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Introduction  

There is a high accumulation of plastic waste but public 

understanding regarding the impact of these plastic materials is still 

lacking.1 Due to their insolubility in water and resistance to 

biodegradation over extended periods, plastics persist in the 

environment for long durations.2 In the long time, plastic waste can 

cause pollution due to degradation through mechanical stress or 

ultraviolet radiation into microplastics (MP) and nanoplastics (NP). 

Microplastics are particles that measure less than 5 mm in size, while 

nanoplastics are even smaller with a size range of 100 nm (0.001-0.1 

µm).3,4  

Along with the increase of NP pollution in the environment, more 

organisms and ecosystems were badly affected. NP can enter the body 

of organisms in various ways including the digestive system, skin 

exposure, and respiratory system. Several studies have stated that 

polystyrene plastic (53 – 180 nm in size) can be found in the brain of 

the Carassius Carassius,5,6 microplastic particles (70 – 90 μm in size) 

are found in the brain of Oreochromis niloticus,7 and particle with 5 μm 

in size can penetrate into rat brain through blood capillaries.8 Fish is one 

of the animal protein sources which is needed to improve human health 

and nutrition. If humans consume fish contaminated with polystyrene 

nanoplastics (NP), these compounds can accumulate in the body, 

thereby reducing health.9 
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Due to polystyrene nanoplastics (NP) toxicity, NP could cause oxidative 

stress, decreasing mitochondrial membrane potential, cell survival, 

membrane integrity, and fluidity. The condition of decreasing cell 

viability depends on the size and concentration of NPs.10 Related to 

oxidative stress, NP increases Reactive Oxygen Species (ROS). The 

presence of ROS in cells, among other things, causes disturbances in 

protein/enzyme structures that affect their enzymatic functions. Another 

study using polystyrene in the testes of male Sprague Dawley rats 

showed that polystyrene decreased the activity of antioxidant enzymes 

and increased lipid peroxidation and superoxide levels. In addition, the 

expression of steroidogenic enzymes, follicle-stimulating hormone 

levels, luteinizing hormone levels, intra-testicular and plasma 

testosterone are found to decrease. 

The immune system responds to NP exposure through the skin or 

mucosal secretions in the form of sweat or mucus. If NP is able to 

penetrate the skin barrier and enter the body's cells in high 

concentrations, it will damage the plasma membrane and even cause 

programmed cell death. High concentrations of NP disrupt the 

phospholipid bilayer of the plasma membrane structure. Moreover, the 

accumulation of NPs on the plasma membrane surface can impede the 

cellular signaling process, thereby disrupting the interaction of cell 

surface receptors with membrane ligands. NPs can penetrate the 

phospholipid bilayer in several ways including endocytosis (by the 

mediation of clathrin and caveolin) and penetration with the help of 

energy. NPs are considered more dangerous than microplastics because 

their small size allows them to penetrate biological membranes.11 NPs 

in the cytoplasm will be responded to by cellular cytolytic lymphocytes 

CD4+. An increase in CD4+ cell ratio indicates that helper T cells (Th1) 

have been active in inducing TNF-α and IFN-γ levels after exposure to 

NPs.12 

The mechanism of reproductive toxicity also occurs due to oxidative 

stress from polystyrene NP exposure. If polystyrene NP exposure 

occurs in the testes, the production of ROS increases in the testes, which 

can cause reproductive toxicity through lipid peroxidation or DNA 

damage. Polystyrene NPs exposure resulted in adverse effects on male 

reproductive health, including irregular spermatogonia, inflammation of 

the testes, decreased sperm quality, reduced testosterone levels, 
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impaired blood circulation in the testes, and presence of multinucleated 

gonadotrophic cells in the germinal tubules.13 

Cell health problems caused by polystyrene NP can be prevented by 

materials with antioxidant properties. One of the ingredients that 

contain anti-oxidants is red seaweed (Dichotomaria obtusata). Red 

seaweed is a source of antioxidants that are thought to be able to inhibit 

cell and tissue damage due to the oxidant properties caused by NPs. Red 

seaweed has the potential as a source of antioxidants that can protect 

against risks to the immune system (levels of pro-inflammatory 

cytokines were raised). The bioactive content of red seaweed is a new 

complex of polysaccharides, polyphenols, fatty acids, flavonoids, etc.14 

Red seaweed contains flavonoids and phenolic compounds which act as 

natural antioxidants that can counteract various free radicals and have 

an effect on the immune system (immunostimulator). The content of 

flavonoids and phenolic compounds in red seaweed has an effect on 

inhibiting TNF-α production and increasing the number of B cells to 

produce antibodies. TNF-α is a group of cytokines produced by 

monocytes and macrophages that have a great ability to have pro-

inflammatory effects by exposure to antigens including polystyrene NP. 

