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 Nanoemulsions (NEs), lipid nanocarriers, are emerging drug delivery 

systems that can carry drugs, increase bioavailability, and control their 

release. Although the pharmacological properties of NEs are widely 

studied, knowledge about their toxicity is scarce. Thus, the study aims to 

evaluate the possible toxic effects of two oral doses (250 & 500 mg/kg) 

of thymol nanoemulsion (T-NE) on the reproductive organs of male and 

female rats. The study included six animal groups; two male and female 

control groups, two male and female groups consumed T-NE low dose, 

and the last consumed T-NE high dose. Some biological parameters, 

sperm characteristics, biochemical parameters, and DNA fragmentation 

were measured along with histological examination. The results revealed 

the potential sensitivity of female reproductive organs to T-NE either at 

low or high doses. While male reproductive systems are only affected at 

the high dose significantly. A significant alteration was found in feed 

intake, body weight, relative organs weight, sperm count, and motility. 

Also, there was a marked elevation in the pro-oxidants malondialdehyde 

(MDA) and protein carbonyl products (PCs) along with a reduction in 

superoxide dismutase (SOD) are found. Besides toxic effects are found 

as altered ATP production, elevated DNA fragmentation, and altered 

reproductive hormonal balance. Microscopic features of the testis and 

ovaries are significantly affected by T-NE oral intake. In conclusion, the 

tested doses of T-NE showed a marked toxic effect on the reproductive 

organs of rats especially female rats. Which can shed light on testing the 

safety of consuming T-NE. 

 

 
 

   

 

This work is licensed under a Creative Commons Attribution Non-Commercial 4.0 

International License. 

 

 

1. Introduction 

Nanotechnology has been widely used in food industries to produce better-tasting, safer, and healthier foods 

[37], [39]. However, the interactions of body organs and biological systems with nanoparticles have several 

outcomes; hence, understanding their toxic effects is very essential to protect the body from their insecure 

effects [33]. Natural products play an important role in drug development with a remarkable number of 
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marketed drugs being derived from naturally occurring compounds [17]. Traditional medicine has long 

employed thymol, the primary phenolic component of thyme (Thymus vulgaris) essential oil (Fig.1), as an 

expectorant, anti-inflammatory, antiviral, antibacterial, anticancer, and antiseptic agent. Their novel 

therapeutic nano-formulations have the potential for widespread application in medical practice [19]. As a 

result, numerous investigations have indicated that thymol nanoemulsions have therapeutic effects. Small 

droplets of one fluid distributed in another immiscible fluid make up a type of colloidal dispersion called a 

nanoemulsion (NE) [24], which has small spherical droplets (less than 100 nm in radius) [32]. 

 

With the help of nanoemulsions, essential oils are more effectively dispersed in food, their antibacterial 

qualities are improved, and their negative impacts on the food's quality characteristics are reduced [11]. 

Concerns have been raised regarding the toxicity of nanoemulsions [34]. Their size, shape, charge, and 

digestibility are only a few examples of the features that have a significant impact on their potential 

toxicity. Due to their small size and the substances used to create them, nanoemulsions with oils may be 

harmful through a variety of methods [24]. Compared to larger particles, nanoemulsions have a stronger 

ability to cross biological barriers, including the mucus layer and epithelial cells [38]. This can increase the 

bioavailability of hydrophobic (such as oils) bioactive substances [23]. Usually, this ability is desirable 

because it increases the bioactivity of molecules but in some circumstances it is hazardous. This may be 

harmful as it promotes adverse health effects when consumed in high doses [24]. Despite the beneficial 

effects of thymol nanoemulsions being studied, their toxic effects on reproductive organs have not been 

studied. Hence, this study is designed to evaluate the potentially toxic effects of thymol nanoemulsion on 

testicular and ovarian systems in male and female rats. 

 

 
Figure (1): Chemical structure of thymol. 

 

2. Materials and Methods 

 

2.1 Chemicals 

Thymol oil was purchased from NANOFAB Company, Cairo, Egypt. 

