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Abstract

This study aimed to evaluate the protective effect of Allium sativum (garlic) extract against
acute cadmium oxide (CdO) toxicity in male Swiss albino mice. Twenty-four mice were
randomly divided into four groups (N = 6): control, garlic extract, CdO, and CdO + garlic
extract. The 300 mg/kg garlic extract, 1.5 mg/kg CdO, and a combination of 1.5 mg/kg/day
CdO + 300 mg/kg/garlic extract were administered to mice by oral gavage for 96 h. Hema-
tological indices (hemoglobin (Hb), hematocrit (Hct), red blood cells (RBC), white blood
cells (WBC), and platelets (PLT)); serum metabolites, ions, and enzyme activities, including
alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), lactate dehydrogenase (LDH), lipase (LP), and cholinesterase (ChE), were measured.
Sodium-potassium adenosine triphosphatase (Na+/K+-ATPase) and acetylcholinesterase
(AChE) activities, as well as Cd accumulation, were measured in liver, kidney, and brain tis-
sues. Cd accumulation decreased in the combination group compared with the CdO group
in the liver and kidney tissues. CdO exposure caused marked alterations in hematological
indices, serum metabolites, ions, and enzyme activities, whereas the combination with gar-
lic extract generally reduced the magnitude of these alterations. In most hematological and
biochemical parameters, values were higher in mice exposed to CdO than in mice receiving
the CdO–garlic extract combination. CdO exposure significantly reduced Na+/K+-ATPase
activity in the liver and kidney, while the combination group remained significantly lower
than the control in the kidney. AChE activity was significantly reduced in the brain in the
CdO and combination groups compared with the control, whereas renal AChE activity
increased following CdO exposure. Garlic extract alone did not significantly alter most
of the evaluated parameters, although it significantly reduced serum triglyceride levels.
This study demonstrated a partial ameliorative effect of Allium sativum extract against CdO
toxicity, particularly by reducing Cd accumulation and attenuating selected hematological,
ionic, enzymatic, and metabolic alterations.

Keywords: Allium sativum; cadmium; toxicity; mice; hematological; biochemical

Appl. Sci. 2026, 16, 8555 https://doi.org/10.3390/app16178555

https://crossmark.crossref.org/dialog?doi=10.3390/app16178555&domain=pdf&date_stamp=2026-09-07
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6559-4397
https://doi.org/10.3390/app16178555


Appl. Sci. 2026, 16, 8555 2 of 18

1. Introduction
Heavy metals are persistent pollutants that can disrupt metabolism and damage

biological systems. Exposure through inhalation or ingestion may therefore pose serious
health risks.

Cadmium (Cd), a non-biodegradable heavy metal and environmental pollutant, poses
significant health risks because of widespread human exposure. It is widely used as a
pigment in paints and plastics, in electroplating and galvanizing, and in nickel–cadmium
batteries. It is also found in phosphate fertilizers, detergents, pesticides, and refined
petroleum products. Cd exposure has been associated with nephrotoxicity, hepatotoxicity,
and immunosuppression in mice and rats [1,2]. Cadmium oxide (CdO) is one of the
industrially relevant forms of Cd, generated mainly during smelting and welding [3].

The use of natural antioxidant compounds against heavy metal toxicity has gained
importance in recent years. Allium sativum has antioxidant, metal-chelating, hepatoprotec-
tive, antimicrobial, antidiabetic, and immunostimulatory properties, mainly attributed to
organosulfur compounds such as alliin, allicin, diallyl disulfide, and S-allyl-cysteine [4–7].
Diallyl disulfide, in particular, has demonstrated cytoprotective and antioxidant activity
against Cd toxicity [8].

Serum biochemical parameters and hematological indices are valuable indicators
for evaluating the physiological status of animals exposed to metals. Red blood cells
(RBC), hemoglobin (Hb), hematocrit (Hct), and platelets (PLT) reflect oxygen-carrying
capacity and haemostatic status, whereas alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), lipase (LP),
and cholinesterase (ChE) may indicate tissue and metabolic alterations. Serum ions and
metabolites, including glucose, cortisol, total protein, and cholesterol, may also reflect
metal-induced physiological stress [9,10].

Acetylcholinesterase (AChE) activity is widely used as a biomarker of neurotoxicity
because its inhibition leads to acetylcholine accumulation and impaired cholinergic signal-
ing [11]. Sodium-potassium adenosine triphosphatase (Na+/K+-ATPase) is essential for
ion transport, energy metabolism, and membrane integrity [12]. Therefore, alterations in
these enzymes may indicate neurotoxic effects, ion regulatory disturbances, and impaired
cellular function following metal exposure.

