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Alterations in antioxidant function and cell apoptosis in 
duck spleen exposed to molybdenum and/or cadmium

Mengmeng Zhang†, Junrong Luo†, Caiying Zhang*, Huabin Cao*, Bing Xia, Guoliang Hu

Institute of Animal Population Health, College of Animal Science and Technology, Jiangxi Agriculture University, Nanchang 330045, China

To investigate the effects of molybdenum (Mo) and/or cadmium (Cd) on antioxidant function and the apoptosis-related genes in duck spleens. 
Sixty healthy 11-day-old ducks were randomly divided into six groups of 10 ducks (control, low Mo group, high Mo, Cd, low Mo + Cd, and 
high Mo + Cd groups). All were fed a basal diet containing low or high dietary doses of Mo and/or Cd. Relative spleen weight, antioxidant 
indices, apoptosis-related gene mRNA expression levels, and ultrastructural changes were evaluated after 120 days. The results showed that 
the relative spleen weight decreased significantly in the high Mo + Cd treatment group which compared with control group. Malondialdehyde 
levels increased and xanthine oxidase and catalase activities decreased in the Mo and/or Cd groups compared with levels in the control group. 
Bak-1 and Caspase-3 expressions were upregulated in the high Mo + Cd group, while Bcl-2 was downregulated. In addition, mitochondrial 
crest fracture, swelling, vacuolation, deformed nuclei, and karyopyknosis in both Mo + Cd treated groups were more severe than in the other 
groups. The results suggest that Mo and/or Cd can induce oxidative stress and apoptosis of spleen via effects on the mitochondrial intrinsic 
pathway. Moreover, the results indicate the two elements have a possible synergistic relationship.
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Introduction

Molybdenum (Mo) is an essential element, with an important 
role in the biological functions of most organisms [1]. However, 
the bodies of humans and other animals can be damaged by a 
high dietary intake of Mo. With increasing development of the 
mining industry, there are concerns associated with the toxicity 
of Mo discharges to aquatic and terrestrial organisms [6]. Mo 
contamination of agricultural soils as a result of industrial 
discharge is a serious threat to human and animal health through 
bioaccumulation in the food chain. High dietary Mo intake can 
cause spleen damages and lymphocyte apoptosis, which can 
inhibit spleen development of spleen and impair immune 
function in young chickens [40]. Mo nanoparticles have 
induced intracellular reactive oxygen species (ROS) generation, 
mitochondrial membrane potential (MMP) changes, cell cycle 
arrest, and DNA damage [30]. Additionally, high levels of Mo 
can cause renal tubule degeneration, glomerular atrophy, nuclei 
deformation, and fracture in goat kidney [12].

Cadmium (Cd) is a highly toxic heavy metal that arises 

primarily from various industries and waste sources and is 
deemed an environmental pollutant [2]. Cd generates damages 
in humans via complex mechanisms involving interactions with 
other metals, induction of oxidative stress and apoptosis [24]. 
Following exposure to Cd, mitochondrial oxidative damage 
occurs via inhibition of Bcl-2 and Caspase-3 activation, leading 
to nuclear chromatin condensation, DNA fragmentation, and 
cell death [13]. Typical morphological changes associated with 
apoptosis were observed in chicken splenic lymphocytes 
treated with Cd, including membrane bleeds and overall cell 
shrinkages [17]. Oxidative stress and Ca2+ signaling pathways 
have been also suggested as having a significant role in Cd-induced 
apoptosis [35].

A large number of tungsten ore resources are distributed in 
Jiangxi Province of China, particularly in the southern areas. 
Large amounts of tailings that contain Mo and Cd have resulted 
through long-term accumulation from mining and screening 
processes; accumulations that can affect the livestock within a 
large area. Until now, many studies on Mo or Cd have been 
reported, but there are few studies into the toxicity of Mo + Cd 
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Table 1. Molybdenum (Mo), cadmium (Cd), copper (Cu), zinc (Zn), iron (Fe), and selenium (Se) content in the duck’s basal diet and 
water

Item
Trace element content (g/g)

Mo Cd Cu Zn Fe Se

Deionized water 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Tap water 0.0104 0.0075 0.0211 0.1520 0.1880 0.0151
Duckling feed 4.1510 0.2471 191.3511 210.7144 747.8350 1.0483
Duck feed 4.7290 0.4762 109.3302 189.8741 709.0814 1.0520

co-exposure, especially in waterfowl. In this study, the toxicity 
of Mo and/or Cd on duck spleen was investigated by determining 
their effects on antioxidant indices, mRNA expression levels of 
apoptotic genes, and ultrastructural changes.