The content of flavonoids in red seaweed is a stimulus that can decrease 

IFN-γ. Th1 cells produce a pro-inflammatory cytokine known as IFN-γ 

that acts as a modulator of the immune system.15 

There is still few information on the potential of red seaweed (D. 

obtusata) as an antioxidant to prevent damage against micro-

nanoplastic contamination. Therefore, this study was conducted to 

analyze the potential of red seaweed as a source of antioxidants in 

improving the immune system (level of TNF-α and IFN-γ) and 

reproductive health (histopathology, size, and testicular weight) of rats 

(Rattus novergicus) exposed to polystyrene NPs.  

 

Materials and Methods 

Material and Chemicals 

Red seaweed was obtained from Ketapang Beach, Banyuwangi, 

Indonesia (8º05'32"S; 144º24'55"E) on May 2021. The red seaweed was 

identified by the taxonomist (Dr. Moch. Affandi) of the Department of 

Biology, Faculty of Science and Technology, Universitas Airlangga A 

voucher of specimen with number LTBUA.00344.20 was deposited at 

Department of Biology, Faculty of Science and Technology, 

Universitas Airlangga as reference. Ethanol pro-analyze was purchased 

from Merck (Merck Millipore, Darmstadt, Germany). Nanoplastics 

were purchased from Sigma-Aldrich Solution (Merck Millipore, 

Darmstadt, Germany). TNF-α and IFN-γ Enzyme-linked 

Immunosorbent Assay (ELISA) kit was purchased from Bioassay 

Technology Laboratory (Shanghai Korain, Shanghai). All the 

remaining chemicals and solvents in the experiments were of analytical 

reagent grade. 

 

Red Seaweed extraction 

After being rinsed with water, the fresh red seaweed was left to dry in 

the air for 14 days. During the air-drying process, red seaweed was not 

exposed directly to sunlight. After that, dried red seaweed was cut into 

small pieces and reduced to obtain a fine powder. 2 kg of red seaweed 

was macerated with 2 L of ethanol overnight, at room temperature (24-

29oC) with constant stirring every 3 hours. Subsequently, the extract 

was filtered and macerated again twice. Then, the extract was subjected 

to a rotary evaporator (temperature 25-30oC). 

 

Animal 

Male Winstar rats (Rattus norvegicus), aged 6-8 weeks, 150 ± 50 grams 

in weight were purchased from Faculty of Veterinary, Universitas 

Airlangga, Surabaya, Indonesia. The rats were housed at ~20 °C, 

with12-h a light/12-h dark cycle. The rats were provided with 

unrestricted access to food and water throughout the duration of the 

experiments. Each rat was placed in box with a size of 30 × 40 × 15 cm 

with a large wire cover All procedures involving animal care were 

approved by the Ethical Clearance Commission, Faculty of Dental 

Medicine, Universitas Airlangga, Indonesia (Certificate no. 

440/HRECC.FODM/VII/2022).  

 

 

Experimental design 

After being adapted to the environment for two weeks, twenty-five rats 

were divided into five groups randomly: (1) control group without any 

treatment, (2) negative control group exposed to 2 µL/kg BW NP 

without red seaweed administration, (3) treatment group with NP 

exposure and red seaweed 50 mg/kg BW, 4) treatment group with NP 

exposure and red seaweed 100 mg/kg BW, and (5) treatment group with 

NP exposure and red seaweed 200 mg/kg. Administration of NP and red 

seaweed were done for 35 days by oral gavage. Then, rats were 

sacrificed.  

