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Chronic Water-Pipe Smoke Exposure Induces Injurious Effects to Reproductive System in Male Mice
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There is a global increase in the popularity of water-pipe tobacco smoking including in Europe and North America. Nevertheless, little is known about the male reproductive effects of water-pipe smoke (WPS), especially after long-term exposure. Here, we assessed effects of WPS exposure (30 min/day) in male mice for 6 months. Control mice were exposed to air-only for the same period of time. Twenty-four hours after the last exposure, testicular histopathology, and markers of inflammation and oxidative stress, and the tyrosine–protein kinase vascular endothelial growth factor receptor 1 (VEGFR1) were assessed in testicular homogenates. Moreover, plasma testosterone, estradiol, and luteinizing hormone (LH) concentrations were also measured. Chronic WPS exposure induced a significant decrease of testosterone and estradiol, and a slight but significant increase of LH. Glutathione reductase, catalase, and ascorbic acid were significantly decreased following WPS exposure. Plasma concentration of leptin was significantly decreased by WPS exposure, whereas that of tumor necrosis factor α and interleukin 6 was significantly increased. Histopathological analysis of the testes revealed the presence of a marked reduction in the diameter of the seminiferous tubules with reduced spermatogenesis. Transmission electron microscopy examination showed irregular thickening and wrinkling of the basement membranes with abnormal shapes and structures of the spermatozoa. VEGFR1 was overexpressed in the testis of the mice exposed to WPS and was not detected in the control. The urine concentration of cotinine, the predominant metabolite of nicotine, was significantly increased in the WPS-exposed group compared with the control group. We conclude that chronic exposure to WPS induces damaging effects to the reproductive system in male mice. If this can be confirmed in humans, it would be an additional concern to an already serious public health problem, especially with the increased use of WPS use all over the world, especially in young adults.

Keywords: water-pipe smoke, mice, tobacco, testes, reproductive hormones

INTRODUCTION

Water-pipe smoking (WPS; also called hookah, shisha, Hubble bubble, and narghila) is a form of smoking which uses tobacco sweetened with either fruit or molasses sugar, which makes the smoke more aromatic than cigarette smoke. The tobacco in WPS is exposed to high heat from burning charcoal, and the smoke produced is equal or even more toxic than cigarette smoke (Centers for Disease Control and Prevention, 2016).

A typical WPS session lasts 30 min or up to several hours, and can expose the smoker to 100–200 times the volume of smoke of a single cigarette (Chaouachi, 2009, 2011). WPS is customarily used by people from either Middle Eastern or Asian community groups but is becoming increasingly popular in Western countries. A recent national adult tobacco survey among USA adults showed that the national prevalence of WPS use was 9.8 and 1.5% for current use (Salloum et al., 2015).

Even though the respiratory and extra-respiratory pathophysiological effects of cigarette smoking (CS) are well-studied, much less has been reported on WPS, and there is a general and erroneous perception among users that WPS is relatively free from the adverse effects of CS (Knishkowy and Amitai, 2005; Maziak, 2015).

We have recently shown that acute and subacute exposure to WPS causes lung inflammation and oxidative stress (Nemmar et al., 2013a, 2015a). Chronic WPS exposure, however, causes lung inflammation, and oxidative stress, as well as DNA damage, enlargement of alveolar spaces and ducts associated with impairment of lung function (Nemmar et al., 2016). On the cardiovascular system, we have demonstrated that 5 days and 1 month exposure to WPS causes heart inflammation and oxidative stress, and thrombotic events (Nemmar et al., 2013b, 2015b). More recently, we showed that chronic exposure to WPS increased blood pressure, relative heart weight, troponin I and brain natriuretic peptide in plasma, and induced hypoxemia, hypercapnia and thrombosis (Nemmar et al., 2017). Moreover, WPS caused cardiac oxidative stress, DNA damage and fibrosis (Nemmar et al., 2017).

Results on the effects of CS on male fertility are at variance (Soares and Melo, 2008). The majority of the published data indicate that it has several adverse effects on reproductive health in smokers and laboratory animals exposed to the cigarette smoke (Ahmadnia et al., 2007; Kovac et al., 2015). However, we are not aware, of any published reports on the possible actions of WPS on male reproduction in smokers or laboratory animals except for our recent report in which mice were exposed to WPS for 1 month (Ali et al., 2015). Nevertheless, no experimental data are available on the chronic (6 months) impact of exposure on the male reproductive system. Such experimental studies are important because they will provide biological plausibility to the possible long-term deleterious effects of WPS on the male reproductive system in humans. The study of the effects of WPS has proven to be difficult because most of the smokers are also either current or former cigarette smokers (Knishkowy and Amitai, 2005). Therefore, the aim of the present study was to assess the chronic (6 months) impact of WPS on the male reproductive system by analysing a comprehensive set of parameters including testicular immunohistochemistry and histopathology (by light and electron microscopy) and, inflammation and oxidative stress, and vascular endothelial growth factor receptor 1 (VEGFR1), a tyrosine–protein kinase known to be increased in cases of impaired spermatogenesis. Moreover, plasma testosterone, estrogen, and luteinizing hormone (LH) concentrations were also measured.