Materials and Methods

Animals and treatments
Ducks were treated according to the provisions of the 

National Institution of Health for experimental care and use of 
Laboratory animals (NIH Publication 8023, revised 1978). The 
duck model used to examine excessive exposure to Mo and/or 
Cd was as described in our previous publication [38]. Sixty 
healthy 11-day-old ducks were randomly divided into six 
groups of 10 ducks. The ducks in each group were fed a basal 
diet with different levels of Mo and/or Cd: Control group (0 
mg/kg Mo, 0 mg/kg Cd), low dietary Mo group (LMo group, 15 
mg/kg Mo), high dietary Mo group (HMo group, 100 mg/kg 
Mo), Cd group (4 mg/kg Cd), LMo + Cd group (15 mg/kg Mo, 
4 mg/kg Cd) and HMo + Cd group (100 mg/kg Mo, 4 mg/kg 
Cd). Hexaammonium molybdate (Shanghai Chaoyan Biological 
Technology, China) and Cadmium sulfate (Shanghai Aiyan 
Biological Technology) were used as Mo and Cd sources, 
respectively. Ducklings were provided a duckling basal diet and 
a duck basal diet before and after being 21-days-old, 
respectively. The dietary treatments lasted for 120 days. The 
levels of Mo, Cd, Copper (Cu), Zinc (Zn), Iron (Fe), and 
selenium (Se) in the basal diet and water are shown in Table 1.

Relative spleen weight
After being treated for 120 days, the duck body was weighed 

before being euthanized. During necropsy of each duck, the 
spleen was removed and weighed. Relative spleen weight was 
calculated according to the following formula [40]: 

Relative organ weight = 
Organ weight (g)
Body weight (kg) .

Acquisition and processing of samples
At the 120th day of dietary treatment, after the body weight of 

each duck was weighed, and a blood sample was collected via 
venous puncture of the wing and allowed to clot. Subsequently, 
serum was obtained by centrifugation at 1,100 × g for 10 min at 
4oC and stored at −20oC until analyzed to determine antioxidant 
levels. The ducks were then euthanized via an overdose 
intravenous injection of sodium pentobarbital (Nembuta, l50 
mg/kg; Abbot Labs, USA), and the spleen was immediately 
excised. Portions of each spleen were homogenized by using 
cold 0.9% NaCl solution, then centrifuged at 1,100 × g for 10 
min at 4oC by using a refrigerated centrifuge (Heal Force, 
China). The supernatant was collected and stored at −20oC 
prior to antioxidant analysis. In addition, portions of the spleen 
samples were stored at −80oC until used for apoptosis-related 
mRNA analysis. The remaining portion of each spleen specimen 
was routinely processed for ultrastructural examination.

Determination of trace elements
Trace element levels, including those for Cd, Mo, Cu, Fe, Zn, 

and Se, in dietary water and feed were measured by using an 
Agilent 240 Series AA atomic absorption spectrophotometer 
(Agilent, USA). All analyses were carried out according to the 
manufacturer’s instructions.

Determination of antioxidant levels
Xanthine oxidase (XOD) can catalyze hypoxanthine to 

produce simultaneously xanthine and free radical superoxide 
anions, and when an electron acceptor and a color agent are 
present, an amaranth conjugate will be formed. Based on the 
absorbance at 530 nm, determined by a spectrophotometer 
(Nanjing Jiancheng Bioengineering Institute, China), XOD 
activity was calculated. The activity of catalase (CAT) on 
decomposing H2O2 can be immediately stopped by adding 
ammonium molybdate. The surplus H2O2 combines with 
ammonium molybdate to form a faint yellow clathrate. Based 
on absorbance at 405 nm, determined by a spectrophotometer 
(Nanjing Jiancheng Bioengineering Institute), the level of CAT 
activity was determined. Malondialdehyde (MDA) can condense 
with thiobarbituric acid (TBA) to form a red compound. Base 
on variations in the color, absorbance at 532 nm was determined 
by spectrophotometer (Nanjing Jiancheng Bioengineering 
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Table 2. Gene-specific primers used in the study

Gene GenBank accession number Specific primer (5' to 3')

