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Abstract 

Lead (Pb) and cadmium (Cd) are common environmental pollutants. Our previous population study 
revealed a significant positive association between Pb and Cd exposure and the micronuclei 
frequency among lead smelting workers. However, the underlying mechanisms remain unclear. In 
this study, human lymphoblastoid TK6 cells were used to investigate the genotoxicity and its 
mechanisms induced by individual or combined exposure to Pb and Cd. Pb and Cd exposure, alone 
or in combination, triggered oxidative stress, as evidenced by reduced antioxidant enzyme activity 
(GSH, SOD and CAT) and increased content of ROS and GSSG. Both metals also induced pronounced 
DNA damage, as showed by elevated Tail DNA% in Comet assay and γ-H2AX fluorescence intensity. 
Inhibition of the DNA repair proteins, including BRCA1, CtIP, RAD52, and XRCC2, indicating 
impaired DNA repair capacity. Notably, Pb and Cd co-exposure produced an antagonistic effect, 
modulating oxidative stress indicators, cell-cycle arrest, DNA damage markers, DNA repair pathway 
proteins, and apoptosis-related proteins (Bax, Bcl-2, Bax/Bcl-2, Caspase-3). These findings 
demonstrate that Pb and Cd induce oxidative stress, DNA damage, and inhibition of DNA repair in 
TK6 cells. Our study provides new insights into the mechanisms of heavy metal–induced 
genotoxicity and identifies potential molecular targets for intervention. 

Keywords: lead exposure; cadmium exposure; oxidative stress; DNA damage; DNA repair; apoptosis 
 

1. Introduction 

Lead (Pb) and cadmium (Cd) are among the most pervasive environmental pollutants due to 
their extensive use in mining, smelting, battery manufacturing, and electronic waste recycling. These 
metals accumulate persistently in soil, water, and the food chain, resulting in chronic human 
exposure and long-term health risks(Mitkovska, Dimitrov et al. 2020, Li, Yao et al. 2024). The 
International Agency for Research on Cancer (IARC) classifies Cd as a Group 1 human carcinogen 
and Pb as a Group 2A probable human carcinogen, highlighting their significant toxicity and public 
health relevance(Dai, Zhang et al. 2023, Parvez, Jahan et al. 2024). 

Growing evidence indicates that both metals exert strong genotoxic effects. Pb has been shown 
to impair DNA synthesis, interfere with chromosomal segregation, and induce DNA strand breaks, 
thereby compromising genomic stability(Wang, Wang et al. 2023, Dey, Kamila et al. 2024). Cd 
similarly causes DNA single- and double-strand breaks, chromosomal aberrations, and alterations in 
gene expression(Zhu, Huang et al. 2021, Wang, Gan et al. 2024). Epidemiological and animal studies 
demonstrate elevated oxidative DNA damage and micronuclei formation in populations or animals 
exposed to Pb or Cd, underscoring their contribution to genomic stability and disease risk(Li, Liu et 
al. 2009). 
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Oxidative stress is considered a major driver of Pb- and Cd-mediated cytotoxicity. Both metals 
promote the generation of reactive oxygen species (ROS), disrupt the balance of the oxidation-
antioxidant system, and deplete molecules such as superoxide dismutase (SOD) and glutathione 
(GSH). Excessive ROS leads to lipid peroxidation, protein oxidation, and oxidative DNA damage, 
including 8-oxo-dG formation(Liu, Yu et al. 2021). In addition, Cd has been shown to suppress 
antioxidant-related gene expression and enhance Pb-induced oxidative damage in a dose- and time-
dependent manner(Singh, Mitra et al. 2021). These findings suggest that oxidative stress may play a 
central role in mediating the genotoxic effects of Pb and Cd exposure. 

Apoptosis is another key outcome of heavy metal toxicity. Cd induces apoptosis in various cell 
types(Dong, Xiao et al. 2021, Hao, Ge et al. 2022, Sun, Lv et al. 2022, Sun, Zhang et al. 2023), and may 
exert transgenerational effects via epigenetic modifications of apoptosis-related genes and 
microRNAs(Yang, Han et al. 2020). Pb exposure also triggers apoptosis through ROS accumulation, 
mitochondrial dysfunction, and altered expression of Bax, Bcl-2, and Caspases(Shaik and Jamil 2009). 
Although some studies suggest that Pb and Cd co-exposure may exacerbate progress of apoptosis, 
there is a lack of systematic study on the regulatory mechanisms linking oxidative stress, DNA 
damage, DNA repair pathway and apoptosis under combined exposure to these two metals. 

