the enzyme’s
active site by Pb2+ and Cd2+, which destabilize its quaternary structure. 3. Depression
of non-enzymatic antioxidant systems. Significant reductions in ABTS and FRAP values
indicate a depletion of the overall reducing capacity of the matrix, due both to the direct
consumption of antioxidants (such as ascorbate and glutathione) and to the inhibition
of the ascorbate–glutathione cycle documented for Cd and Pb. The cumulative effect of
these alterations amplifies oxidative damage and accelerates the degradation of lipid and
protein components. Overall, the correlation between the measured parameters suggests
that lipid peroxidation represents the dominant mechanism, explaining approximately
60% of the overall variation in oxidative markers, while protein oxidation and antioxidant
depletion contribute 17% and 23%, respectively. This quantitative model, albeit simpli-
fied, highlights the multifactorial nature of metal-induced oxidative stress: lipids serve
as the primary target, generating reactive products that, in turn, amplify protein damage
and reduce the matrix’s defensive capacity. Although the experiment was conducted by
adding 1 ppm of each metal in vitro, such concentrations can be related to the food safety
limits established by EFSA and WHO. Considering an average cheese consumption of
30 g/day, even relatively low concentrations in milk or cheese can significantly contribute
to cumulative exposure. Since Cd and Pb are present in various food matrices (cereals,
vegetables, fish, etc.), exposure from dairy products should be evaluated in a multi-food
and cumulative context, as proposed by Lučić et al. [57]. EFSA has established a tolerable
weekly intake (TWI) for cadmium of 2.5 µg/kg body weight and a lower confidence limit
of the benchmark dose (BMDL01) for lead ranging from 0.5 to 1.5 µg/kg body weight per
day based on neurotoxic effects.

4. Conclusions
This study showed that heavy metal contamination significantly alters the oxidative

status of buffalo cheese without altering its basic chemical composition. Specifically, the
increase in lipid peroxidation products (PV, ADV, and TBARs) and the change in the fatty
acid profile, with an increase in SFAs and MUFAs and a reduction in PUFAs, indicated
that both lead and cadmium accelerate lipid oxidation processes, with Pb showing a more
pronounced effect.

Protein quality, the significant decrease in antioxidant activities (ABTS, FRAP, and
thiol groups), and the reduction in SOD enzymatic activity confirmed that both metals
compromise the antioxidant defense capacity of the cheese, likely through the inhibition or
competitive substitution of the enzyme’s metal cofactors.

Overall, the data suggest that Pb and Cd act as promoters of oxidative stress in dairy
products, influencing both lipid and protein oxidation mechanisms. These alterations,
while not altering the apparent nutritional characteristics, can compromise the sensory
quality and safety of the product.

Therefore, this study proposes the use of oxidative parameters (such as MDA, FRAP,
and SOD) as indirect and rapid indices of heavy metal contamination, offering a potential
alternative to traditional analytical methods, which are often expensive and complex.
Future research should therefore focus on field studies involving milk from animals exposed
to contaminated environments, in order to validate the biomarkers identified here (MDA,
FRAP, SOD) under real-world production conditions and evaluate potential interactions
between multiple contaminants, minerals, and milk components.
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