Bak-1 XM_005026829.1 Forward: TTGCAGCTCACCAAGGAGAA
Reverse: CCCAGTTAATGCCGCTTTCA

Bcl-2 XM_005028719.1 Forward: TCCTCTCTCCCTTCCTCTTGCT
Reverse: CCGGTTATCGTAGCCTCTTCTC

Caspase-3 XM_005030494.1 Forward: TGGTGAAGAAGGACTCATCTATGG
Reverse: TGTCACCCCTGAAAAGACTTGTT

GAPDH XM_005016745.1 Forward: GGTGCTAAGCGTGTCATCATCTC
Reverse: TCTCATGGTTCACACCCATCAC

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Fig. 1. Changes in the relative weight of duck spleen. Different 
lowercase letters are significantly different between groups (p ＜
0.05), and common lowercase or uppercase letters are not 
significantly different between groups (p ＞ 0.05). Each value 
represents the mean ± SEM.

Institute), and the MDA content determined.

Ultrastructural examination
Transmission electron microscopy (TEM) was carried out 

according to a previously reported protocol [29]. Spleen samples 
obtained at day 120 were processed and observed carefully via 
TEM; in addition, photographs were taken.

RNA Isolation and primer designing
Total RNA was purified from spleen samples by using Trizol 

reagents (Takara Bio, China) according to the manufacturer’s 
instructions and was then reverse-transcribed into cDNA in 
accordance with instructions for the PrimeScript RT reagent Kit 
with gDNA Eraser (Takara Bio). The reverse transcription 
reaction was conducted in a 20 L mixture containing 2 L of 
5× DNA eraser buffer, 1 L of gDNA eraser, 1 L of total RNA, 
and 6 L of RNase-free dH2O. The mixture was incubated for 2 
min at 42oC. Next, 4 L of 5× prime script buffer 2, 1 L of 
prime script RT enzyme mix I, 1 L of RT primer mix, and 5 L 
of RNase-free dH2O were added to the reaction solution, and 
the reaction was run at 37oC for 15 min, 85oC for 5 seconds, and 
4oC for 10 min. The cDNA samples were stored at −20oC prior 
to use in TaqMan RT-PCR.

The primers for the amplification of genes Bak-1, Bcl-2, 
Caspase-3, and GAPDH were designed by using Primer Express 
3.0 software and were synthesized by Invitrogen (China). Duck 
GAPDH was employed as the housekeeping gene. The primer 
sequences and GenBank accession numbers are presented in 
Table 2.

TaqMan real-time quantitative PCR
Gene expression levels were measured by performing 

real-time quantitative polymerase chain reactions (RT-PCR). 
The PCR profiles were as follows: Stage 1, 1 cycle at 50oC for 
2 min; Stage 2, 1 cycle at 95oC for 5 min; Stage 3, 40 cycles at 
95oC for 15 seconds; and Stage 4, 1 cycle at 60oC for 1 min. 
Following RT-PCR completion, melt curve analyses were 
performed for all genes. All reactions were carried out by using 

the ABI Prism 7900 real-time PCR system (Applied Biosystems, 
China).

Statistical analysis
Statistical analysis was performed by using GraphPad Prism 

5 (GraphPad, USA) and SPSS for Windows (ver. 13, SPSS, 
USA). When a significant value was obtained by one-way 
analysis of variance, further analysis was carried out. Duncan's 
multiple range tests were used to detect statistical significance 
(p ＜ 0.05) between treatment groups. All values are expressed 
as means ± SEM.

Results

Changes in relative spleen weight
As shown in Fig. 1, the overall trend was a decrease in relative 

spleen weight from that in the control group in all five treatment 
groups. The relative spleen weight was significantly lower in 
the HMo + Cd group than in control group at 120 days (p ＜ 
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Fig. 2. Antioxidant index levels in duck serum. (A) Malondialdehyde (MDA) levels. (B) Xanthine oxidase (XOD) activities. (C) Catalase
(CAT) activities. Different lowercase letters are significantly different between groups (p ＜ 0.05), different uppercase letters are highly
significantly different between groups (p ＜ 0.01), and common lowercase or uppercase letters are not significantly different between 
groups (p ＞ 0.05). Each value represents the mean ± SEM. 