To address these gaps, we employed human lymphoblastoid TK6 cells to investigate the 
genotoxic mechanisms induced by Pb and Cd, individually or in combination. By assessing oxidative 
stress indicators, DNA damage markers, DNA repair and apoptosis pathway, this study aims to 
elucidate the molecular basis of heavy metal–induced cytotoxicity. These findings may provide new 
insights into the biological consequences of Pb and Cd co-exposure and identify potential molecular 
targets for prevention and intervention. 

2. Materials and Methods 

2.1. Cell culture and Treatment 

TK6 cells, owing to their high differentiation potential and genomic stability, were purchased 
from Pricilla Corporation in China and cultured in RPMI 1640 Medium (Solarbio, Beijing, China, 
31800) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (100U/mL 
penicillin and 100µg/mL streptomycin) at 37°C and 5% CO2, with the culture medium replaced every 
two days. In this study, the TK6 cells were divided into five groups : the control group, Pb group (480 
µM lead acetate), Cd group (33 µM cadmium chloride), mixed group (480 µM lead acetate + 33 µM 
cadmium chloride), and resveratrol group (mixed group + 10 µM resveratrol). All treatments were 
administered for 24 hours. 

2.2. CCK-8 Assay 

Cell viability was assessed using the CCK-8 assay (Beyotime, Shanghai, China; C0042). Briefly, 
100 µL of a cell suspension (1.0×10⁵ cells/mL) was seeded into each well of a 96-well plate and 
incubated at 37℃ in a humidified atmosphere containing 5% CO2 for 12 h. A series of Pb and Cd 
concentrations were then applied to evaluate dose-dependent manners on cell survival, apoptosis 
and enzyme activities, with lead acetate [Pb(CH3COO)2] ranging from 0 to 1600 µM (0, 100, 200, 400, 
800, 1600 µM) and cadmium chloride (CdCl2) from 0 to 160 µM (0, 10, 20, 40, 80, 160 µM). After 24 h 
of exposure, the culture medium was removed and replaced with fresh medium containing 10 µL of 
CCK-8 reagent per well, followed by incubation for an additional 2 h. The absorbance values at 450 
nm were measured using a microplate reader, and cell viability was calculated accordingly. 

2.3. Intracellular ROS Detection 

Intracellular ROS levels were detected using the fluorescent probe DCFH-DA . TK6 cells (1.0×106 
cells/mL) were seeded into 6-well plates and exposed to different treatments at 37 °C for 24 h. 
Subsequently, the cells were washed with ice-cold PBS buffer and incubated at 37 °C in the dark for 
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40 min with DCFH-DA (10 µM), according to the instructions of the ROS detection kit (Beyotime, 
Shanghai, China; S0033S). The cells were then washed three times with PBS and then stained with 
DAPI for 5 min. Fluorescence intensity was measured under a fluorescence microscope with an 
excitation wavelength of 488 nm and an emission wavelength of 525 nm. Data Analysis was 
performed using ImageJ software. 

2.4. Oxidative Stress Indicators 

Oxidative damage was evaluated by measuring malondialdehyde (MDA), the content of 
oxidized and reduced glutathione (GSSG/GSH), and the activities of antioxidant enzymes superoxide 
dismutase (SOD) and catalase (CAT). TK6 cells from the different treatment groups were washed 
once with ice-precooled PBS and then lysed in ice-cold RIPA buffer for 30 min. The lysates were 
centrifuged at 12,000 rpm for 10 min to collect the supernatants, which were used to determine MDA 
(µmol/mg protein), GSSG and GSH content (µmol/mg protein), SOD (units/mg protein), and CAT 
activity (units/mg). Protein concentrations were determined using a BCA protein assay kit (Beyotime, 
Shanghai, China; P0011). 

2.5.γ-. H2AX Levels 

DNA damage was further assessed using a γ-H2AX detection kit (Beyotime, Shanghai, China; 
C2035S), which quantifies γ-H2AX levels, a well-established biomarker for DNA double-strand 
breaks. TK6 cells (1.0×10⁶ cells/mL) were seeded into 6-well plates and exposed to the indicated 
treatments at 37 °C for 24 h. After treatment, the cells were collected by centrifugation, fixed onto 
glass slides, and rinsed with PBS. The slides were then blocked with immunostaining blocking buffer 
at room temperature for 20 min. Subsequently, an appropriate amount of γ-H2AX rabbit monoclonal 
antibody was added dropwise to the slides, followed by incubation at 4 °C overnight. After three 
washed with wash buffer, a fluorescently conjugated secondary antibody was dropwise and 
incubated for 1 h at room temperature. Nuclei were stained with DAPI and visualized under a 
fluorescence microscope. γ-H2AX fluorescence intensity was analyzed using ImageJ software. 