To the best of our knowledge, evidence remains limited regarding whether aqueous
garlic extract can reduce tissue Cd accumulation and attenuate hematological, biochemical,
ionic, and tissue enzyme alterations caused by acute oral CdO exposure in male Swiss
albino mice. Therefore, this study aimed to evaluate the protective effects of aqueous
Alium sativum extract against acute oral CdO toxicity by assessing hematological indices,
serum metabolites and ions, enzyme activities, and Cd accumulation in the liver, kidney,
and brain.

2. Materials and Methods
2.1. Experimental Protocols

The study was approved by the Medical Sciences Experimental Research and Applica-
tion Center of Çukurova University (DETAUM; Protocol No. 2022/1-2). Twenty-four male
Swiss albino mice, aged 8 weeks and weighing 45–55 g, were obtained from DETAUM.
After a one-week acclimatization period, the animals were housed six per cage at 22 ± 2 ◦C
and 50% relative humidity under a 12 h light/12 h dark cycle, with food and water provided
ad libitum. Animals were fed standard rat food throughout the experiments (Rat Food,
DSA Agrifood Products Inc., Kırıkkale, Türkiye).

A total of 24 mice were randomly allocated to four groups (N = 6 per group) using a
computer-generated random number sequence: (i) control, (ii) garlic extract (300 mg/kg
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body weight), (iii) CdO (1.5 mg Cd equivalent/kg body weight), and (iv) CdO + garlic
extract (1.5 + 300 mg/kg body weight). All treatments were administered by oral gavage
in 100 µL of distilled water once daily for four consecutive days; control animals received
100 µL of distilled water only. In the combination group, CdO and the garlic extract were
administered consecutively by oral gavage. Doses were calculated based on the body
weight recorded on the first day of the experiment/daily before each administration. At
the end of the exposure period, the animals were anesthetized with a ketamine–xylazine
combination (90 and 10 mg/kg, respectively, intraperitoneally), and blood was collected
by cardiac puncture. A total of 2 mL of blood was collected. A portion of the blood was
transferred to (K3EDTA) (Vacuette EDTA, Greiner Bio-One GmbH, Kremsmünster, Austria)
tubes for hematological analysis, whereas a separate portion was collected in anticoagulant-
free tubes for serum preparation. After clot formation, the samples were centrifuged
at 3000× g for 10 min, and the serum was collected. The animals were subsequently
euthanized by cardiac puncture followed by exsanguination.

2.2. Preparation of Garlic Extract

Fresh Allium sativum L. bulbs were obtained from a local supplier in Adana, Türkiye,
and authenticated by the Department of Botany, Department of Biology, Faculty of Arts
and Sciences, Çukurova University. The bulbs were peeled, and 1 kg of fresh garlic cloves
was homogenized under aseptic conditions using a laboratory blender (Waring 8011ES,
Waring Commercial, Torrington, CT, USA).

The homogenized material was extracted with distilled water at a ratio of 1:2 (w/v)
for 24 h at +4 ◦C under continuous stirring to obtain an aqueous extract. The extract was
filtered through Whatman No. 1 filter paper to remove insoluble plant material. The
filtrate was collected as the crude aqueous garlic extract and concentrated under reduced
pressure using a rotary evaporator (BIOBASE RE-5000, Biobase Biotech (Jinan) Co., Ltd.,
Jinan, China) at a temperature not exceeding 40 ◦C [13]. The extraction yield was 10%
(w/w), corresponding to approximately 100 g of crude extract from 1 kg of fresh garlic
cloves. Before administration, the concentrated extract was freshly prepared with distilled
water to achieve the required dose based on each animal’s body weight (300 mg/kg body
weight). The concentrated extract was stored at +4 ◦C in airtight, light-protected containers
until use.

2.3. Hematological and Biochemical Analysis

RBC, WBC, PLT, Hb, and Hct were analyzed using a Sysmex XN-1000™ Hematology
Analyzer (Sysmex Corporation, Kobe, Japan). ALT, AST, LDH, LP, ChE, total bilirubin,
glucose, and serum ions (Na, K, Cl, Mg, Ca, and phosphate) were analyzed using a
modular Cobas 6000 autoanalyzer (Roche Diagnostics, Basel, Switzerland). ALP, total
cholesterol, cortisol, triglycerides, and total protein were analyzed using a Cobas 8000,
Roche (America). The activities of ALT, AST, and LDH were measured using the UV test
technique [14]. ALP [15], ChE [16], and LP [17] activities were determined by the use of
a colorimetric assay. The colorimetric/UV test was used for other serum parameters [18],
and an electrochemiluminometric assay for cortisol levels [19].

