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ABSTRACT. Exposure to environmental waste such as landfill leachate has the potential to cause 

genotoxic effects and oxidative stress impacting the mammalian reproductive system. This study examined 

the effects of Sarimukti Landfill Leachate (LTS) on sperm DNA damage and testicular oxidative stress in 

male Wistar rats. Rats were exposed to LTS at concentrations of 0%, 35%, and 63% during distinct 

spermatogenesis stages: mitosis (MTS), meiosis (MSS), and spermiogenesis (SMGS). Sperm DNA damage 

was assessed using the Sperm Chromatin Dispersion (SCD) assay, while testicular oxidative stress was 

measured by quantifying Malondialdehyde (MDA) and total protein levels. The results showed dose-

dependent sperm DNA damage across all spermatogenesis stages, with the most significant damage 

observed at the 63% LTS dose. Sperm DNA damage levels were highest in the MTS group (93.53%), 

followed by MSS (87.5%) and SMGS (86.8%). The 63% LTS dose also increased testicular lipid 

peroxidation, as indicated by elevated MDA levels (4.63 µM/mL). This suggests that LTS can damage lipid 

components in testicular tissue. Additionally, the 63% LTS dose reduced total protein levels in testicular 

tissue to 63.55 µg/mL, compared to 108.31 µg/mL in the control group. Heavy metals (arsenic, plumbum, 

nickel, chromium) and organic pollutants in LTS generated reactive oxygen species (ROS) in germ cells, 

disrupting cellular repair mechanisms also inducing lipid and protein oxidation. This oxidative stress further 

exacerbated sperm chromatin fragmentation. These findings highlight the reproductive toxicity of landfill 

leachate and emphasize the need for protective measures during early spermatogenesis stages. This study 

provides insights into the environmental impacts on male fertility and underscores the risks of genotoxic 

exposure. 
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INTRODUCTION 

The quality of the male reproductive system is largely determined by spermatogenesis, the 

process by which male germ cells (spermatogonia) transform into mature spermatozoa within the 

seminiferous tubules (Gilbert & Baressi, 2018; Carlson, 2016). The process comprises three stages: 

mitotic proliferation of germ cells, meiosis to produce spermatids, and spermiogenesis, during which 

spermatids differentiate into spermatozoa (Aitken & Baker, 2020; Aitken & Lewis, 2022). Each stage 

is tightly regulated and interconnected through cytoplasmic bridges that help maintain 

synchronization during spermatogenesis (Carlson, 2016; Chaigne & Brunet, 2022). 

The testes contain high levels of polyunsaturated fatty acids (PUFAs), making them particularly 

vulnerable to oxidative damage from toxins such as heavy metals and xenobiotics (Botella et al., 

2021; Salihu et al., 2021). PUFAs are highly susceptible to oxidation by peroxides, generating 
reactive oxygen species (ROS) that infiltrate seminiferous tubules and bind to germ cell DNA (Aitken 

& Lewis, 2022; Collodel et al., 2022). This oxidative damage can lead to DNA fragmentation, 

impaired mismatch repair mechanisms, and ultimately contribute to infertility, recurrent miscarriages, 

and birth defects (Tan, 2019; Aitken and Baker, 2020; Li et al., 2025; Gkeka et al., 2023). 

One significant source of environmental genotoxicants is municipal landfill leachate, which 

contains heavy metals (plumbum, cadmium, arsenic, chromium) and hazardous organic compounds 

(Bakare et al., 2013; Eleawa et al, 2013; Aziz & Mojiri, 2015; Ademola et al., 2020). In West Java, 

the Sarimukti landfill leachate has been found to contain arsenic, lead, nickel, cadmium, and could 
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induce micro nucleous formation in bone marrow (Yusuf & Kinanti, 2015; Sembiring, 2024). While 

these contaminants are known to cause sperm abnormalities and reduced sperm quality (Akintunde 

et al., 2015), their specific effects on sperm DNA integrity and testicular oxidative stress profiles 

remain unstudied. Sperm DNA damage in the form of single strand breaks DNA fragmentation can 

be observed using the sperm chromatin dispersion method (Vandekerckhove et al., 2016; Ragosta et 

al., 2024). Sperm DNA damage is detected by measuring the 'halo' (chromatin extension) size. A 

larger halo indicates intact DNA, while a smaller halo suggests DNA fragmentation (Vandekerckhove 

et al., 2016; Ragosta et al., 2024).  