2.6. Comet Assay 

DNA damage was further evaluated using a Comet assay kit (Beyotime, Shanghai, China; 
C2041M). First, a base gel layer was prepared by spreading 30 µL of 1% agarose gel (pre-warmed to 
45°C) onto the slide and allow it to solidify at 4°C for 10 min. TK6 cells from the different treatment 
groups were collected, washed, and resuspended in PBS. A 10 µL aliquot of cell suspension (1.0×10⁶ 
cells/mL) was mixed with 75 µL of 0.7% low-melting point agarose in a 37 °C water bath, and 70 µL 
of the mixture was pipetted onto the first layer. The gel was allowed to solidify at 4 °C for 10 min. 
The slides were then immersed in fresh lysis buffer and incubated at 4°C for at least 2 h. After rinsing 
with PBS for 3 min, the slides were placed in electrophoresis buffer for 40 min to allow DNA 
unwinding. Electrophoresis was subsequently performed at 4°C for 20 min (25 V and 300 mA). The 
slides were then transferred in neutralization buffer and neutralized three times at 4°C, followed by 
staining with propidium iodide (PI) in the dark for 20 min. Comets were examined under a 
fluorescence microscope. For each slide, 100 cells were randomly selected, and Tail length and Tail 
DNA percentage (Tail DNA%) was analyzed using CASP software. 

2.7. Flow Cytometry 

For cell cycle analysis, TK6 cells (1.0×10⁶ cells/mL) were seeded into 6-well plates and incubated 
at 37 °C for 24 hours. After cells were collected by centrifugation, washed with PBS, fixed with 70% 
ethanol prechilled on ice, and incubated at 4 °C for at least 2 hours. After an additional PBS wash, the 
cells were stained with propidium iodide (PI) using a cell cycle analysis kit (Beyotime, Shanghai, 
China; C1052), according to the manufacturer’s instructions. Red fluorescence was acquired on a flow 
cytometer with excitation at 488 nm. 
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For apoptosis analysis, TK6 cells (1.0×10⁶ cells/mL) were seeded into 6-well plates and incubated 
at 37 °C for 24 hours. According to the protocol of the Annexin V-FITC Apoptosis Detection Kit 
(Beyotime, Shanghai, China; C1062L), the cells were harvested and gently resuspended in Annexin 
V binding buffer. The cell suspension was then stained with Annexin V-FITC and PI. Single-stained 
controls (Annexin V-FITC only or PI only) were prepared for compensation. Apoptosis was analyzed 
by flow cytometry (C6 plus), where Annexin V-FITC detected as green fluorescence and PI as red 
fluorescence. 

2.8. Quantitative Real-Time PCR (RT-qPCR) 

The mRNA expression levels of BRCA1, CtIP, RAD52, XRCC2, Bax, Bcl-2, and Caspase-3 in TK6 
cells were measured by RT-qPCR. Total RNA was extracted using the Pure Cell Total RNA Isolation 
Kit V2 (Vazyme, Nanjing, China; RC112), and RNA purity was assessed by measuring absorbance 
values at 230, 260, and 280 nm using an ultramicro spectrophotometer, and required an A260/A280 
ratio between 1.8 and 2.0, and an A260/A230 ratio greater than 2. First-strand cDNA was synthesized 
from HiScript IV RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China; R423) according 
to the manufacturer’s instructions. RT-qPCR was performed in a 20 µL PCR reaction mixture using 
T ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China; Q711). 

The thermal cycling conditions were as follows: initial denaturation at 95 °C for 5 s, followed by 
40 cycles of 95 °C for 10 s and 60 °C for 30 s on a QuantStudio 5 Real-Time PCR system (Applied 
Biosystems), with a default melting-curve analysis at the end of amplification. The primer sequences 
(synthesized by Sangon Biotech, Shanghai, China) were listed in Table 1. GAPDH was used as an 
internal control. Relative mRNA expression levels were calculated using 2^-ΔΔCt method. 

Table 1. Primer sequences for quantitative real-time PCR. 