MATERIALS AND METHODS

Animals

BALB/ c male mice (~20 g, 8-weeks old), obtained from Taconic Farms Inc. Germantown, NY, USA, were maintained at the College of Medicine and Health Sciences animal house (United Arab Emirates University, UAEU) on a 12-h light–dark cycle (lights on at 6:00). The animals (n = 24) were housed in cages and given unrestricted pelleted food and tap water. This study was carried out in accordance with the recommendations of our Institutional Animal Care and Research Advisory Committee of the College of Medicine and Health Sciences, UAEU, as described previously in our publications on WPS (Nemmar et al., 2013b, 2016). The protocol was approved by our Institutional Animal Care and Research Advisory Committee of the College of Medicine and Health Sciences, UAEU. Following acclimation for 7 days, the mice were randomly divided into two equal groups: control and WPS-exposed. The mice were put in soft restraints and connected to the exposure tower (Nemmar et al., 2012, 2015a; Ali et al., 2015), and exposed to either WPS or air through their noses using a nose-only exposure system (InExpose System, Scireq, Canada). Mice were exposed to mainstream WPS exactly as described before (Nemmar et al., 2013b, 2016). The duration of the session was 30 min/day for 6 consecutive months. The control mice were treated in a similar manner and were exposed to filtered air for the same duration. By the end of the experiment one mouse died in the control group, and two in the WPS-exposed group (leaving 11 in the control group, and 10 in the experimental group). The experimental design involved replicating the experiment once (each with about half the number of animals in each group), separated by a week.

Blood Collection and Tissue Homogenization

Twenty–four hours after the end of the experimental period, the animals were weighed and then anesthetized with pentobarbital sodium (45 mg/kg) intraperitoneally. Blood (about 1.5 ml) was then obtained from the inferior vena cava in EDTA (4%) and spun at 900 g for 15 min at 4°C. Blood collection was carried out at the same time of day (8–9 AM) to avoid circadian variation in the reproductive hormones (Lucas and Eleftheriou, 1980). The plasma collected was kept frozen at −80°C pending biochemical analysis. Then the lung and testes from all mice were collected and rinsed with ice-cold PBS (pH 7.4). The testes were weighed and the right testis and the upper half of the left testis were immediately frozen at −80°C until biochemical and molecular studies. Half the left testis was homogenized in 0.1 M phosphate buffer pH 7.4 containing 0.15 M KCl, 0.1 mM EDTA, 1 mM DTT, and 0.1 mM phenylmethylsulfonyl fluoride at 4°C. The homogenates were spun at 4°C for 10 min at 3,000 g to remove cellular debris and the supernatants were kept for further analysis. The right testis was stored at −80°C and later used in certain tests (see below).

Blood Plasma Analysis

The plasma concentrations of testosterone, luteinizing hormone (LH) and estradiol were measured by ELISA, and total cholesterol by a spectrophotometric method (Sigma–Aldrich, St. Louis, MO, USA), as described before (Ali et al., 2012). Tumor necrosis factor alpha (TNFα), interleukin 6 (IL6) and leptin concentrations were measured by ELISA methods using kits from R & D systems (Minneapolis, MN, USA).

Urine Analysis

The concentrations of cotinine in urine (ELISA kit from Creative Diagnostics, Shirley, NY, USA) were measured after the last exposure to either WPS or air on urine samples collected overnight using metabolic cages for urine collection.

Testicular Homogenate Analysis

The concentration of testicular protein content was estimated by Bradford's method, as described before (Korpelainen et al., 1998). Oxidative stress was assessed by measuring the activities of superoxide dismutase (SOD), catalase, and glutathione reductase, as well as total ascorbic acid concentration using ELISA kits (BioVision, Milpitas, CA, USA). The activity of alkaline phosphatase was measured spectrophotometrically using a commercial kit (Human, Wiesbaden, Germany).

Histology

A part of the right testis was taken from randomly selected five controls and six treated animals and placed first in Bouin's fluid for an hour (Tu et al., 2011; Dutta et al., 2012), and then transferred to 10% formalin, and processed as described before (Korpelainen et al., 1998). The H & E sections (6 μM) were examined by a specialist unaware of the treatments using a Olympus microscope (BX51, Tokyo, Japan). The mean seminiferous tubule diameter (MSTD) was calculated in μm. Spermatogenesis and testicular damage were evaluated histopathologically using Johnsen's mean testicular biopsy score (MTBS) criteria (Johnsen, 1970). A score of 1–10 was given to each tubule according to epithelial maturation (1, no cells; 2, Sertoli cells without germ cells; 3, only spermatogonia; 4, only a few spermatocytes; 5, many spermatocytes; 6, only a few early spermatids; 7, many early spermatids without differentiation; 8, few late spermatids; 9, many late spermatids; 10, full spermatogenesis). For these evaluations, MSTD and MTBS were calculated in 50 tubules of each testis using an Olympus CX31 microscope. At the same time, the testicular sections were observed and the mean numbers of spermatogonia, spermatocytes, spermatids, and Sertoli cells in each tubule were calculated (Karaca et al., 2015).