 

2.2 Preparation of Thymol nanoemulsion (T-NE): 

Thymol nanoemulsion was prepared according to the method of [27]. Thymol-NE was prepared using oil, 

water, and surfactant (the final concentration is 4%). Tween 80 was used as a surfactant. It was done in two 

steps; the first one includes mixing the three components, oil, water, and surfactant using a magnetic stirrer 

at 500 rpm speed for 10 minutes, at an oil: surfactant ratio of 1:1. While the second step was ultrasonication 

for 20 minutes followed by stirring for 3 hours. 

 

2.3 Characterization of Thymol nanoemulsion by Transmission Electron Microscopy (TEM) 

Thymol nanoemulsion droplet size was determined by TEM as described previously [2]. Briefly, A 200-

mesh copper specimen grid with film coating had the diluted sample poured into it for 10 minutes before 
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filter paper was used to remove the extra fluid. After that, the grid was stained with one drop of 3% 

phosphotungstic acid and allowed to dry for three minutes. A TEM microscope was used to study the 

coated grid. 

 

2.4 Animals: 

All animal experiments comply with the ARRIVE guidelines. All experiments were performed in 

compliance with the relevant laws and institutional guidelines, and the animal study was approved by the 

Research Ethical Committee (REC) at the faculty of science, Ain Shams University, Cairo, Egypt. Sixty 

adult Sprague Dawley rats (male and female) weighing 180-200 g, supplied from the Breading Unit of 

Faculty of Pharmacy, Al-Mansoura university (Al-Mansoura, Egypt). The study was done at the Academy 

of Science for Experimental Research, Al-Mansoura, Egypt. Every rat was kept separately in stainless steel 

cages in climate-controlled housing that was kept at 24°C with a 12-hour light-dark cycle. Following 

acclimation, the animals were randomly divided into six groups (n=10) as follows; Group 1 (NC-male): 

Male animals were given 1 ml of distilled water. Group 2 (NC-female): Female rats were given 1 ml of 

distilled water. Group 3 (T-NE male-low dose): male rats given a low dose of thymol nanoemulsion (250 

mg/kg BW). Group 4 (T-NE male-high dose): male rats given a high dose of thymol nanoemulsion (500 

mg/kg BW). Group 5 (T-NE female-low dose): male rats given a low dose of thymol nanoemulsion (250 

mg/kg BW). Group 6 (T-NE female-high dose): female rats given a high dose of thymol nanoemulsion (500 

mg/kg BW). All treatments were given orally by gastric tube daily for 4 weeks. 

 

At the end of the experiment and after fasting overnight, rats were anesthetized with 800 mg/kg of sodium 

pentobarbital [40] and sacrificed by decapitation. Blood samples were collected for biochemical analysis. 

Testis, epididymis, and ovaries were separated, cleaned from other tissues, and used for biochemical 

analysis, DNA fragmentation, and histological study. 

 

2.5 Relative Organ weight 

After the experiments, the animals and their reproductive organs were weighed. The following equation was 

used to calculate the relative organ weight: [28] 

Relative organ weight = [Organ weight (g)/Body weight (g)] × 100. 

 

2.6 Sperm analyses 

a- Epididymal sperm count: 

It was determined with a hemocytometer using the procedure of [36]. Briefly, the epididymis was chopped 

and placed in a Petri plate with 1 cc of isotonic saline. Then, it is incubated for 4 hours at room temperature 

to check for spermatozoa migration from tissue to fluid. Following incubation, the mixture was filtered, and 

the fluid from the homogenate was then poured into a pipette marked for erythrocytes and filled to the mark 

0.5 of the capillary tube. The pipette's bulb was then filled with a solution (containing 0.6M sodium 

bicarbonate, 1% formalin, and 0.025% eosin) up to line 101 of the pipette (producing a 1:200 diluted sperm 

suspension). The hemocytometer's two counting chambers received around 10 µl of the suspension, which 

was then left to stand for 5 minutes. The whole spermatozoon (head with tail) was counted with a light 

microscope. 