Sl. No. Name of the 
gene 

Accession 
Number Sequence (5’ to 3’) Products 

(bp) 
1 BRCA1 NM_007297 F: GAAACCGTGCCAAAAGACTTC 88 
   R: CCAAGGTTAGAGAGTTGGACAC  

2 CtIP NM_002894 F: CAGGAACGAATCTTAGATGCACA 123 
   R: GCCTGCTCTTAACCGATCTTCT  

3 RAD52 NM_134424 F: CCAGAAGGTGTGCTACATTGAG 145 
   R: ACAGACTCCCACGTAGAACTTG  

4 XRCC2 NM_005431 F: TGCTTTATCACCTAACAGCACG 124 
   R: TGCTCAAGAATTGTAACTAGCCG  

5 Bax NM_138763 F: CCCGAGAGGTCTTTTTCCGAG 155 
   R: CCAGCCCATGATGGTTCTGAT  

6 Bcl-2 NM_000657 F: GGTGGGGTCATGTGTGTGG 89 
   R: CGGTTCAGGTACTCAGTCATCC   

7 Caspase-3 NM_004346 F: CATGGAAGCGAATCAATGGACT 139 
   R: CTGTACCAGACCGAGATGTCA  

8 GAPDH NM_001256799 F: GGAGCGAGATCCCTCCAAAAT 197 
   R: GGCTGTTGTCATACTTCTCATGG  

2.9. Western Blotting 

TK6 cells were washed twice with PBS and lysed on ice for 30 minutes in RIPA buffer containing 
PMSF (Beyotime, Shanghai, China; P0013J). Protein concentrations were determined using a BCA 
Protein Assay Kit (Beyotime, Shanghai, China; P0011). Equal amounts of lysed protein were 
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF 
membranes. The membranes were blocked with rapid blocking solution (in Yazyme Bio) for 1 h at 
room temperature and then incubated overnight at 4 °C with rabbit polyclonal primary antibodies 
against BRCA1, CtIP, RAD52, XRCC2, Bax, Bcl-2, and Caspase-3 (Affinity; all at 1:1,000 dilution). 
After three 10 min washes with TBST, the membranes were incubated for 45 min at room temperature 
with HRP-conjugated secondary antibodies (Beyotime, 1:2,000). Protein bands were visualized using 
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an enhanced chemiluminescence reagent (Biosharp ECL kit) and quantified by densitometry using 
ImageJ software. 

2.10. Statistical Analysis 

Statistical analyses were performed using SPSS 26.0. Data are expressed as mean ± standard 
deviation (SD). Between-group differences were analyzed by one-way analysis of variance (ANOVA), 
followed by Bonferroni post hoc tests for pairwise comparisons. Based on the F- and P-values of the 
interaction term from two-way ANOVA, the type of interaction between factor A and factor B was 
determined by comparing the combined effect (EA × EB) with the sum of the individual effects (EA + 
EB). The criteria were as follows Synergistic effect, F > 5, P < 0.05, and EA × EB > EA + EB; additive effect, 
F < 5, P > 0.05, and EA × EB > EA + EB; antagonistic effect, F > 5, P < 0.05, and EA × EB < EA + EB. In addition, 
to further visualize the interaction between Pb and Cd, interaction plots (profile plots) were generated 
as described previously (Lu, Yuan et al. 2015). Non-parallel lines (i.e., that diverge from each other) 
were interpreted as indicating synergistic interaction, whereas approximately parallel lines indicated 
an additive effect. All experiments were repeated at least in triplicate (n ≥ 3), and P-value < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Pb and Cd Caused Cell Viability Decrease in TK6 Cells 

TK6 cells were exposed to a series concentrations of Pb acetate and Cd chloride (Figure 1A-B). 
Compared with the control group, cell viability began to decrease at 100 µM Pb and 10 µM Cd, and 
the survival rate of TK6 cells decreased in a dose-dependent manner with increasing concentration 
of either metal (Figure 1). Based on the resulting dose-response cuvers, 0.5 × IC50 values for Pb and 
Cd (480 µM lead acetate and 33 µM cadmium chloride) were selected as the exposure concentration 
for subsequent experiments to investigate the effects of single or in combined exposure, consistent 
with the previous study (Liu, Wu et al. 2018). The cells were divided into the following groups: the 
control group, Pb group (480 µM lead acetate), Cd group (33 µM cadmium chloride), mixed group 
(480 µM lead acetate + 33 µM cadmium chloride), and resveratrol group (mixed group + 10 µM 
resveratrol). 

 

Figure 1. Cytotoxicity of Pb or Cd in TK6 cells. (A). Cell viability of TK6 cells exposed to series concentrations 
of Pb acetate for 24 hours. (B). Cell viability of TK6 cells exposed to series concentrations of Cd chloride for 24 
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hours. Data were expressed as the mean ± SD (n=3). *P < 0.05, **P < 0.01 for Pb or/and Cd groups vs the Control 
group. 