Fig. 3. Antioxidant index values in duck spleen. (A) Malondialdehyde (MDA) levels. (B) Xanthine oxidase (XOD) activities. (C) Catalase
(CAT) activities. Different lowercase letters are significantly different between groups (p ＜ 0.05), different uppercase letters are highly
significantly different between groups (p ＜ 0.01), and common lowercase or uppercase letters are not significantly different between 
groups (p ＞ 0.05). Each value represents the mean ± SEM.

0.05).

Serum MDA levels and XOD and CAT activities
The effects of dietary Mo and/or Cd treatments on serum 

MDA levels as well as XOD and CAT activities are shown in 
panels A–C in Fig. 2, respectively. The MDA levels of the HMo 
and Cd groups were significantly higher than that in the control 
group (p ＜ 0.01). The MDA levels in the LMo + Cd and HMo + 
Cd groups were significantly higher than in the other groups 
(p ＜ 0.01). In addition, MDA concentration was higher in the 
HMo + Cd group than in the LMo + Cd group (p ＜ 0.05). 

Decreased XOD activity was observed in the HMo and Cd 
groups compared to that in the control group (p ＜ 0.05). The 
XOD activity levels in the LMo + Cd and HMo + Cd groups 
were significantly lower than those in the control and LMo 
groups (p ＜ 0.01). In addition, the activity in the LMo group 
was higher than those in the HMo and Cd groups (p ＜ 0.05). 
The CAT activity was lower in the HMo group than in the 
control and LMo groups (p ＜ 0.05), and CAT activity level of 
the Cd group was significantly lower than that in the control 
group (p ＜ 0.01). The CAT activity levels in the LMo + Cd and 
HMo + Cd groups were markedly lower than those in the 
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Fig. 4. Effects of molybdenum (Mo)- and/or cadmium (Cd)-induced changes in the mRNA levels of apoptosis-related genes. (A) Bak-1.
(B) Bcl-2. (C) Caspase-3. Different lowercase letters are significantly different between groups (p ＜ 0.05), different uppercase letters 
are highly significantly different between groups (p ＜ 0.01), and common lowercase or uppercase letters are not significantly different
between groups (p ＞ 0.05). Each value represents the mean ± SEM.

control, LMo, and HMo groups (p ＜ 0.01).

Spleen MDA levels and XOD and CAT activities
As shown in Fig. 3, MDA level was higher in the HMo and Cd 

groups than in the control group (p ＜ 0.05). MDA levels in the 
LMo + Cd and HMo + Cd groups were significantly higher than 
those in the other groups (p ＜ 0.01), and the MDA concentration 
in the HMo + Cd group was significantly higher than that in the 
LMo + Cd group (p ＜ 0.01). The XOD activity level was 
significantly lower in the LMo + Cd group than in the control, 
LMo, and HMo groups (p ＜ 0.01), and the XOD activity of the 
HMo + Cd group was significantly lower than those in the other 
groups (p ＜ 0.01). In addition, the XOD activity in the HMo + 
Cd group was lower than that in the LMo + Cd group (p ＜ 
0.05). The CAT activity levels in the HMo, Cd, LMo + Cd, and 
HMo + Cd groups were significantly lower than that in the 
control group (p ＜ 0.01). The CAT activities of the Cd, LMo + 
Cd, and HMo + Cd groups were not significantly different (p ＞ 
0.05).

Expressions of Bak-1, Bcl-2, and Caspase-3 mRNA in spleen 
tissue

As shown in Fig. 4, the mRNA expression level of Bak-1 was 
significantly higher in the HMo group than in the control and 
LMo groups (p ＜ 0.01). Moreover, Bak-1 mRNA expression 
was significantly higher in the LMo + Cd group than in the 
control, LMo, and Cd groups (p ＜ 0.01). Bak-1 expression in 
HMo + Cd group was significantly higher than those in the 
control, HMo, and Cd groups (p ＜ 0.01). In addition, mRNA 
expression of Bak-1 in the HMo + Cd group was significantly 
upregulated compared to that in the LMo + Cd group (p ＜ 

0.01). The mRNA expression level of Bcl-2 was lower in the 
LMo + Cd group than in the control, LMo, HMo, and Cd groups 
(p ＜ 0.05). Moreover, Bcl-2 expression was significantly lower 
in the HMo + Cd group than in the control, LMo, HMo and Cd 
groups (p ＜ 0.01). The mRNA expression level of Caspase-3 
was significantly higher in the HMo group than in the control 
and LMo groups (p ＜ 0.01) and significantly higher in the LMo + 
Cd group than in the control, LMo, and Cd groups (p ＜ 0.01). 
Caspase-3 expression was significantly upregulated in the 
HMo + Cd group compared to the expression levels in the other 
groups (p ＜ 0.01).