 

TNF-α and IFN-γ assay 

Whole blood was collected and then subjected to centrifugation at 3000 

rpm and 4ºC for 10 mins to separate the serum from other component 

The serum samples were used to determine the levels of TNF-α and 

IFN-γ using a commercial Enzyme Linked Immuno Sorbent Assay 

(ELISA) kit (Bioassay Technology Laboratory, Shanghai, China) as per 

the manufacturer’s protocol. The absorbance was measured at 450 nm 

using an ELISA reader, and the OD value was utilized to calculate the 

TNF-α levels by comparing it to a standard curve. 

 

Histology testis processing 

On the 36th day, testicular tissue samples were collected from all groups 

for histopathological examination. 10% neutral buffered formalin 

solution was used for testes sample fixation. After 24 hours of fixation, 

they were prepared for serial sectioning using standard techniques. 

Tissue sections of approximately 4 μm thickness were obtained using a 

semi-automated microtome, and then embedded in paraffin, mounted in 

DPX, and stained with hematoxylin and eosin. The sections were 

analyzed under a light microscope (Olympus) 

Testicular histopathological changes were assessed qualitatively by 

comparing the normal control group, and negative control with 

variations in seaweed concentration. In addition, the diameter and 

circumference measured using a digital camera microscope (OPTILAB) 

included the diameter of the seminiferous tubules and the number of 

spermatogenic cells (spermatogonia and spermatids) in the 

seminiferous tubules.16 

 

Statistical analysis 

Normality and homogeneity of the data were assessed by performing 

Kolmogorov-Smirnov normality test and Levene's homogeneity test. 

The test was continued with the Two-way ANOVA variant test (α = 

0.05) followed by Duncan test using Windows Statistical Package for 

Social Science (SPSS) to determine the mean difference between 

sampling locations and Duncan's follow-up test using the SPSS version 

24 program. Data on the histological structure of the gonads of rats were 

analyzed descriptively by presenting them in the form of pictures or 

photographs. 

 

Results and Discussion 

TNF-α and IFN-γ Levels 

Nanoparticles are polymer particles that contain toxic substances 

capable of inducing oxidative stress, inflammation, immune 

dysfunction, neurotoxicity, neoplasia, metabolic alterations, and 

disruption of energy homeostasis.17,18,19 The particles are capable of 

significantly altering the secretion of both proinflammatory cytokines, 

such as IL-6 and TNF, and anti-inflammatory cytokines, such as IL-

10).20 Increasing both pro and anti-inflammatory cytokine levels 

indicates a contra mechanism with the aim of balancing the body's 

physiology. 

The results of TNF-α and IFN-γ levels are presented in Figure 1. The 

results of TNF-α  level showed that negative control group (NP group) 

with the administration of 2 µL/kg BW NP increased TNF-α levels 

significantly (p<0.05). Meanwhile, all treatment groups with the 

administration of seaweed extract (50, 100, and 200 mg/kg BW) 

decreased TNF-α levels but did not show significant differences 

compared to control group and negative control group.  

Negative control group (NP group) also showed rising of IFN-γ levels 

significantly after exposure to NPs (p<0.05) Administration of 50, 100, 

and 200 mg/kg BW seaweed extract reduced IFN-γ levels significantly 
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compared to negative control group (p<0.05). Seaweed extract with 

concentration of 100 and 200 mg/kg BW showed highest decrease in 

IFN-γ levels.  

Figure 1. Effect of seaweed extract on TNF-α and IFN-γ in rats exposed 

to NP. 

This study found that induction of 2 µL/kg BW NP (100 nm) can 

increase the serum levels of TNF-α and IFN-γ in rats exposed for 35 

days. This is also supported by several other studies which have 

documented the effect of NP on various levels of cellular toxicity and 

pathology. Nanoparticles (NPs) with a size of 20 nm can penetrate 

monocytic cells easily and have a significant cytotoxic effect. On the 

other hand, larger NPs (ranging from 100 to 1000 nm) can trigger the 

secretion of proinflammatory cytokines, such as IL-6 and IL-8, by 

monocytes and macrophages, as well as stimulate the production of 

ROS, induce genotoxic stress, and cause DNA damage as assessed by 

the micronucleus-blocking cytokinesis assay.21,22 While other 

researchers stated that low levels of toxicity were observed for 

microplastics (MP) measuring 0.1 and 5 µm. These particles can induce 

mitochondrial depolarization and inhibit the activity of the toxicant 

efflux pump.23 Cytotoxicity also appears in 20 μm microplastics at high 

concentrations which induces ROS production. Thus, MP and NP 

particles can stimulate the production of reactive oxygen species (ROS) 

when they enter the cell. Furthermore, both MP and NP can lead to 

cytotoxicity in Hela cells, trigger the release of pro-inflammatory 

cytokines such as IL-6 and TNF-α from human peripheral blood 

mononuclear cells (PBMCs), and promote histamine release from the 

mast cell pathway.24,25 

 