The liver, kidney, and brain tissues were homogenized in ice-cold buffer containing
0.05 M phosphate buffer and 0.25 M sucrose, pH 7.4, at a tissue-to-buffer ratio of 1:10 (w/v).
The homogenates were centrifuged at 10,000× g for 30 min at +4 ◦C, and the resulting
supernatants were used to determine Na+/K+-ATPase and AChE activities and protein
concentrations. To determine Na+/K+-ATPase activity, a mixture containing 100 mM NaCl,
20 mM KCl, 4 mM MgCl2, 3 mM ATP, 1 mM ouabain, and 40 mM Tris base (pH 7.7) was
incubated at 37 ◦C for 5 min. Subsequently, 3 mL of the main reagent was added, and the

https://doi.org/10.3390/app16178555

https://doi.org/10.3390/app16178555


Appl. Sci. 2026, 16, 8555 4 of 18

mixture was allowed to stand at room temperature for 10 min. Absorbance was measured
at 390 nm, and enzyme activity was calculated using a standard curve prepared with
100–500 µM KH2PO4 solutions [20]. AChE activity was determined using a 3 mL reaction
mixture containing 0.1 M phosphate buffer (pH 8.0), DTNB (0.01 M), sample, ethopropazine
(8.52 × 10−3 M), and acetylthiocholine iodide (0.015 M) according to Ellman et al. [21]. The
reaction was incubated at 30 ◦C for 5 min, and absorbance was measured at 412 nm at 0
and 5 min. Protein concentrations were determined according to the method of Lowry
et al. [22]. Samples were treated with Folin–phenol reagent, and absorbance was measured
at 750 nm. Bovine serum albumin was used to prepare the standard curve, and protein
content was expressed as mg/g wet tissue weight.

2.4. Cadmium Analysis

Cd accumulation in the tissues was analyzed as reported by Liang et al. [23]. Tissue
samples were dried at 105 ◦C for 48 h and digested with 2 mL of HNO3 and 1 mL of
HClO4 at a 2:1 (v/v) ratio at 120 ◦C for 3 h. Following digestion, the samples were diluted
to a final volume of 5 mL with distilled water. Cd concentrations were determined by
inductively coupled plasma optical emission spectrometry (ICP-OES) using a Thermo iCAP
6000 Series instrument (Thermo Fisher Scientific, Cambridge, UK) at 228.802 nm. The
calibration range was 0, 1, 5, 10, 25, and 50 ppb, with a correlation coefficient of 0.999960.
The predicted method detection limit (MDL) and predicted method quantification limit
(MQL) were 0.095406 and 0.318020, respectively, while the LOD and LOQ were 0.33 and
1 ppb, respectively. The analytical recovery was 105.1%. The quality-control standard
was 25 ppb, with a measured concentration of 26.27 ppb. The certified reference material
(CRM) was NIST SRM 3108, with a certified Cd concentration of 100.36 ± 0.35 mg/L. Cd
concentrations were expressed on a dry-weight basis (mg/kg dry weight).

2.5. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics software (version 22.0;
IBM Corp., Armonk, NY, USA). Before the one-way analysis of variance (ANOVA) and
subsequent Student–Newman–Keuls (SNK) post hoc test, the normality of data distribution
was assessed using the Shapiro–Wilk test, and the homogeneity of variances was evaluated
using Levene’s test. Data were expressed as the mean ± standard error. Differences among
treatment groups were considered statistically significant at p < 0.05.

3. Results
No mortality was observed during the experiment, and the animals showed no evident

signs of health problems or abnormal behaviors after oral exposure to CdO or a combination
of CdO and garlic extract during the experimental period. The effects of garlic extract and
CdO, administered alone or in combination, on hematological, biochemical, enzymatic,
and tissue Cd accumulation parameters are presented below.

3.1. Hematological Indices

Compared with the control group, hemoglobin and hematocrit levels decreased by
45% and 15.4%, respectively, in the CdO group and by 57.2% and 26.3%, respectively, in
the combination group. Similarly, WBC and RBC counts decreased by 60% and 39.6%,
respectively, in the CdO group and by 41.5% and 29.9%, respectively, in the combination
group. In contrast, PLT counts increased by 98.7% and 47.8% in the CdO and combination
groups, respectively (p < 0.05; Figure 1a–e).
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Figure 1. Cont.
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Figure 1. Hemoglobin (Hb) (a), hematocrit (Hct) (b), white blood cell (WBC) (c), red blood cell (RBC)
(d), and platelet (PLT) (e) levels in the blood of male Swiss albino mice exposed to 300 mg/kg garlic
extract, 1.5 mg/kg CdO, and a combination of 1.5 mg/kg CdO + 300 mg/kg garlic extract via oral
treatment for 96 h. SNK; the letters a, b, and c indicate significant differences among the groups.
Different letters indicate statistically significant differences among the groups (p < 0.05). Values are
expressed as the mean ± SE (N = 6). Different letters indicate significant differences among groups
according to the Student–Newman–Keuls test (p < 0.05). One-way ANOVA: Hb, F = 28.734, p < 0.001;
Hct, F = 15.457, p = 0.001; WBC, F = 17.558, p = 0.003; RBC, F = 11.495 p = 0.003; PLT, F = 4.667,
p = 0.036.