Different stages of spermatogenesis indicates that each stage has a different probability of sperm 

DNA damage levels. In addition, changes in the testicular oxidative stress profile that can be 

identified through lipid and protein peroxidation levels also need to be measured as supporting data. 

This study provides the first evidence of stage-specific sperm DNA damage and testicular oxidative 

stress profile changes induced by Sarimukti landfill leachate, identifying mitosis as the most sensitive 

phase. Our findings advance understanding of how environmental genotoxicants disrupt 

spermatogenesis at molecular and cellular levels, with implications for male fertility risk assessment. 

 

MATERIALS AND METHODS 

Sampling location and leachate test. Leachate samples were taken from the leachate discharge 

outlet of Sarimukti Municipal Landfill, 6o48’6”S, 107o20’54”E. Sampling was conducted alongside 

measurements of physical and chemical parameters of Sarimukti Landfill Leachate (LTS), in the form 

of pH, conductivity, dissolved organic mass, dissolved oxygen levels, and water temperature. 

Samples were filtered with Whatman filter paper No. 42 and then stored at a temperature of -4oC 

(Ademolla et al., 2020). Testing of heavy metal levels is carried out using the AAS (Atomic 

Absorption Spectroscopy) method and testing of organic contamination levels is carried out using the 

GCMS (Gas Chromatography Mass Spectroscopy) method at the PT. Sucofindo Laboratory. AAS 

function is measures the absorption of light by free atoms in the gaseous state. While GCMS function 

is combines gas chromatography (separation of volatile compounds) with mass spectrometry 

(identification via mass-to-charge ratios). Sampling location map using ArcGIS can be seen on Fig. 

1.  

 
Fig. 1. Sarimukti municipal landfill site and its leachate pool 
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Test solution. Solution like PBS, SCD acid buffer solution (HCL 0.08 N), SCD lysing solution 

(0.5 EDTA; 0.01 M Trisbase; 2.5 M NaCl; 1% Triton X-100; 0.025 M DTT), Giemsa, TBARs assay 

solution (Tris Base, RIPA’s Buffer, Malondialdehyde, BHT and SDS), and Bradford’s reagent are 

obtained from SigmaAldrich. For alcohol, aquadest, and ethanol obtained from PT. Bratachem, 

Bandung.  

Test animals. Forty-five male Wistar rats (10 weeks, 225–275 g) from PT. Biofarma were 

housed in standard cages (21–27°C, 60–75% humidity, 12h light/dark cycle) and acclimatized for 7 

days. They received standard feed (10% per body weight) and water ad libitum, following OECD 478 

guidelines (OECD, 478). The acclimatization process lasted for 7 days before the administration of 

test materials. 

Research design and leachate administration process. Rats were exposed to Sarimukti landfill 

leachate (LTS) at 0% (control, i.v. aquadest), 35%, and 63% doses via intraperitoneal injection (once 

daily). Groups were divided by spermatogenesis stage: (a) MTS (Mitosis): 14 days LTS + 32-day 

waiting time, (b) MSS (Meiosis): 22 days LTS + 20-day waiting time, and (c) SMGS 

(Spermiogenesis): 22 days LTS + 3-day waiting time. After treatment, all rats were euthanized (CO₂ 

chamber, OECD 478), and sperm DNA damage was assessed via Sperm Chromatin Dispersion Assay 

(Vandekerckhove et al., 2016; Ragosta et al., 2024). In addition, SMGS testes were cryopreserved 

for lipid peroxidation & total protein analysis. 

Sperm chromatin dispersion (SCD) assay. SCD Assay was performed by mixing 60 µL of rat 

epididymal semen with 140 µL of 1% LMP agarose, incubating at 37°C, and homogenizing. The 

homogenate (50 µL) was placed on agarose-coated glass, covered, and chilled (4°C, 5 min., dark). 