b- Epididymal sperm motility: 

The epididymal tissue was used for the analysis of sperm motility using the method of [36]. Using a light 

microscope, the percentage of sperm motility was assessed. On the slide, the sample was combined with a 

few drops of Tris buffer solution before being covered and examined under a light microscope. The 

percentage of motile sperm relative to the total number of sperm detected was used to express sperm 

motility. 
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2.7 Determination of Erythrocyte superoxide dismutase (SOD) enzyme activity: 

Erythrocyte superoxide dismutase (SOD) enzyme activity was measured in testicular and ovarian tissues 

using the colorimetric kit (CAT. No.: SD2520) following the kit’s manufacturer’s protocol.  

 

2.8 Determination of protein carbonyl products in serum and lipid peroxidation in reproductive tissues: 

Serum levels of protein carbonyl content were determined using the enzyme-linked immunoassay (ELISA) 

kit (CAT. No.: MBS726854) following the kit’s manufacturer’s method. Lipid peroxidation was determined 

through the measurement of testicular and ovarian tissue malondialdehyde (MDA) levels. It was measured 

using the colorimetric method previously described by [8]. 

 

2.9 Determination of the pro-inflammatory TNF-α and anti-apoptotic protein Bcl-2 

Serum tumor necrosis factor-α (TNF-α) and B cell lymphoma-2 (Bcl-2) levels were determined using 

ELISA kits (CAT.NO.: RAB0479-1KT (Sigma Aldrich) and CAT.NO.: NBP2-69947 (Novus Biologicals)) 

according to the kit’s protocol 

 

2.10 Determination of ATP content in testis and ovaries 

The ATP content was assessed using a commercial kit based on luciferin-luciferase activity (Invitrogen™ 

ATP Determination Kit CAT. NO.: A22066). Briefly, Samples were exposed to 100 μl of TCA (10% w/v) 

before being incubated for 15 minutes on ice. Samples underwent a 15,000 g centrifugation for 5 minutes at 

4 °C. The luminescence intensity was then measured at 560 nm after 100 μl of the supernatant and 100 μl of 

the kit's contents were combined [12]. 

 

2.11 Determination of Ca2+-ATPase level in testicular and ovarian tissues 

Tissue level of Ca2+-ATPase in reproductive organs was done using a specific colorimetric enzyme assay 

Kit (CAT.NO.: E-BC-K212-S, Elabscience) according to the manufacturer protocol. 

 

2.12 DNA Fragmentation percentage 

Testicular and ovarian tissues were used to determine the percentage of DNA fragmentation using the 

method previously reported by [6]. 

 

2.13 Determination of reproductive hormones by ELISA 

Serum levels of testosterone, progesterone, estrogen, luteinizing hormone (LH), and follicle-stimulating 

hormone (FSH) were measured using the commercial ELIZA kits (CAT.NO.: MBS282195, CAT.NO.: 

CSB-E07282r, CAT.NO.: LS-F39303, CAY.NO.: ab72838, and CAT.NO.: MBS2502190 respectively) 

following the manufacturer’s protocol. Serum levels of gonadotropin-releasing hormone (GnRH), estradiol 

(E2), and anti-Mullerian hormone (AMH) in female rats were also measured by ELISA kits (CAT.NO.: 

CSB-E08037r, CAT.NO.: CSB-E05110r and CAT.NO.: MBS701712 respectively). 

 

2.14 Histological examination 

The histopathological examination of the testis and ovaries was performed according to the method of [16]. 

Testis and ovaries tissues were fixed in neutral buffered formalin. Following fixation, the tissue was 

sectioned within paraffin-embedded blocks, and stained with Hematoxylin and Eosin (H&E) then examined 

using light microscopy. 

 

2.15 Statistical analyses 

The SPSS application for Windows was used to do the statistical analysis of the data (SPSS Inc., Chicago, 

IL, USA). The One Way Analysis of Variance (ANOVA) LSD test was used to determine differences 
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between groups. The results of the analysis were displayed as mean ±SD (standard deviation). Statistics was 

defined as significant at a P-value of <0.05. 