3.2. Serum Metabolites

Glucose levels increased by 68.6% and 32.2% in the CdO and combination groups,
respectively, compared with the control group (p < 0.05). In comparison, glucose levels
decreased by 21.62% in the combination group compared with the CdO group (p < 0.05),
indicating partial, rather than complete, recovery. Cholesterol levels were 11.4% lower in
the CdO group than in the control group; however, this difference was not statistically
significant (p > 0.05). In the combination group, cholesterol levels were 22.3% lower than in
the control group (p < 0.05). Cholesterol levels were also 12.3% lower in the combination
group than in the CdO group, but this difference was not statistically significant (p > 0.05).
Triglyceride levels decreased by 37% in the garlic group and increased by 27% in the CdO
group compared with the control group (p < 0.05). In the combination group, triglyceride
levels did not differ significantly from those in the control group. Protein levels decreased
by 13% in the CdO group compared with the control group (p < 0.05). Bilirubin levels
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increased 3.6-fold in the CdO group (p < 0.05) and 1.8-fold in the combination group
(p > 0.05) compared with the control group (Table 1).

Table 1. The levels of serum biochemical parameters in male Swiss albino mice exposed to 300 mg/kg
garlic extract, 1.5 mg/kg CdO, and a combination of 1.5 mg/kg CdO + 300 mg/kg garlic extract via
oral treatment for 96 h.

Serum Biochemical
Parameters (Unit) Control Garlic Extract CdO Combination F, p

Total cholesterol (mg/dL) 106.80 ± 3.43 a 90.03 ± 4.146 ab 94.67 ± 8.41 ab 83.00 ± 2.082 b F = 3.849
p = 0.057

Cortisol (µg/dL) 0.8677 ± 0.044 a 0.670 ± 0.015 ab 0.5323 ± 0.065 b 0.481 ± 0.101 b F = 7.167
p = 0.012

Triglycerides (mg/dL) 124.65 ± 3.09 a 78.33 ± 6.173 b 158.34 ± 9.279 c 117.67 ± 7.69 a F = 22.345
p < 0.001

Total protein (g/L) 54.00 ± 0.53 a 52.06 ± 0.857 a 46.97 ± 2.28 b 56.07 ± 1.86 a F = 6.288
p = 0.017

Glucose (mg/dL) 92.60 ± 1.62 a 85.35 ± 5.80 a 156.13 ± 5.66 b 122.38 ± 5.50 c F = 36.640
p < 0.001

Bilirubin (mg/dL) 0.198 ± 0.045 a 0.151 ± 0.01 a 0.713 ± 0.046 b 0.362 ± 0.094 a F = 19.85
p < 0.001

SNK; the letters a, b, and c express significant differences among the groups (p < 0.05). Values are
expressed as the mean ± SE (N = 6).

3.3. Serum Ions

The levels of Ca, Cl, Mg, and Phosphate decreased by 29.7%, 12.5%, 54.2%, and 44% in
the CdO group relative to the control group, respectively (p < 0.05). Mg level decreased by
32.9% (p < 0.05), while Ca, Cl, and phosphate levels did not show a statistically significant
change in the combination group when compared with the control group (p > 0.05). Serum
Na levels did not differ significantly among the groups. While K levels increased by 69%
(p < 0.05) in the CdO group, they decreased by 21.6% (p < 0.05) in the combination group,
relative to the control group. K level decreased by 53.6% in the combination group in
comparison to the CdO group (p < 0.05) (Table 2).

Table 2. The levels of serum ions in male Swiss albino mice exposed to 300 mg/kg garlic extract,
1.5 mg/kg CdO, and a combination of 1.5 mg/kg CdO + 300 mg/kg garlic extract via oral treatment
for 96 h.

Serum Ions (Unit) Control Garlic Extract CdO Combination F, p

Ca (mEq/L) 9.17± 0.335 a 8.54 + 0.1 a 6.45 ± 0.44 b 8.82 ± 0.315 a F = 12.629
p = 0.002

Cl (mEq/L) 105.97 ± 0.94 a 107.23 ± 1.07 a 92.70 ± 3.62 b 108.07 ± 0.75 a F = 13.349
p = 0.002

K (mEq/L) 6.70 ± 0.34 a 5.10 ± 0.1 b 11.32 ± 0.46 c 5.25± 0.056 b F = 95.73
p < 0.001

Na (mEq/L) 149.33 ± 2.73 a 147.1 ± 1.19 a 148.00 ± 0.58 a 150.67 ± 2.19 a F = 0.696
p = 0.580

Mg (mEq/L) 3.19 ± 0.25 a 2.80 ± 0.15 a 1.46 ± 0.34 b 2.14 ± 0.28 ab F = 8.318
p = 0.008