3.2. Pb and Cd Induced Oxidative Stress in TK6 Cells 

Immunofluorescence assay showed that co-exposure to Pb and Cd significantly increased 
intracellular ROS levels compared with the control group (P＜0.05), whereas ROS accumulation was 
markedly reduced in the Pb-only, Cd-only and resveratrol intervention group relative to the mixed 
group (P＜0.05; Figure 2A-B). Compared with the control group, Pb or Cd individual group exhibited 
significantly decreased intracellular GSH content and SOD and CAT activities, accompanied by 
significant increases in GSSG and MDA levels (P＜0.05; Figure 2C-G). In contrast, relative to the 
mixed group, both single-metal group and the resveratrol group significantly restored GSH content 
and SOD activity and reduced GSSG levels (P＜0.05; Figure 2C, D, G). Two-way ANOVA further 
revealed an antagonistic interaction between Pb and Cd on intracellular GSH content and SOD 
activity (F_GSH = 7.373, P = 0.026; F_SOD = 10.098, P = 0.008; Figure 2H-I). 
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. 

Figure 2. Intracellular ROS levels and oxidative and antioxidative indicators induced by Pb and/or Cd in TK6 
cells. (A). Representative immunofluorescence images of intracellular ROS in TK6 cells; (B). Quantitative 
analysis of ROS fluorescence intensity; (C), (D), (E), (F) and (G). Intracellular levels of reduced GSH, CAT, SOD,, 
and increase of GSSG, MDA respectively. (H) and (I) represent the interaction diagrams of GSH and SOD, 
respectively. Note: *P < 0.05, **P < 0.01 for Pb or/and Cd group compared with the Control group; while #P < 0.05, 
##P < 0.01 for single exposure groups compared to mixed group; §P < 0.05, §§P < 0.01 for resveratrol group 
compared to mixed group. 

3.3. Pb and Cd Aggravated DNA Damage in TK6 Cells 

Immunofluorescence staining assay was used to assess the DNA damage marker γ-H2AX levels 
(Figure 3A,C). γ-H2AX fluorescence intensity was significantly higher in the Pb or Cd individual 
group than the control group (P＜0.05), and was further increased in the Pb and Cd mixed group. In 
contrast, the resveratrol intervention group significantly reduced γ-H2AX fluorescence compared 
with the mixed group (P＜0.05; Figure 3A,C). Similarly, Comet assay results showed minimal DNA 
damage in the control group, which exhibited compact comet heads without obvious tails (Tail 
length, 3.35±0.21 µm; Figure 3B, D). In Pb or Cd individual group, Tail Length (Pb: 31.66±2.00 µm; 
Cd: 32.24±2.14 µm) and Tail DNA% were markedly increased (Figure 3D,E), and these changes were 
further exacerbated in the Pb+Cd mixed exposure group (Tail Length: 35.88±1.76 µm; Tail DNA%: 
22.47±1.01%; Figure 3D,E). Resveratrol treatment group markedly attenuated the DNA damage 
induced by Pb+Cd co-exposure group, as evidenced by significantly reduced γ-H2AX levels and Tail 
DNA% (P＜0.05; Figure 3C,E). Furthermore, two-way ANOVA revealed an antagonistic interaction 
between Pb and Cd on γ-H2AX fluorescence intensity, Tail DNA% and Tail Length (F_γ-
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H2AX=35.819, P＜0.001; F_tail DNA%=27.096, P＜0.001; F_Tail length=51.246, P＜0.001; Figure 3F-
G). 

 

 
Figure 3. DNA damage markers induced by Pb and/or Cd in TK6 cells. (A) (C) representative. 
immunofluorescence staining micrographs and quantification of γ-H2AX foci in TK6 cells. (B), (D), and (E) 
representative Comet assay images and quantitative analyses of tail DNA percentage (%) and Tail Length. (F) 
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and (G) represent the interaction diagrams of γ-H2AX and Tail Length, respectively. Note: *P < 0.05, **P < 0.01 
for Pb or/and Cd group compared with the Control group; while #P < 0.05, ##P < 0.01 for single exposure groups 
compared to mixed group; §P < 0.05, §§P < 0.01 for resveratrol group compared to mixed group. 