Diameter of Seminiferous Tubules and Epitellium Thickness 

The results of histological observations and measurements of the rat 

testes showed that in general there were no changes in the structure of 

the testes (Figure 2). The result of diameter of seminiferous tubules and 

thickness of seminiferous tubules epitelium were presented in Figure 3. 

The result showed no significant difference in diameter of the 

seminiferous tubules in all groups after NPs exposure and red seaweed 

administration. Meanwhile, exposure to NP in negative control group 

(NP group) reduced thickness of the seminiferous tubule epithelium 

significantly (p<0.05). Administration of red seaweed (50, 100, and 200 

mg/kg BW) showed a significant difference in thickness of the 

seminiferous tubule epithelium compared to NP group. Red seaweed 

administration could restore the thickness of the seminiferous tubule 

(Figure 3). 

 

Number of Spermatogonia and Spermatid  

The number of spermatogonia and spermatid were presented in Figure 

3. Exposure to NP decreased the number of spermatogonia. 

Administration of red seaweed extract to a concentration of 200 mg/kg 

has not been able to recover the number of spermatogonia like the 

control group. A different result was obtained for the number of 

spermatids. Exposure to NP reduced the number and administration of 

seaweed extract starting at 100 mg/kg could restore the number of 

spermatids like the control group. 

The presence of ROS that causes cytotoxicity by NPs can be mitigated 

by adding antioxidants from red seaweed extracts. In this study, it was 

proven that 50 mg/kg of seaweed extract was able to suppress IFN-γ 

levels in rats exposed to NP. Changes in the size of the seminiferous 

tubules (epithelial thickness) and the number of spermatid cells indicate 

that the NPs are cytotoxic, but the addition of seaweed extract which 

acts as an antioxidant can neutralize the oxidants from the NPs so that 

the amount can be restored. It is suspected that seaweed extract can 

restore this number to stimulate the process of primary spermatocyte 

cell division to become secondary spermatocytes and cell division end 

to form spermatids. A previous study also reported the potential 

antioxidant properties of red seaweed.26 Red seaweed is abundant in 

alkaloids, flavonoids, glycosides, polyphenols, protein, reducing sugar, 

saponin, steroids, and tannins.26 Most seaweed including red seaweed 

and brown seaweed contain polyphenols with potential antioxidant 

properties against cell damage due to oxidative stress in rats.27 Thus, 

cytotoxicity of NP can be prevented by administration of red seaweed 

antioxidants. 

Figure 2. Histological structure of rat testes. (A) Control, (B) negative 

control (2 µL/kg BW NP), and (C, D, and E) combination treatments of 

2 µL/kg BW NP and variations in seaweed extract concentrations of 50, 

100, and 200 mg/kg BW 

Figure 3. Diameter and thickness of the testicular seminiferous tubule 

epithelium and the number of spermatogenic cells after exposure to 

various concentrations of NP and seaweed extract. 

 

Conclusion 

Exposure to 2 µL/kg BW of polystyrene nanoplastics increased 

cytokines (TNF-α and IFN-γ) and affected the histology and size of the 

rat testes. Administration of red seaweed extract can improve cytokine 

levels, restore epithelium thickness of seminiferous tubule and restore 

the number of spermatids. This study suggests that the red seaweed 

(Dichotomania obtusata) extract could effectively improve immune 

response and protect testes tissue against nanoplastics. 
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Figure 2: Histological structure of rat testes. (A) Control, (B) negative control (2 µL/kg BW NP), and (C, D, and E) combination 

treatments of 2 µL/kg BW NP and variations in seaweed extract concentrations of 50, 100, and 200 mg/kg BW 

 

 

Figure 3: Diameter and thickness of the testicular seminiferous tubule epithelium and the number of spermatogenic cells after 

exposure to various concentrations of NP and seaweed extract. 
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