Phosphate (mg/dL) 8.46 ± 0.45 a 7.83 ± 0.52 a 4.72 ± 0.30 b 7.89 + 0.57 a F = 12.90
p = 0.002

SNK; the letters a, b, and c express significant differences among the groups (p < 0.05). Values are
expressed as the mean ± SE (N = 6).
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3.4. Serum Enzymes

The activities of ALP and ChE decreased by 39.2% and 24.1% in the CdO and com-
bination groups, respectively, compared with the control group, whereas ChE activity
decreased by 50.2% and 35.8%, respectively (p < 0.05). ChE activity increased by 28.9% in
the combination group compared with the CdO group (p < 0.05). ALT and AST activities
increased by 100.1% and 37.7% in the CdO and combination groups, respectively, whereas
AST activity increased by 153% and 114%, respectively, compared with the control group
(p < 0.05). However, the increase in ALT activity in the combination group was not statisti-
cally significant (p > 0.05), and AST activity did not differ significantly between the CdO
and combination groups (p > 0.05). LDH activity increased by 40.1% in the CdO group
compared with the control group (p < 0.05). It decreased by 31.2% in the combination group
compared with the CdO group (p < 0.05). LP activity did not differ significantly among the
groups (p > 0.05) (Figure 2a–f).

Figure 2. Cont.
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Figure 2. Alanine aminotransferase (ALT) (a), aspartate aminotransferase (AST) (b), alkaline phos-
phatase (ALP) (c), cholinesterase (ChE) (d), lipase (LP) (e), and lactate dehydrogenase (LDH) (f) hema-
tological parameters in the serum of male Swiss albino mice exposed to 300 mg/kg garlic extract,
1.5 mg/kg CdO and a combination of 1.5 mg/kg CdO + 300 mg/kg garlic extract via oral treatment
for 96 h. SNK; the letters a, b, and c indicate significant differences among the groups. Different
letters indicate statistically significant differences among the groups (p < 0.05). Values are expressed
as the mean ± SE (N = 6). Different letters indicate significant differences among groups according
to the Student–Newman–Keuls test (p < 0.05). One-way ANOVA: ALT, F = 9.270, p = 0.006; AST,
F = 10.138, p = 0.004 ALP, F = 16.516, p < 0.001; ChE, F = 9.270, p = 0.006; Lipase, F = 1.071, p = 0.414;
LDH, F = 13.144, p = 0.002.

3.5. Na+/K+-ATPase Activity

Na+/K+-ATPase enzyme activity decreased by 82.7% in the liver, 70.8% in the kidney,
and 45.9% in the brain after CdO administration compared to the control group. The
decreases in the liver and kidney were statistically significant (liver: F = 7.590, p = 0.010;
kidney: F = 21.790, p < 0.001), whereas the decrease in the brain was not statistically
significant (F = 1.092, p = 0.407). In the liver and brain, enzyme activity in the combination
group was closer to the control levels; however, these differences were not statistically
significant (Table 3).

Table 3. Sodium-potassium adenosine triphosphatase (Na+/K+-ATPase) activity (µmol Pi/mg
Protein/h) in the tissues of male Swiss albino mice exposed to 300 mg/kg garlic extract, 1.5 mg/kg
CdO, and a combination of 1.5 mg/kg CdO + 300 mg/kg garlic extract via oral treatment for 96 h.

Treatment Groups Liver Kidney Brain

Control
Garlic extract
CdO
Combination

3.812 ± 0.391 a
F, p

F = 7.590
p = 0.010

6.272 ± 0.504 a

F = 21.790
p < 0.001

1.199 ± 0.145 a
F, p

F = 1.092
p = 0.407

2.647 ± 0.216 a 5.702 ± 0.418 a 1.103 ± 0.360 a

0.6588 ± 0.225 b 1.830 ± 0.634 b 0.649 ± 0.056 a

2.006 ± 0.813 ab 3.860 ± 0.159 c 1.140 ± 0.283 a

SNK; the letters a, b, and c express significant differences among the groups (p < 0.05). Values are
expressed as the mean ± SE (N = 6).

3.6. AChE Activity

AChE activity in the liver did not differ significantly in the experimental groups
compared with the control group. Brain AChE activity decreased 2.4-fold and 1.8-fold in
the CdO and combination groups, respectively, compared with the control group. Renal
AChE activity differed significantly among the experimental groups (F = 4.162, p = 0.047).
The CdO group showed the highest activity, significantly exceeding the garlic-alone group
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and exceeding the control group by 51.3%. However, this latter contrast did not reach
significance in post hoc comparison (Table 4).

Table 4. Acetylcholinesterase (AChE) activity (U/mg protein) in the tissues of male Swiss albino
mice exposed to 300 mg/kg garlic extract, 1.5 mg/kg CdO, and a combination of 1.5 mg/kg CdO +
300 mg/kg garlic extract via oral treatment for 96 h.