Ultrastructural changes to spleen cells
As shown in Fig. 5, TEM revealed normal spleen cells in the 

control group (panel A in Fig. 5). Panels C and D in Fig. 5 show 
ultrastructural changes of spleen cells, including mitochondrial 
crest fracture and vacuolation, in the HMo and Cd groups. The 
spleen cells in the LMo + Cd group exhibited severe nuclear 
deformation and chromatin marginalization (panel E in Fig. 5), 
and the HMo + Cd group showed typical characteristics of 
apoptotic karyopyknosis, mitochondrial crest fracture, and 
vacuolation (panel F in Fig. 5).

Discussion

The spleen is an organ involved in immune reactions against 
environmental stresses, and relative spleen weight is one of the 
indices used to estimate spleen injury. The results of the present 
study indicated that dietary Mo and/or Cd decreased the relative 
spleen weight in ducks. As a stressor, heavy metals can upset the 
balance of the oxidant/antioxidant system by affecting the 
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Fig. 5. Representative images from transmission electron 
microscopy of spleen tissue. (A) Normal spleen cell in control 
group. (B) No significant changes in spleen cells in the low 
dietary molybdenum (LMo) group. (C) Mitochondrial crest 
fracture and vacuolation of spleen cells in the high dietary 
molybdenum (HMo) group. (D) Vacuolation and crest fracture of
spleen cells in the cadmium (Cd) group. (E) Nuclear deformation
and chromatin marginalization of spleen cells in the LMo + Cd 
group. (F) Typical characteristics of apoptosis, including 
karyopyknosis, mitochondrial crest fracture, and vacuolation in 
the HMo + Cd group. 2,950× (A, C–E), 1,200× (B), 2,200× (F).

regulation of enzymatic oxidation, protein oxidation, and lipid 
peroxidation activities, and cause tissue damage [28]. Liu et al. 
[20] reported that Mn exposure caused oxidative damage to the 
immune system of birds by altering the antioxidant defense 
enzyme systems and lipid peroxidation. CAT and superoxide 
dismutase (SOD) are active in antioxidant defense systems, and 
CAT can catalyze the decomposition of H2O2 to H2O [21]. XOD 
participates in a great part of free radical generation and 
catalyzes the conversion of hypoxanthine to xanthine, uric acid, 
and superoxide [27]. MDA is an oxidized lipid metabolite and 
can be used to measure the level of oxidative stress in an 
organism [9]. Cd is a pollutant that has caused poisoning in 
humans in many regions of the world [26], and it takes several 
weeks to eliminate Cd via kidney. Previous studies have 
connected Cd with oxidative stress because Cd is able to alter 
the antioxidant defense system [16,37]. Some studies have 
reported that Cd accumulation in the body results in a decrease 
in SOD and CAT activities and an increase in MDA and XOD 
levels in both plasma and tissues [7,41]. In the body, a high 
dosage of Mo can result in decreased activity of antioxidant 
enzymes and a decline in the antioxidant capacity of the 
organism [23]. A few studies in rabbits have shown that high 
Mo accumulation generates free radical processes or reactive 
intermediates, resulting in alteration of the levels of MDA and 
GSH-Px [3,14]. In the present study, a duck-based model for 
exposure to Mo and/or Cd was created. Mo and Cd co-induction 
increased MDA levels and decreased XOD and CAT activities 