 

3. Results 

 

3.1 Characterization of thymol nanoemulsion by transmission electron microscopy (TEM) 

The TEM micrograph (Fig. 2) of T-NE prepared in the present study indicates the average droplet diameter 

of nanoemulsion which is lower than 100 nm. The micrograph also indicated that the droplets were 

spherical in shape. 

 

 
Figure (2): Transmission electron microscope micrograph of the prepared thymol nanoemulsion. 

 

3.2 Toxic effects of T-NE on body weight, feed intake, and reproductive organ weights 

The results of the present study revealed the toxic effects of 2 oral doses of thymol nanoemulsion in male 

and female rats. The results in figures (3 and 4) presented a significant (P>0.05) reduction in body weight 

and feed intake in male and female rats. This is accompanied by a significant (P>0.05) reduction in the 

relative weight of the testis and epididymis while enlargement of ovaries was found in female rats. 

Obviously, the toxic effects of the lower dose (250mg/kg) T-NE were found only in female rats, while the 

high dose (500 mg/kg) affected both. 
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Figure (3): Effect of oral doses of T-NE in male rats on (a) body weight change, (B) feed intake, (C) 

relative weight of testis and (D) relative weight of epididymis. *represents statistical significance at P>0.05. 

 

 
Figure (4): Effect of oral doses of T-NE in female rats on (a) body weight change, (B) feed intake and (C) 

relative weight of ovaries. *represents statistical significance at P>0.05. 

 

3.3 Sperm parameters 

The data shown in (Fig. 5), showed a significant (P>0.05) reduction in sperm motility and number in male 

rats orally treated with 500 mg/kg of T-NE as compared with the normal counterparts. However, the lower 

dose of nanoemulsion didn’t significantly (P>0.05) affect sperm parameters in male rats. 
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Figure (5): Effect of oral high and low doses of T-NE in male rats on sperm characteristics (a)sperm 

motility and (B) sperm count. *represents statistical significance at P>0.05. 

 

3.4 Superoxide dismutase (SOD) and lipid peroxidation and protein carbonyl product (PC) 

Tissue activity of SOD in the testis and ovaries of male and female rats treated with the high dose T-NE 

was significantly lower than that in control groups. Moreover, MDA and PC levels were significantly 

(P>0.05) elevated in male and female rats who consumed the high dose T-NE compared with control 

groups. On the other hand, an oral low dose of T-NE significantly (P>0.05) disrupted oxidative and anti-

oxidative parameters in female rats by not in male rats (Fig. 6). 

 

 
Figure (6): the effect of T-NE on some oxidative and anti-oxidative stress parameters in serum and tissue 

of male and female rats, (A) serum protein carbonyl products level in male rats, (B) tissue MDA level in 

male rats, (C) tissue SOD activity in male rats, (D) serum protein carbonyl products level in female rats, (E) 
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tissue MDA level in female rats, (F) tissue SOD activity in female rats. *represents statistical significance at 

P>0.05. 

 

3.5 Pro-inflammatory and pro-apoptotic effects of T-NE in reproductive organs 

Regarding serum levels of the pro-inflammatory cytokine TNF-α, there is a significant elevation in its level 

in the animals that consumed T-NE at the high dose both in male and female rats. However, the lower dose 

of T-NE caused significant (P>0.05) effects only in female rats with no significant inflammatory effects in 

male rats as compared with the control group. Considering the anti-apoptotic Bcl-2 protein, its levels were 

significantly (P>0.05) downregulated by the oral low and high doses of T-NE in female rats. Moreover, its 

values showed a nonsignificant (P>0.05) difference between rats in the control and male rats + low dose T-

NE groups, with significant (P>0.05) downregulation in male rats who consumed the higher dose (Table 1). 

 

Table (1): the toxic effects of low and high oral dose T-NE on TNF-α and Bcl-2 in reproductive organs of 

male and female rats. 