Treatment Groups Liver Kidney Brain

Control
Garlic extract
CdO
Combination

0.5670 ± 0.046 a
F, p

F = 2.713
p = 0.115

0.8202 ± 0.137 ab

F = 4.162
p = 0.047

1.2913 ± 0.09 a
F, p

F = 7.942
p = 0.009

0.4968 ± 0.087 a 0.7631 ± 0.075 a 1.5731 ± 0.3069 a

0.3066 ± 0.046 a 1.2412 ± 0.076 b 0.5247 ± 0.078 b

0.4534 ± 0.084 a 0.9228 ± 0.099 ab 0.7143 ± 0.1103 b

SNK; the letters a and b express significant differences among the groups (p < 0.05). Values are
expressed as the mean ± SE (N = 6).

3.7. Cadmium Accumulations

Cd accumulation followed the order liver > kidney > brain. Compared with the CdO
group, co-administration of garlic extract reduced Cd accumulation by approximately 82.1%
in the liver, 70.8% in the kidney, and 71.2% in the brain. The reductions were statistically
significant in the liver and kidney but not in the brain (Table 5).

Table 5. Metal accumulation (µg Cd/g dry weight) in the tissues of male Swiss albino mice exposed
to 1.5 mg/kg CdO and a combination of 1.5 mg/kg CdO + 300 mg/kg garlic extract via oral treatment
for 96 h.

Treatment Groups Liver Kidney Brain Between Tissues (F, p)

Control ND ND ND F, p
CdO 0.6380 ± 0.3765 ax 0.3085 ± 0.1281 axy 0.0518 ± 0.0015 ay F = 6.514 p = 0.018

Combination 0.1143 ± 0.0282 bx 0.0900 ± 0.007 bx 0.0149 ± 0.0143 ay F = 3.066 p = 0.130
Between groups (F, p) F = 5.492 p = 0.032 F = 4.264 p = 0.015 F = 1.077 p = 0.063

SNK; the letters a and b indicate significant differences among the groups, whereas x and y indicate
significant differences among the tissues (p < 0.05). Values are expressed as the mean ± SE (N = 6).

4. Discussion
Hematological parameters can evaluate the physiological state of animals. CdO ex-

posure markedly altered hematological indices, as shown by reductions in Hb, Hct, RBC,
and WBC and an increase in PLT. These alterations may reflect impaired erythropoiesis,
increased erythrocyte destruction, or inflammatory responses [9,24]. However, these mech-
anisms were not directly evaluated in the present study and therefore should be considered
as possible explanations. The observed increase in PLT is consistent with previous find-
ings reported by Andjelkovic et al. [25]. WBCs form an important part of the immune
system that protects the body against infectious diseases and foreign substances [26]. In the
present study, WBC count decreased in the Cd group, consistent with the immunotoxic and
hematopoietic suppressive action of Cd, which has been associated with leukocytopenia
and bone marrow hypoplasia following oral exposure [27,28]. Regarding the WBC count,
even the garlic group remained significantly lower than the control group, and, as expected,
the CdO group reduced the WBC count more than the garlic group did. Under these
circumstances, it is a natural conclusion that the combined treatment failed to restore the
WBC count to control levels. This is consistent with the short exposure period, as recovery
of circulating leukocytes requires renewed production in the bone marrow [29]. Garlic
co-administration partially reduced some hematological changes, although the parameters
were not consistently restored to control values. Our findings are consistent with previ-
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ous studies reporting reductions in RBC, Hb, and Hct levels in rats and mice exposed to
different metals [26,30,31].