3.4. Pb and Cd Caused Cell Cycle Arrest and Apoptosis in TK6 Cells 

Compared with the control group, exposure to Pb or Cd alone, as well as in combined, 
significantly increased the proportion of S-phase cells and decreased the proportion of G2/M-phase 
cells (P<0.05; Figure 4A,C). Compared with the mixed group, the single-exposure group and the 
resveratrol group showed lower proportion of S-phase and G0/G1-phase cells and a higher 
proportion of G2/M-phase cells (P<0.05; Figure 4A,C). Apoptosis was quantified by flow cytometry 
in each group (Figure 4B,D). The Pb-only and Cd-only groups exhibited higher apoptosis rates than 
the control group, indicating that either Pb or Cd can induce apoptosis, whereas the resveratrol group 
(32.77 ± 3.03%) showed a reduced apoptosis rate compared with the mixed group (Figure 4B,D). Two-
way ANOVA further showed that co-exposure to Pb and Cd exerted an antagonistic interaction on 
the proportion of S-phase and G2/M-phase (F_S=69.794, P＜0.01; F_G2/M=85.763, P＜0.01; Figure 4E). 
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Figure 4. Cell cycle arrest and apoptosis of TK6 cells induced by Pb and/or Cd. (A) (C) representative flow-
cytometry histogram of cell cycle distribution and Quantification of S-phase. (B) and (D) representative flow-
cytometry plots of apoptosis detected by Annexin V-FITC/PI assay and quantification of apoptotic rate. (E) 
represent the interaction diagrams of apoptosis. Note: *P < 0.05, **P < 0.01 for Pb or/and Cd group compared with 
the Control group; while #P < 0.05, ##P < 0.01 for single exposure groups compared to mixed group; §P < 0.05, §§P 
< 0.01 for resveratrol group compared to mixed group. 

3.5. Pb and Cd Inhibited DNA Repair Genes and Promoted Apoptosis-Related Gene Expression in TK6 Cells 

Compared with the control group, mRNA expression levels of DNA repair genes including 
BRCA1 CtIP, RAD52, and XRCC2 was downregulated in the Pb or Cd alone group (P<0.05; Figure 
5A-D). In contrast, relative to the Pb+Cd mixed exposure group, BRCA1, CtIP, and XRCC2 expression 
levels were significantly increased in both single-exposure and resveratrol group (P<0.05). RAD52 
were upregulated in the Pb-only group and resveratrol group (P < 0.05) but remained decreased in 
the Cd group (P < 0.05; Figure 5A-D). These findings suggest that Pb and Cd exposure suppressed 
DNA repair gene expression, with resveratrol partially reversing these changes. As apoptosis-related 
genes, the expressions of Bax, Caspase-3, and the Bax/Bcl-2 ratio were significantly increased in the 
single-exposure groups, whereas Bcl-2 expression was decreased compared with the control group 
(P<0.05; Figure 5E-H). Compared with the Pb+Cd mixed group, Bax, Caspase-3, and the Bax/Bcl-2 
ratio were reduced in both single-exposure and resveratrol group, while Bcl-2 expression was 
significant upregulated (P < 0.05; Figure 5E-H). Two-way ANOVA further revealed an antagonistic 
interaction between Pb and Cd on the mRNA expression of DNA repair pathway (BRCA1, CtIP, 
RAD52, XRCC2), and apoptosis-related genes (Bax, Bcl-2 and Caspase-3) (F_BRCA1=26.822, P<0.01; 
F_CtIP=14.840, P<0.01; F_RAD52=28.763, P＜0.01; F_XRCC2=22.132, P＜0.01; F_Bax=50.056, P＜0.01; 
F_Bcl-2=55.622, P＜0.01; F_Bax/Bcl-2=19.638, P＜0.01, F_Caspase-3=25.939, P＜0.01; Figure 5 I-J). 
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Figure 5. Relative mRNA expressions of DNA repair genes and apoptosis pathway after exposure to Pb and/or 
Cd in TK6 cells. (A), (B), (C), (D) showed the relative mRNA expressions of BRCA1, CtIP, RAD52 and XRCC2; 
(E), (F), (G), (H) showed the relative mRNA expressions of Bax, Bcl-2, Bax/Bcl-2; Caspase-3. (I) and (J) represent 
the interaction diagrams of CtIP and RAD52, respectively. Note: *P < 0.05, **P < 0.01 for Pb or/and Cd group 
compared with the Control group; while #P < 0.05, ##P < 0.01 for single exposure groups compared to mixed 
group; §P < 0.05, §§P < 0.01 for resveratrol group compared to mixed group. 
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3.6. Pb and Cd Downregulted DNA Repair Proteins and Upregulated Apoptosis-related Proteins in TK6 
Cells 