Treatment groups 
TNF-α 

(pg/ml) 

Bcl-2 

(ng/ml) 

Control male rats 19.51±2.33 99.90±5.51 

Control female rats 19.91±2.52 100.1±5.07 

Male rats + low dose T-NE 21.21±3.44 98.70±7.35 

Male rats + high dose T-NE 81.50±8.14* 59.70±4.94* 

Female rats + low dose T-NE 73.30±8.97** 61.90±7.29** 

Female rats + high dose T-NE 105.40±5.76** 35.50±5.82** 

*means ±SD are significant (P>0.05) compared with control male rats. 

**means ±SD are significant (P>0.05) compared with control female rats. 

 

3.6 Effect of T-NE on testicular and ovarian ATP content and Ca2+-ATPase activity. 

The percentage ATP content and Ca2+-ATPase activity in testicular and ovarian tissues (Table 2) were 

significantly affected by the high-dose treatment of thymol nanoemulsion. The data revealed a significant 

(P>0.05) reduction in ATP percentage and Ca2+-ATPase activity in both male and female rats who 

consumed the high dose T-NE as compared with control groups. However, the low dose treatment of T-NE 

significantly (P>0.05) affected ATP content and Ca2+-ATPase activity in female rats but non-significantly 

(P>0.05) in male rats. 

 

3.7 Percentage of DNA fragmentation in tissue 

Percentage DNA fragmentation (Table 2) in male and female rats who consumed a high dose of T-NE was 

significantly (P>0.05) elevated to reach about 6.93 fold in female rats as compared with their control 

counterparts, while reached 3.93 folds in male rats. However, an oral low dose of T-NE significantly 

(P>0.05) affected the DNA of reproductive organs in female rats only. 

 

Table (2): the toxic effects of low and high oral dose T-NE on percentage values of ATP content and DNA 

fragmentation and Ca2+-ATPase activity in reproductive organs of male and female rats. 

Treatment groups % ATP content Ca
2+

-ATPase % DNA 
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in tissue activity 

(nMol/mg tissue) 

fragmentation 

in tissue 

Control male rats 100.14±0.88 8.37±0.49 1.09±0.11 

Control female rats 100.43±0.81 8.24±0.47 1.09±0.14 

Male rats + low dose T-NE 98.30±2.63 8.16±0.34 1.11±0.90 

Male rats + high dose T-NE 66.00±2.79* 5.81±0.35* 3.93±0.20* 

Female rats + low dose T-NE 64.10±2.47** 5.74±0.45** 4.17±0.22** 

Female rats + high dose T-NE 34.30±2.31** 3.62±0.16** 6.93±0.17** 

*means ±SD are significant (P>0.05) compared with control male rats. 

**means ±SD are significant (P>0.05) compared with control female rats. 

 

3.8 Effect of oral low and high doses of T-NE on reproductive hormones in male and female rats 

The circulatory levels of reproductive hormones; testosterone, progesterone, estrogen, LH, and FSH were 

measured in the serum of male and female rats in order to further delineate the mechanisms of T-NE-

induced reproductive toxicity (Fig. 7-8). Oral consumption of T-NE adversely affected reproductive 

hormonal homeostasis rats. The levels of testosterone, progesterone, estrogen, LH, and FSH were not 

affected in male rats treated with T-NE at 250 mg/kg dose whereas their levels were significantly (P>0.05) 

decreased in male and female rats treated with 500 mg/kg T-NE when compared with their control groups. 

However, similar results were found in female rats who consumed the low dose of T-NE. 

 

 
Figure (7): serum levels of reproductive hormones in male rats (A) testosterone, (B) Progesterone, (C) 

estrogen, (D) LH and (E) FSH. *represents statistical significance at P>0.05. 
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Figure (8): serum levels of reproductive hormones in female rats (A) testosterone, (B) Progesterone, (C) 

estrogen, (D) LH and (E) FSH. *represents statistical significance at P>0.05. 