Serum metabolites are vital indices in toxicity studies to evaluate metabolism. Garlic
administration partially alleviated CdO-induced hyperglycemia, but did not fully normal-
ize glucose levels to those of the control group. This effect may be related to garlic-induced
stimulation of glycogenesis and suppression of gluconeogenesis and glycogenolysis [32].
However, as these mechanisms were not directly evaluated, they should be considered
as possible explanations. Orally administered garlic extract has been reported to reduce
blood glucose levels in diabetic rats and mice [33,34]. Garlic may regulate blood glucose
by affecting insulin secretion [35]; however, this mechanism was not directly evaluated
in the present study. Garlic extract was found to reduce serum glucose concentrations
and LDH enzyme activity in diabetic rats [36]. Pedraza-Chaverri et al. [37] concluded that
garlic powder improved potassium dichromate-induced renal injury in rats in relation to
its antioxidant properties. Cortisol, a hormone, drives several stress-related physiological
changes [38]. In this study, cortisol levels decreased in both the CdO and combination
groups. Metals significantly reduced serum cortisol levels in rats [10]. Cholesterol levels
were lowest in the combination group, but there was no significant difference among the
groups. Consistent with our findings, serum cholesterol was reduced in rats exposed to
copper nanoparticles [39]. It has been reported that serum total cholesterol levels decreased
in rats exposed to Cd [40]. Triglycerides, providing cellular energy, play a significant role
in metabolism. In this study, the increase in triglycerides observed in the CdO group may
reflect cadmium’s disruptive effect on lipid metabolism. The decrease in triglyceride levels
in the garlic group indicates a direct effect of garlic extract on serum triglyceride levels.
In rat models, garlic administration has been reported to reduce serum triglyceride levels
and regulate lipid metabolism significantly [41]. Samarghandian et al. [40] indicated that
CdCl2 increased triglyceride levels in rats. Garlic decreased cholesterol and triglyceride
levels in animals [42]. It may prevent cholesterol biosynthesis in the liver by inhibiting
beta-hydroxy-beta-methylglutaryl-CoA reductase and other lipogenic enzymes [43]. Serum
proteins produced in the liver are used as an indicator of liver damage [44]. We thought
the decrease in total protein in our study may be due to impaired plasma protein synthesis.
Significant decreases in serum total protein levels were also observed in Wistar rats fol-
lowing the oral administration of titanium dioxide nanoparticles [45]. Serum total protein
levels decreased in rats after exposure to Cd [46]. Bilirubin is a product of hemoglobin
breakdown and metabolism and indicates liver dysfunction. In this study, bilirubin levels
increased with CdO exposure, but were lower in the combination group than in the CdO
group and did not differ significantly from the control group.

ALT, AST, and ALP are enzymes in the liver, and their activities increase in the
bloodstream when hepatic cells and membranes are damaged [47]. Lipase breaks down
fatty acids to pass through cell membranes and converts triglycerides into more polar
molecules [48]. In this study, ALT and AST activities increased in the CdO and combination
groups compared with the control group. Garlic co-administration significantly reduced
ALT activity compared with the CdO group. The reduction in AST activity was not
statistically significant compared with the CdO group. Based on its ability to decrease
ALT and AST levels, it was concluded that garlic offers some hepatoprotection against
heavy metals [30,49]. LDH can be used to diagnose heart, blood, lung, or liver damage [10].
LDH activity increased in the CdO-exposed group compared with the control group, while
the combination group was statistically similar to the control group. LP activity did not
differ significantly among the groups. Cd may lead to hepatic damage, confirmed by the
alterations in hepatic enzymes ALT, AST, and ALP. Activities of ALT and AST, indications
of liver damage, increase when the hepatic cells and membrane are injured or undergo
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cell death [47,50]. Obioha et al. [51] observed a decrease in hepatic activities of ALT,
AST, and ALP and a concomitant increase in the plasma activities of ALT and AST in
rats exposed to Cd. They reported that garlic extract improved Cd-induced alterations
in enzyme activities in rats caused by Cd toxicity were improved by garlic extract, and
that it protected the liver against hepatocellular damage. Similarly, Andjelkovic et al. [25]
concluded that the administration of Cd and Pb for 24 h caused a decrease in the WBC, RBC,
Hb, Hct, and activities of ALT, ALP, AST, and LDH, while the levels of platelet count, total
proteins, bilirubin, Ca, and Mg increased in rats. In another study, Cd exposure decreased
hematocrit and total erythrocyte, lymphocyte, and thrombocyte counts; serum cholesterol,
triglycerides, glucose, AST, and ALT activities; and increased total leukocytes, total protein
and albumin levels, and granulocytes in rats [31]. Decreasing ChE activity in our results
may be due to Cd affecting the enzyme’s protein structure. ChE activity partially improved
following garlic co-administration.

Serum ions, indicators of metabolic health, are important for maintaining homeostasis.
Ca, Cl, Mg, and phosphate levels decreased in the CdO group compared with the control
group. Ca and Mg levels decreased in rats exposed to metal and metal nanoparticles,
consistent with our study [25]. Cd caused altered serum ion homeostasis in the tissues of
mice in this study. Na levels did not change between groups, while K levels increased in
the CdO group compared with the control. In this study, CdO caused fluctuations in ion
levels; thus, serum ion balance changed. This may be due to ion uptake and excretion via
active transport systems.