For DNA repair proteins, Cd exposure reduced BRCA1, whereas Pb exposure increased it (P＜
0.05; Figure 6A-B). Compared with the Pb+Cd mixed group, BRCA1 protein level was elevated in the 
single-exposure or resveratrol group (Figure 6A-B). Cd diminished RAD52 expression, while Pb 
enhanced it; both single-metal reduced CtIP, whereas XRCC2 decreased in the Pb group but increased 
in the Cd group (Figure 6A,C-E). Relative to the mixed group, CtIP and RAD52 were decreased by 
Cd and resveratrol but increased by Pb; XRCC2 was elevated in the Cd group and resveratrol groups 
but decreased in the Pb group (Figure 6A,C-E). With respect to apoptosis-related proteins, single 
exposures to Pb or Cd increased Bax expression and the Bax/Bcl-2 ratio, mildly upregulated Bcl-2, 
and reduced Caspase-3. In contrast, both single-metal and resveratrol markedly reduced Bax, Bcl-2, 
Caspase-3, and the Bax/Bcl-2 ratio relative to the mixed group (Figure 6A,F–I). Two-way ANOVA 
revealed an antagonistic interactions on Bcl-2, BRCA1, and the Bax/Bcl-2 ratio (F_Bcl-2=5.739, P=0.043; 
F_BRCA1=6.768, P=0.032; F_Bax/Bcl-2=5.739, P=0.043; Figure 6J-K). 
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Figure 6. Relative protein expressions of DNA repair genes and apoptosis pathway after exposure to Pb 
and/or Cd in TK6 cells. (A), (B), (C) (D) and (E) representative Western blotting images and quantitative protein 
levels of BRCA1, CtIP, RAD52 and XRCC2; (A), (F), (G) (H) (I)representative Western blotting images and 
quantitative protein levels of Bax, Bcl-2, Bax/Bcl-2 and Caspase-3. (J) and (K) represent the interaction diagrams 
of CtIP and XRCC2, respectively. Note: *P < 0.05, **P < 0.01 for Pb or/and Cd group compared with the Control 
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group; while #P < 0.05, ##P < 0.01 for single exposure groups compared to mixed group; §P < 0.05, §§P < 0.01 for 
resveratrol group compared to mixed group. 

4. Discussion 

Pb and Cd are widely present in lead-smelting operations, battery manufacturing, and 
electroplating. These heavy metals can enter the human body via ingestion, inhalation, or dermal 
contact and accumulate over time, leading to systemic toxicity. Previous studies have showed that 
exposure to Pb and Cd alone induces in vitro cytotoxicity in a clear dose-response manner (Su, Wang 
et al. 2023). Consistent with our findings, various toxicants-including hydroquinone and Pb have 
been reported to reduce TK6 cell viability in a dose-dependent manner. Although many 
investigations have focused on Pb or Cd individual exposure, Pb and Cd often co-occur in the 
environment, and their combined effects may be additive, synergistic, or antagonistic (Zhang, Yan et 
al. 2023). 

Several studies have suggested that co-exposure to Pb and Cd can be more cytotoxic than single-
metal exposure, frequently via synergistic interactions (Karri, Kumar et al. 2018, ThankGod Eze, 
Michelangeli et al. 2019, Zhou, Zhao et al. 2020). Building on this , we examined Pb or/and Cd toxicity 
in TK6 cells to clarify potential interaction patterns and underlying mechanisms. We observed cell-
cycle arrest and apoptosis after Pb+Cd co-exposure, accompanied by oxidative stress and DNA 
damage, together with interference with DNA repair pathway. Notably, two-way ANOVA-based 
interaction analyses indicated endpoint-specific, non-additive behavior, with evidence of antagonism 
for several readouts, even though overall injury remained greater than in the control group. 

Disruption of intracellular redox homeostasis by heavy metals can perturb nucleotide integrity 
and drive oxidative DNA damage and genomic alterations (Rath and Das 2023). Oxidative stress is 
characterized by excessive generation of ROS and impairment of antioxidant defenses (El-Agrody, 
Abol-Enein et al. 2024). Previous studies have reported positive associations between urinary Pb 
levels and oxidative-stress biomarkers, and both Pb and Cd can generate ROS (e.g., superoxide) and 
interact with antioxidant enzymes (Wei, Wu et al. 2020, García-Rodríguez, Hernández-Cortés et al. 
2023, Mallamaci, Barbarossa et al. 2024). In our study, Pb and Cd co-exposure markedly elevated 
oxidative stress in TK6 cells, as evidenced by increased ROS and GSSG and decreased GSH, SOD, 
and CAT activities, together with higher MDA levels. These results are in line with in vivo 
experiments showing that co-exposed rats exhibit increased MDA and decreased SOD, CAT, and 
GPx (Yurekli, Esrefoglu et al. 2009). Collectively, the suppression of GSH and SOD supports an 
oxidative-stress mechanism arising from Pb–Cd interplay. 