in serum and spleen tissue, changes that were more obvious than 
those from single Cd or Mo treatments but similar to our 
previous findings [38]. This study demonstrated that both Mo 
and Cd accumulate in duck body during long-term exposure to 
the metals, and such accumulations induce oxidative stress and 
upset the balance of the antioxidant defense system resulting in 
a decrease in antioxidant function. In this study, Mo and Cd 
induced variable degrees of ultrastructural changes including 
karyopyknosis, karyotype irregular, chromatin marginalization, 
mitochondrial swelling, shrinkage, vacuolization, mitochondrial 
crest fracture, and vacuolation in duck spleen. In addition, the 
results indicated that Mo and Cd co-exposure may have a 
synergistic effect that can lead to more severe oxidative stress 
and damage to spleen tissue morphology. The decrease in MMP 
induced by Mo confirmed the resultant impairment of the 
mitochondrial membrane [30]. High Mo accumulation in the 
body decreases B-cell and T-cell population, but increases spleen 
cells apoptosis, leading to an impaired immune function [40]. 
Recent studies have indicated that dysfunctional mitochondria 
have a key role in the formation of excess ROS, and mitochondria 
are considered intracellular targets for cadmium. When 
mitochondria become dysfunctional through long-term exposure 
to environmental toxins, such as Cd, they produce less cell 
energy and more ROS, and the imbalance between the ROS and 
the natural antioxidants results in oxidative stress [5,6,11]. Our 
results also suggested that Mo and Cd exposures induce 
oxidative stress by accelerating lipid peroxidation and 
inhibiting antioxidant enzyme activities in duck spleen. 

Apoptosis maintains an appropriate cell number by balancing 
cell division and cell death in the body [18]. It is a strictly 
controlled by several genes. There are two major pathways 
leading to apoptosis: Extrinsic and intrinsic. The former involves 
death receptors and the latter involves mitochondria. The Bcl-2 
family of proteins has a crucial role in intracellular apoptosis 
signal transduction [31]. While Bcl-2 is an anti-apoptotic family 
member, Bak-1 is a pro-apoptotic protein mainly expressed in the 
mitochondrial membrane [8,34]. Caspases, a family of cysteine 
proteases, are reported to be an integral part of the apoptosis 
pathway [33]. Caspase-3 has a critical role in mediating 
apoptosis in both death receptor and mitochondrial pathways 
[36]. It was previously reported that Cd could trigger liver cell 
apoptosis through activation of Caspase-3A [10], and Cd can 
induce apoptosis of chicken splenic lymphocytes by increasing 
mRNA levels of Bak, Caspase-3, and Caspase-9 and by 
decreasing Bcl-2 [19]. Additionally, high levels of Mo can 
result in unregulated expression of Bax, CytC, and Caspase-3, 
whereas it downregulates Bcl-2 in goat kidney [12]. Mo 
administration has induced an increase in Bax expression and a 
decrease in Bcl-2 expression in chicken kidney cells [39]. In this 
study, Mo and/or Cd treatment resulted in downregulation of 
Bcl-2 mRNA expression but upregulation of Bak-1 and 
Caspase-3 mRNA expression in duck spleen tissue. Moreover, 
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the combination of Mo and Cd was more powerful in regulating 
the mRNA expressions than single Mo or Cd treatments. Spleen 
is an important immune organ and is sensitive to environmental 
stress or stimuli. It has been suggested that splenic cells appear 
more susceptible than thymus cells to the adverse effects of Cd, 
and exposure to Cd can induce potentiation of oxidative stress 
followed by activation of the mitochondrial caspase-dependent 
apoptotic pathway [25]. That mechanism might indicate that 
Mo and Cd are sources of stress, stimulating the organism to 
activate apoptosis pathways, leading to the occurrence of 
apoptosis. Mo and/or Cd induce mitochondrial injury including 
lipid peroxidation, resulting in the accumulation of free radicals. 
Bax and Bak are essential components of the mitochondrial 
apoptosis pathway that can increase endoplasmic reticulum 
(ER) Ca2+ load and release and inhibit ER-localized Bcl-2. 
Bcl-2 can prevent entry of cytoplasmic Ca2+ into the mitochondria, 
thereby regulating the release of mitochondrial CytC and 
blocking caspase-mediated apoptosis. When CytC is released 
into the cytoplasm, caspase activation is initiated, leading to cell 
structure damage [15,22,32] and may result in spleen damage. 
In this study, co-treatment of Mo and Cd produced a synergistic 
effect on spleen toxicity. However, further research is needed to 
provide specific details of the mechanism involved in the 
synergistic toxic effects of Mo and/or Cd.

The results of this study have two important aspects. First, 
variable doses of Mo and/or Cd produced a decrease in relative 
spleen weight, significant expression of apoptosis-related 
genes, alteration of antioxidant indices, and ultrastructural 
changes in spleen tissue. Second, co-exposure to Mo and Cd 
produced a synergistic effect on spleen toxicity. A possible 
mechanism involves Mo and Cd stimulation of the organism to 
produce oxidative stress and activate apoptosis pathways, 
leading to apoptosis.
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