 

3.9 Serum levels of gonadotropin-releasing hormone (GnRH), estradiol (E2), and anti-Mullerian 

hormone (AMH) in female rats 

Serum GnRH, AMH, and E2 levels in female rats were measured to assess the ovarian dysfunction-related 

disturbances in rats’ estrus cycle (Table 3). It is found that female rats who consumed T-NE orally (either 

the low or high dose) showed significant (P<0.05) reduction in serum GnRH, AMH, and E2 levels 

compared with their normal values of group (2). 

 

Table (3): the toxic effects of low and high oral dose T-NE on serum levels of GnRH, E2, and AMH in 

female rats. 

Treatment groups 
GnRH 

(pg/ml) 

AMH 

(ng/ml) 

E2 

(pg/ml) 

Control female rats 1411±40.02 21.60±3.47 150.1±9.94 

Female rats + low dose T-NE 1052±23.46** 15.93±1.09** 104.4±7.92** 

Female rats + high dose T-NE 771.3±17.70** 11.53±1.04** 83.5±5.89** 

**means ±SD are significant (P>0.05) compared with control female rats. 

 

3.10 Histopathological examination 

Microscopic examination of testes (Fig. 9; A-C, marked by arrow) from group 1 revealed normal histology 

of seminiferous tubules that appeared packed by increased numbers of spermatogonial cells and Sertoli cells 

with the presence of numerous spermatids. Similar features are found in the testes structure of rats who 
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consumed the low dose of T-NE. However, consumption of high-dose T-NE caused cytotoxic effects in the 

testis structure apparently showing congested interstitial blood vessels associated with fewer inflammatory 

cell infiltration.  On the other hand, a microscopic examination of ovaries (Fig. 9; D-F, marked by a star) 

from the control group 2 revealed normal histology of the ovary that showed numerous corpora lutea with 

multiple growing follicles in different stages. But tissue sections from groups 5 and 6 revealed interstitial 

cell hyperplasia of variably sized clusters of pale-staining cells that were interspersed among several 

follicles in various stages of development, including large atretic follicles, mature corpora lutea, and 

congested blood vessels. The hyperplastic interstitial cells appeared large polyhedral cells with pale 

eosinophilic granular cytoplasm and central nuclei. The corpora lutea showed degenerated and necrotic 

cells in group 6 in some instances. 

 

 
Figure (9) Photomicrograph of testes and ovaries (H&E) (A) control male rats showing apparently normal 

histological structure of seminiferous tubules, (B) male rats consumed low dose of T-NE showing normal 

histological structure of seminiferous tubules, (C) male rats consumed high dose of T-NE showing 

congestion of interstitial blood vessel (arrow) with fewer perivascular inflammatory cells infiltration, (D) 

control female rats showing normal structure of ovary, (E) female rats consumed low dose of T-NE 

showing interstitial cell hyperplasia and clusters of pale interstitial cells are interspersed among follicles 

(stars), (F) female rats consumed high dose of T-NE, showing interstitial cell hyperplasia and clusters of 

pale interstitial cells associated with congested interstitial blood vessels (arrow). 

 

4. Discussion 

Despite the studies conducted to elucidate the beneficial therapeutic activities of thymol nanoemulsions, 

there is no study conducted about their toxic effects on male and female reproductive organs. Hence the 

present study is designed to determine the toxic effects of two oral doses of a prepared thymol 

nanoemulsion on male and female reproductive systems. For that purpose, thymol nanoemulsion was 

prepared by ultrasonication method. Then the droplet size and shape of the prepared T-NE were 

characterized by TEM and it is found that the average diameter of T-NE droplets was less than 100 nm with 

a spherical shape. Indicating that T-NE droplets were in the nano-size range. Two doses of thymol 

nanoemulsion (250 and 500 mg/kg) were tested on male and female reproductive systems. 
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The results of the present study concluded that the female reproductive system is highly affected by the two 

tested doses of thymol nanoemulsion. However male organs were affected at the high dose only. The results 

are consistent with previous reports that the female reproductive system is highly sensitive compared to 

other systems when exposed to toxic hazards especially nanoparticles [30]. As the nanoparticles can easily 

penetrate the placental barrier in mice due to their small size [31] and they can induce apoptosis in 

trophoblast cells [14]. Several factors could adversely disrupt reproductive functions. Oxidative stress and 

its associated complications such as inflammatory conditions have an important role in their toxicology and 

infertility [13].  