Multiple studies have demonstrated that Pb and Cd induced apoptosis, closely linked to DNA 
damage (Dong, Xiao et al. 2021, Sun, Lv et al. 2022, Sun, Zhang et al. 2023, Wang, Wang et al. 2023). 
Elevated γ-H2AX levels and Tail DNA% in Comet assay are sensitive markers of genotoxicity (Chen, 
Chen et al. 2024). A substantial body of literature has reported significant associations between Pb or 
Cd exposure and DNA damage (Mitkovska, Dimitrov et al. 2020, Sahu, Upadhyay et al. 2024, Wang, 
Gan et al. 2024), and time- and dose-dependent manners between Pb and Cd have been observed in 
both mammalian and plant models (Li, Liu et al. 2009, Lanier, Bernard et al. 2019). In agreement with 
these findings, we observed increased γ-H2AX levels, Tail Length, and Tail DNA% in the Pb+Cd 
combined group compared with single-exposure group. Interestingly, two-way ANOVA indicated 
antagonistic interactions for these DNA damage endpoints. Similar context-dependent interactions 
have been reported previously: adding Pb to low Cd concentrations increased DNA damage, whereas 
adding Pb to high Cd concentrations decreased it, consistent with competitive binding at the cell 
surface that modulates metal uptake and toxicity (Wu, Liu et al. 2012). 

DNA damage activates checkpoint signaling that promotes cell-cycle arrest and, if damage 
persists, apoptosis to preserve genomic stability (Vandionant, Hendrix et al. 2023). Pb or Cd 
individual exposure can induce S- or G2-phase arrest (Gastaldo, Viau et al. 2007, Oliveira, Monteiro 
et al. 2014). In our study, Pb and Cd co-exposure induced apoptosis, with downstream changes in 
Bcl-2 family members, namely, decreased Bcl-2 mRNA and an increased Bax/Bcl-2 protein ratio. One 
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plausible explanation is that Pb may compete with Cd for calcium channels or other transport 
pathways. This mechanistic hypothesis warrants targeted validation. 

The DNA repair system is essential for counteracting metal-induced genomic instability (Nunes, 
Silva et al. 2023, Neven, Issayama et al. 2024). Key DNA repair pathways include homologous 
recombination (HR), non-homologous end joining (NHEJ), nucleotide excision repair (NER), and 
base excision repair (BER) (Morozumi, Shimizu et al. 2024). Pb has been reported to inhibit DNA-PK 
activity, thereby impairing NHEJ and secondarily engaging RAD51-dependent HR, whereas Cd can 
compromise NER by inhibiting critical enzymes (Gastaldo, Viau et al. 2007, Mustra, Warren et al. 
2007). In our study, several DNA repair genes were downregulated in the combined group, notably 
BRCA1 and representative HR components, prompting us to focus on HR-mediated repair. We found 
that Pb and Cd co-exposure disrupted RAD52, XRCC2, and CtIP expressions, which would 
exacerbate the burden of DNA double-strand breaks. HR provides high-fidelity repair of DSBs and 
is often recruited under severe DNA damage (Pacheco-Barcia, Muñoz et al. 2022). We propose that 
Pb and Cd exposure induce oxidative stress and alter transcription factor activity, thereby reducing 
DNA repair gene expression and limiting repair capacity; however, this conjecture needs further 
verification. 

This study has several limitations. First, we used human lymphoblastoid TK6 cells as an in vitro 
model; findings from a single cell type may not generalizable to other tissues or organisms. Further 
animal studies are needed to validate our results. Second, although we detected mRNA and protein 
changes in DNA repair and apoptosis pathway, more work is required to delineate upstream 
regulatory mechanisms, including epigenetic modulation and the roles of metal transporters and 
channels. Despite these limitations, our work systematically characterizes the effects of Pb and Cd 
co-exposure on oxidative stress, DNA damage, cell-cycle arrest, DNA repair gene expression, and 
apoptosis, providing mechanistic insight into combined metal toxicity and potential avenues for the 
prevention and treatment of heavy metal poisoning. 

5. Conclusions 

Lead and cadmium exposure provoked oxidative stress in TK6 cells, resulting in pronounced 
genotoxicity. This was accompanied by dysregulation of DNA repair gene expression, ultimately 
leading to S-phase arrest and apoptosis. Interaction analysis further indicated that Pb and Cd exert 
predominantly antagonistic effects on multi-endpoints, whereas resveratrol intervention attenuated 
heavy metal-induced toxicity. 
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