After removing the cover glass, samples were treated with acid buffer (15 min., dark) and lysing 

solution (35 min., light), then dehydrated in ethanol (70%, 90%, 100%), rinsed, and air-dried. Staining 

used Giemsa (15 min.), and sperm were examined under a microscope (40x100). 500 sperm per 

sample were counted (hemocytometer/Image-J) and classified into five Halo types: Big Halo, 

Medium Halo (both as normal DNA) and Small Halo, No Halo Degraded Halo (as sperm with 

fragmented DNA) (Vandekerckhove et al., 2016; Ragosta et al., 2024), as illustrated in Fig. 2.  

 

 
Fig.2. Type of Halos in sperm sample, (A) Big Halo (B) Medium Halo (C) Small Halo (D) No Halo (E) Degraded Halo 

 

The process of calculating the amount of sperm chromatin dispersion, referring to the formula of 

Vandekerchkhove (2016) and Ragosta (2024). The details are as follows: 

 

% Sperm with DNA 

 ∑% (Small Halo + No Halo + Degraded Halo) 
 

= 
  

 

Damage ∑% (Big Halo + Medium Halo + Small Halo + No Halo +  
 

 
 

  Degraded Halo) 
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Preparation of testicular tissues sample. A total of 100 mg of testicular tissue was washed 

using PBS. The tissue was then immersed in 1 mL of RIPA’s buffer and homogenized using an 

ultrasonic homogenizer (on:off interval 30 sec:30 sec, 100% power, 15 cycles). The samples were 

centrifuged at 10,000 rcf for 15 minutes to separate the supernatant and pellet. The supernatant was 

stored at -80°C, while the pellet was stored at -20°C (Nedecky et al., 2013; De Leon et al., 2022). 

Quantification of testicular malondialdehyde (MDA) levels. Lipid peroxidation levels, 

represented as MDA levels in testicular homogenates, were measured by the reaction of thiobarbituric 

acid (TBA) using the modified Ohkawa procedure. This method spectrophotometrically measures the 

color produced from the reaction of TBA with MDA at a wavelength of 532 nm. Tissue supernatant 

(100 μl) was added to a test tube containing 1% butylated hydroxytoluene (BHT) in methanol, 

followed by 200 μl of 8% SDS, 250 μl of acid reagent (15% trichloroacetic acid), and 250 μl of TBA 

solution. The mixture was incubated for 60 min at 95°C, then centrifuged at 10,000 × g for 3 min. 

The absorbance of the supernatant (75 μl) was read using a plate reader at 532 nm. MDA levels were 

expressed in nmol/mg protein (Nedecky et al., 2013; De Leon et al., 2022). 

Quantification of total testicular protein levels. Total protein levels in testicular pellets were 

measured using a modified Diagenode protocol (Diagenode, 2010) which detects the color of the 

reaction product of Coomassie Brilliant Blue G-250 with protein at 495 nm. Tissue pellets (20 mg) 

were dissolved in 0.1 N NaOH to a concentration of 100 mg/mL. A total of 10 μl of homogenate was 

added to the microplate, then mixed with 100 μl of Bradford reagent. Absorbance was measured using 

an ELISA reader at 495 nm, and protein levels were expressed in mg/mL of homogenate. 

Data analysis. In this study, the main data obtained were the levels of sperm DNA damage & 

testicular oxidative stress profile analyzed using IBM SPSS Statistics 24. Statistical analysis began 

with a data normality test using Kolmogorov-Smirnov and a homogeneity test with Levene. Followed 

by ANOVA analysis, and post hoc with TUKEY test. All of these statistical tests aimed to identify 

significant differences in the levels of sperm DNA damage both between doses and between stages 

of spermatogenesis with a 95% confidence level. 

 

RESULTS AND DISCUSSION 

Leachate component. Analysis of the Sarimukti landfill leachate (LTS) by PT Sucofindo using 

AAS revealed elevated concentrations of heavy metals, including arsenic (As), lead (Pb), nickel (Ni), 

and cadmium (Cd), all exceeding WHO safety thresholds. GCMS testing further identified 

pentachlorophenol levels above WHO limits. The result of AAS and GCMS can be seen in Table 1. 