 

The data of the present study reported a marked reduction in animal feed intake and body weight both in 

male and female rats. Also, the relative organ's weight of organs was affected. This is in agreement with [4]. 

Great concern was added to study the toxic effects of edible nanoparticles [24]. Potentially, the toxic effects 

of nanoemulsions are related to their higher penetration rate through the mucus layer and epithelium cells 

[38]. Most nanoemulsions are rapidly digested by the upper gastrointestinal enzymes and are broken down 

and absorbed rapidly by intestinal barriers and allowing the nanoparticles to penetrate through cells more 

easily to be accumulated in tissues [38], [24]. This may explain the toxic accumulation of T-NE in 

reproductive tissue leading to their observed effects. 

 

The tested doses of T-NE are found to significantly induce oxidative stress. In fact, reproductive organs are 

very sensitive to oxidative stress due to their high content of unsaturated lipids and therefore have a high 

ROS detoxifying system [3]. This makes high ROS level disturb their function and cellular energy 

metabolism (a vital factor affecting fertility) [29]. Due to their small size, nanoemulsions can pass through 

the testis barrier and also penetrate the placental barrier [21]. Their accumulation can cause excessive 

production of free radicals and oxidative stress [35]. SOD enzyme can neutralize free radicals and hinders 

lipid peroxidation and protein carbonylation, and toxic reduction in its activity can adversely increase 

oxidative stress [26]. It may promote superoxide and hydrogen peroxide accumulation, as well as boost 

protein carbonylation and lipid peroxidative expression [15]. Lipid peroxidation is the oxidation of 

polyunsaturated fatty acids in the testicles and ovaries by reactive oxygen species (ROS), which results in 

lipid peroxyl radicals and lipid hydroperoxides that are transformed to 4-hydroxy-2 noninal and MDA in 

reproductive tissues [3].  

 

One of the reproductive toxic effects of T-NE observed in this study is the pro-inflammatory and pro-

apoptotic conditions. The extrinsic pathway of apoptosis can be induced by inflammatory cytokines 

including TNF-α and the intrinsic one is mediated by low levels of Bcl-2 causing the release of cytochrome 

C from mitochondria [9]. The present study showed that T-NE increased TNF-α levels and reduced the anti-

apoptotic protein Bcl-2. The pro-oxidative and pro-inflammatory effects of T-NE might lead the 

reproductive germ cells to undergo apoptosis [9] thus leading to reproductive degeneration and poor 

functions. 

 

Oxidative stress can disrupt the integrity of cellular and mitochondrial membranes and other organelles 

through the peroxidation of phospholipids, proteins as well as nucleotides [25], [1]. Consequently, the 

genotoxic effects of T-NE found in testicular and ovarian tissue might be correlated to the increased free 

radical-induced DNA damage which appeared as a marked elevation in DNA fragmentation. An important 

indicator of male and female infertility is the DNA fragmentation index, and high tissue DNA 

fragmentation has been associated with subpar sperm quality, a poor fertilization process, subpar embryo 

quality, and poor pregnancy outcomes [9].  
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Mitochondrial membranes may undergo permeability changes and ATP production might be affected after 

the induction of oxidative stress [18]. This can be evidenced by the reduced ATP percentage in the testis 

and ovaries accompanied by defective sperm motility by oral T-NE in the present study. Mitochondrial 

dysfunction and oxidative stress are two connected disorders. The main source of free radical production is 

mitochondria [7]. 