Xenobiotics can reduce Na+/K+-ATPase activity by affecting energy-producing path-
ways and/or directly interacting with the enzyme [52]. Na+/K+-ATPase pumps sodium
ions out of cells and potassium ions into cells, thus creating an electrochemical gradient
across the cell membrane [53]. Heavy metals cause oxidative stress in cells, damaging the
cell membrane and thus affecting Na+/K+-ATPase activity [54,55]. In this study, Na+/K+-
ATPase activity decreased in the kidney tissue exposed to CdO. Similarly, CdO has been
reported to reduce Na+/K+-ATPase activity in various tissues, especially the kidney, and
this is associated with disrupted membrane integrity [56]. In this study, renal Na+/K+-
ATPase activity, by contrast, was significantly higher in the combination group than in
the Cd group, indicating a partial protective effect of garlic extract on this parameter.
AChE activity decreased in the brain but increased in the kidney of mice under CdO
exposure. Similarly, Cd administration significantly reduced AChE activity in rat brain tis-
sue [57,58]. Studies demonstrated that metals adversely affect the activities of AChE [59,60]
and Na+/K+-ATPase [60]. The increase in AChE in the kidney requires separate consid-
eration, as Na+/K+-ATPase is suppressed in the same tissue. Since both enzymes are
membrane-bound, non-selective membrane disruption would affect them in the same direc-
tion. Because Cd directly inhibits membrane enzymes via thiol groups [61], this contrasting
behavior suggests that the increase in AChE reflects an increase in enzyme quantity rather
than a direct metal–enzyme interaction. AChE is induced during programmed cell death
and is used as an apoptosis marker [62], and an apoptotic response has been reported in
kidney tissue upon Cd exposure [63]. This is consistent with the mode of exposure: Cd2+

bound to plasma proteins is filtered from the glomerulus and taken up into proximal tubule
cells, becoming free [64]; therefore, the kidney is the organ where the most intense damage
occurs per unit of metal. Kidney-specific cholinergic structures may also contribute to the
response [65,66]. Furthermore, the direction of the AChE response is dose-dependent [67],
consistent with our finding at the relatively low oral dose in our study. In the combination
group, renal AChE remained at an intermediate level between the control and Cd groups,
although this position was not statistically distinguishable from either. From a toxicological
point of view, the increase in renal AChE should be interpreted as an indirect indicator
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of early cellular damage rather than a cholinergic effect; however, these mechanisms are
hypothetical since markers of oxidative stress and apoptosis were not measured. Garlic
co-administration produced partial and tissue-dependent modulation of Na+/K+-ATPase
and AChE activities. However, the absence of significant recovery in some tissues prevents
a general conclusion of therapeutic protection.

Heavy metals cause toxicity by accumulating in various tissues of organisms [68,69].
In this study, garlic administration reduced Cd accumulation in the liver and kidney
tissues. Studies have shown that garlic reduces or prevents heavy-metal-induced oxidative
stress induced by heavy metals and decreases their accumulation in tissues of various
organisms [70,71]. Cd accumulation was highest in the liver, reflecting its role as the
primary site of metal sequestration, where Cd is retained in a bound form as part of hepatic
detoxification. This effect is attributable to the sulfur-containing compounds of garlic,
which bind Cd2+ through the free electron pairs on their sulfur atoms and thereby limit
its absorption and tissue deposition [72]. These compounds also enhance the endogenous
antioxidant defenses by inducing detoxifying enzymes and by increasing intracellular
glutathione levels [73,74], which help scavenge Cd-derived reactive oxygen species and
provide additional binding sites for the metal.

Garlic’s protective effect may stem from its strong antioxidant activity, which reduces
oxidative stress, and its ability to limit Cd toxicity through sulfur-containing compounds [5].
Garlic co-administration significantly reduced Cd accumulation in the liver and kidney, pos-
sibly because of the metal-binding properties of its organosulfur compounds. Overall, garlic
extract partially attenuated selected hematological, biochemical, ionic, and enzymatic alter-
ations induced by CdO, but the protective response was parameter- and tissue-dependent.

This study has certain limitations. The study determined the acute protective and
ameliorative effects of the garlic extract used on the hematological and biochemical param-
eters of male Swiss Albino mice exposed to the heavy metal cadmium (Cd). Accordingly, a
single dose of CdO (1.5 mg/kg) and a single dose of garlic extract (300 mg/kg) were evalu-
ated; therefore, potential sex- and dose-dependent effects could not be assessed. Secondly,
the aqueous garlic extract was neither chemically characterized nor standardized, and
the extraction yield and concentrations of key bioactive components—such as allicin and
diallyl disulfide—were not determined. This limits direct comparison with studies utilizing
standardized extracts. Furthermore, oxidative stress markers such as MDA, SOD, and
GSH-Px were not evaluated, and no histopathological examination was performed. Future
studies are recommended to employ chemically characterized and standardized garlic
extracts, utilize different dosages and both sexes, and include complementary oxidative
stress and histopathological assessments.

5. Conclusions
Acute oral exposure to CdO induced significant hematological, biochemical, ionic,

and tissue-specific enzymatic alterations in male Swiss albino mice. Co-administration
of aqueous Allium sativum extract reduced Cd accumulation in the liver and kidney and
partially attenuated selected alterations in serum metabolites, ions, hematological indices,
and enzyme activities. However, several parameters did not fully return to control values,
indicating that the protective effect of garlic extract was partial and depended on the
parameter and tissue evaluated. Further studies using chemically standardized garlic
extracts, additional doses, longer exposure periods, and complementary histopathological
and oxidative-stress analyses are required to clarify the mechanisms involved.
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