 
Table 1. The concentrations of heavy metals and pentachlorophenols in Saminukti Municipal Landfill Leachate (LTS) 

Parameter Unit Detection Limit Result 
WHO 

Methods 
Recommendation 

Arsenic mg/L 0.003 3 0.5 US EPA SW-846-7061 

Cadmium mg/L 0.006 0.9 0.15 US EPA SW-846-6010 B 

Lead mg/L 0.029 3 0.5 US EPA SW-846-6010 B 

Nickel mg/L 0.032 21 3.5 US EPA SW-846-6010 B 

Pentachlorophenol mg/L 0.001 2.7 0.45 US EPA SW-846-8270 C 
 

These five contaminants are established genotoxicants associated with sperm DNA damage in 

experimental studies (Botella et al., 2021; Salihu et al., 2021; Aitken et al., 2022). Additionally, these 
compounds may induce oxidative stress in testicular tissue, leading to lipid peroxidation and protein 

oxidation (Ademola et al., 2020). 

Sperm DNA damage. Based on the research results, it can be seen that LTS with doses of 35%, 

and 63% caused increasing number sperm DNA damage, both at the mitosis (MTS), meiosis (MSS) 

and spermiogenesis (SPMS) stages. All spermatogenesis stage formed different percentage of each 

“Halo” types and the distribution can be seen in Fig. 3. 
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Fig. 3. Percentage of each type of “Halo” in every stage of spermatogenesis stages induced by Sarimukti Muncipal 

Landfill Leachate (LTS) 

 

As we knew form the formulas, sperm with damaged DNA can be known by calculating 

percentage of sperm with small halo, no halo, and degraded halo. Percentage of sperm with DNA 

damage in each group as shown in Figure 4.  
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Fig. 4. Percentage of sperm with DNA damage in all spermatogenesis stages induced by Sarimukti Municipal Landfill 

Leachate (LTS) 

 

In addition, along with the increasing dose of LTS given, the higher the DNA damage found. 

From the three stages of spermatogenesis observed, it was found that the mitosis stage (MTS) 

experienced the highest DNA damage (LTS dose 63%, 93.53% damaged sperm), followed by the 

meiosis stage (MSS) and the lowest sperm DNA damage was found at the spermiogenesis stage (LTS 

dose 35%, 78.88% damaged sperm). 

Testicular oxidative stress measure by MDA levels and total protein quantity. Based on Fig. 

3 and 4, it demonstrate that the mitosis stage (MTS group) of spermatogenesis exhibits the highest 

susceptibility to DNA damage from genotoxic components in LTS. This conclusion is supported by 

the significantly higher prevalence of Small Halo, No Halo, and Degraded Halo sperm in this stage 

compared to the MSS and SGMS groups.The observed DNA damage likely results from LTS-induced 

alterations in the natural reactive oxygen species (ROS) profile of testicular tissue. This hypothesis is 

further corroborated by elevated lipid and protein peroxidation levels, as evidenced in Fig. 5. 

 

 
a b 

Fig. 5. (a) total MDA levels and (b) total protein quantity in testicular tissue induced by Sarimukti Municipal Landfill 

Leachate (LTS) 
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Atomic Absorption Spectroscopy (AAS) analysis revealed that Sarimukti's municipal landfill 

leachate (LTS) contains elevated concentrations of heavy metals (arsenic, lead, and tin) exceeding 

WHO safety thresholds. Additionally, Table 1 shows phenolic compound levels six times higher than 

WHO recommendations. These contaminants are known to induce reactive oxygen species (ROS) 

production in testicular tissue and semen (Agarwal et al., 2014; Muenyi et al, 2015; Anyanwu et al., 

2019; Aitken & Lewis, 2022). The ionic forms of these metals (As²⁺, Pb²⁺, Cd²⁺, Cr²⁺, Hg²⁺) readily 

interact with cellular components, particularly through the Haber-Weiss reaction in germ cells. This 

process generates hydroxyl radicals (OH*) and hydroxide ions (OH⁻) as by products of 

dehydrogenase activity. Testicular tissue, rich in polyunsaturated fatty acids (PUFAs), is 

exceptionally vulnerable to ROS-mediated oxidation (Aitken & Lewis, 2022; Collodel et al., 2022). 