 

ROS have a crucial role in regulating cell signaling and function. Because of this, circumstances that 

encourage the formation of mitochondrial ROS may contribute to cell damage [20]. Additionally, a high 

level of ROS can prevent the synthesis of ATP by inhibiting mitochondrial respiration [7]. Furthermore, to 

achieve an effective fertilization process in oviducts, sperm cells must undergo capacitation followed by an 

acrosome reaction. The activity of the Ca2+ATPase electrogenic pump plays an important role in this 

process [9]. Our results suggest the ability of T-NE to injure oval binding and fertilization which may be 

attributed to the downregulation of Ca2+ATPase activity. 

 

Consumption of T-NE could downregulate gonadotropins released by the pituitary gland. FSH and LH are 

key factors required for testicular and ovarian development and stimulate the release of reproductive 

hormones such as testosterone, progesterone, and estrogen [3]. The decrease in their levels in T-NE-treated 

rats may suggest a negative impact on the anterior pituitary gland that affects the regulation of hormones 

and reproductive processes. The observed reduction in motility and sperm count can prove this effect. 

Additionally, testosterone, secreted by Leydig cells, can regulate spermatogenesis and affect the weights of 

the testes and epididymis [3]. In fact, during the postnatal development of the testis, the number of Leydig 

cells increases, and they acquire steroidogenic capacity. The disruption of testosterone biosynthesis by T-

NE consequently may reduce the steroidogenic capacity of individual Leydig cells [4]. It also noticed a 

significant reduction in female hormones; progesterone, estrogen, GnRH, AMH, and E2 levels in T-NE 

treated groups compared with the normal counterparts. This indicated that female animals exhibited ovarian 

dysfunction through dysfunction in the hypothalamic-pituitary-ovarian reproductive axis. Ovarian failure is 

characterized by low levels of gonadal hormones [10]. AMH is an important marker in determining ovarian 

reserve [10]. Our findings were in accordance with those of [22], who reported downregulation of AMH 

and E2 levels resulting in disrupted estrous cycles in female rats exposed to acute stress conditions. The 

decrease in anti-Mullerian hormone suggested a decline in ovarian reserve and ovarian dysfunction. The 

reprotoxic effects of T-NE might be explained by the fact that oil nano-formulations can increase the 

bioavailability and bioactivity of oils [23]. This enhancement might promote adverse health effects, 

especially when consumed at high doses due to their toxic accumulation in tissues [5]. Over time, this might 

lead to dysregulation of the metabolic and hormonal systems in different body organs especially 

reproductive systems [24].  

 

Coinciding with the biochemical analysis, the microscopic examination of the testes showed that 

consumption of high dose T-NE caused cytotoxic effects in the testicular structure associated with 

infiltration of inflammatory cells. Microscopic features of ovaries revealed ovarian interstitial cell 

hyperplasia as well as degenerated cells. The results strongly indicated the toxic effects of consuming high 

doses of thymol nanoemulsions on the reproductive organs of male and female rats. It might be suggested 

that their toxic effect is correlated to increased free radical generation, cytotoxic effects as well as altered 

cellular ATP production. Interestingly, it was reported that the cytotoxic effects of nanoemulsions increased 

as the droplet diameter increased (45 to 200 nm. However, these effects are only observed at relatively high 

doses [24]. At present, evaluation of the toxic effects related to nanoemulsions is carried out in animal 

experiments and has not been developed for human clinical trials, which determines the need for 

verification of products' safety before they are introduced to the market. 
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5. Conclusion 

The present study sheds light on the importance of testing the safety of oral intake of nanoemulsions such as 

thymol oil nanoemulsions before their application. The tested oral doses (250 & 500 mg/kg) of thymol 

nanoemulsion can significantly alter the structures of testicular and ovarian tissues, along with defective 

sperm characteristics. Their toxic effects might be correlated to enhanced oxidative stress status, defective 

mitochondrial function and ATP production, oxidative DNA damage, and pro-inflammatory and pro-

apoptotic effects. This might lead to dysregulation of hormonal production and reproductive hormonal 

imbalance. This highlights the reproductive toxic effects of thymol nanoemulsion oral intake. In the future, 

it will be important to establish the safety of these formulations using other animal models and human 

feeding studies.  
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