PUFA oxidation in cellular and organelle membranes facilitates ROS penetration into the nucleus, 

where hydroxyl radicals directly damage DNA. The binding of OH- and OH* by DNA causes 

fragmentation, and results in the chromatin structure becoming incomplete or shorter. This aligns 

with the findings of Vandekerckhove (2016), who noted that fragmentation of sperm DNA by ROS 

causes the formation of “Halo” that is smaller or shorter in length. 

Spermatogenesis process requires simultaneous and uninterrupted regulation between 

spermatogonia. This regulation is facilitated by the presence of a cytoplasmidal bridges, so that 

signaling from one cell to another is always the same (Carlson, 2016; Chaigne & Brunet, 2022; 

Maroto et al., 2025). However, the cytoplasmidal bridge is very susceptible to damage, one of which 

can be caused by ROS (Maroto et al., 2025). ROS could be formed from the presence of phenol and 

heavy metal ions cadmium, lead, nickel, chromium and arsenic in leachate (Ademola et al., 2020). 

The presence of ROS in germ cells can oxidize PUFA and damage the existing cytoplasmidal bridge 

(Kimura, 2015; Chaigne & Brunet, 2022). Damage to the cytoplasmidal bridge will ultimately disrupt 

or even damage signaling between germ cells. The damage in cell signalling, could lead to incomplete 

mitotic or meiotic process, resulting in sperm with un repaired DNA damage.  

Binding of PUFA by ROS in testicular tissue will produce a derivative compound in the form of 

MDA. The change in MDA levels in the testicular tissue of the experimental animals administered a 

63% LTS dose showed an increase compared to the control group. This indicates that MDA can serve 

as a biomarker for altered lipid peroxidation levels in testicular tissue. Several studies have stated that 

the presence of MDA in testicular tissue can result in the failure of the DNA repair process. Naturally, 

cells will respond to fragmentation in DNA through BER (Base Excission Repair) (Ayala et al., 2014; 

Gohil et al., 2023; Li et al., 2025). The presence of MDA in cell nucleous, could interact with guanine 

in DNA, and cause fragmentation. Normally, DNA fragmentation in germ cells triggers DNA 

glycosylase to initiate base excision repair (BER). However, MDA-DNA adducts form deoxy-

guanosine compounds that evade glycosylase detection, preventing BER. This leads to unrepaired 

mutations and exacerbated DNA fragmentation (Gohil et al., 2023; Li et al., 2025).  

BER mechanism normally occurred the most especially in Mitosis. In germ cells, mitosis stage 

has G2 phase as a quality control of the integrity of cell DNA (Gilberts & Barresi, 2018; Carlson, 

2016). In the G2 phase, germ cells will perform quality control in the form of ensuring that all DNA 

is completely replicated, and all proteins in the cell are formed according to their size. If DNA damage 

occurs in the G2 phase, repairs will be carried out by stopping the cell cycle in the G2 phase. Then 

the BER (Base Excission Repair) mechanism is carried out to repair germ cell DNA. However, the 

presence of MDA and ROS causes damaged DNA to not be identified by the DNA Glycosylase 

enzyme. This causes germ cell DNA to remain fragmented. This supports the finding that the mitosis 

stage is the most sensitive stage to DNA damage. 

 

CONCLUSION 

The toxic components in Sarimukti landfill leachate have been shown to induce sperm DNA 

fragmentation as the dose given increases. Each stage of spermatogenesis has a different sensitivity, 

indicated by the difference in the percentage of sperm that experience DNA damage, with the mitosis 
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stage as the most sensitive stage. These findings highlight the importance of early stage protection 

during spermatogenesis against environmental genotoxicant. 
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