Transmission Electron Microscopy

A part of the right testis (from the same five controls and six treated animals randomly selected above) was cut into pieces (2 × 2 mm) and fixed in 2.5% glutaraldehyde (pH = 7. 4) for 6–8 h at 4°C. They were washed and post fixed in 2% OsO4 for 1 h, at 4°C. The tissue was dehydrated through ascending grades of ethanol and embedded in araldite CY212. Semi thin sections (1 μm) were cut and stained with toluidine blue. Ultra-thin sections (60–70 nm) were cut and stained with uranyl acetate and alkaline lead citrate.

Immunohistochemistry

Paraffin imbedded tissues were cut into three μm sections and stained immunohistochemically using (EnVision™ + Dual Link System-HRP (DAP+) a kit purchased from Dako (USA). The sections were deparaffinized by xylene, rehydrated in graded ethyl alcohol (100, 95, and 75%) and washed with tap water. Antigen retrieval was conducted by 1 mM Ethylenediaminetetraacetic acid (EDTA) (pH 9.0) in a 95°C water bath for 30–40 min. Tissue area on the slides was circled using a hydrophobic pin (Dako, USA). The activity of endogenous peroxidases was blocked by Dual Endogenous Enzyme Block (Dako, USA) for 10 min. The slides were washed in PBS twice and incubated with anti-VEGFR1 primary antibody (ab81321; Abcam, UK) in a dilution of 1:100 at 4°C overnight. The slides were washed twice in PBS prior to their incubation with Labeled Polymer-HRP (Dako, USA) as a secondary antibody for 30 min at room temperature. Another washing step in PBS was needed for 5 min, followed by incubation with substrate chromogen solution (20 μl DAB + chromogen diluted in 1 ml DAB + substrate buffer; Dako) for 5–10 min. The following step was counterstaining using hematoxylin solution, which was added for 1–2 min. Then dehydration of tissues was done using graded ethanol (75, 95, and 100%) and xylene. Finally, the slides were mounted using DPX (Di-n-butyl phthalate in Xylene; Sigma, USA). Tissues were visualized using a light microscope (Nikon H600L) with digital camera (DS-Ri2). The imaging software used was NIS Elements version 4.40. The negative control was prepared using exactly the same procedure but with the replacement of the primary antibody with PBS.

Drugs, Chemicals, and Kits

Alkaline phosphatase kit was purchased from Human GmbH, Wiesbaden, Germany, and kits for catalase, glutathione reductase, and SOD from BioVision Incorporated, Milpitas, CA, USA. The kits for testosterone, LH and estradiol-17 beta were obtained from DRG Instruments, GmbH, Marburg, Germany. All other chemicals used were of the highest grade commercially available.

Statistical Analysis

Values reported are mean ± standard error of the mean (SEM). Statistical significance of the data was assessed by the unpaired Student's test, using GraphPad, Prism software, version 5. To determine whether parameters were normally distributed, the KD normality test was applied, and p < 0.05 were considered significant.

RESULTS

The 6 month exposure to WPS did not change significantly the body or testicular weight of mice (Table 1).


Table 1. Some basic physiological indices of control mice and mice exposed to WPS for 30 min/day for 6 months.
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As shown in Figure 1, the plasma concentrations of testosterone (p < 0.01) and estradiol (p < 0.05) were significantly lowered in mice exposed to WPS, compared with those that were exposed to normal air. The plasma concentration of LH was slightly but significantly elevated (p < 0.05).
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FIGURE 1. The plasma concentrations of testosterone, luteinizing hormone (LH) and estradiol following air exposure (AE) of control mice (open columns), and water-pipe smoke (WPS) exposure for 30 min/day for 6 months (filled columns). Each column and vertical bar represent the mean ± SEM (n = 10–11 mice in each group).



The 6 month exposure to WPS significantly lowered in the testicular concentrations and activities of indices of oxidative stress, those include glutathione reductase (p < 0.05), catalase (p < 0.0001), and total ascorbic acid (p < 0.0001). However, SOD activity was slightly but significantly increased by the WPS (Figure 2).
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FIGURE 2. Ascorbic acid concentration and catalase, glutathione reductase and superoxide dismutase (SOD) in testicular homogenates following air exposure (AE) of control mice (open columns), and water-pipe smoke (WPS) exposure for 30 min/day for 6 months (filled columns). Each column and vertical bar represent the mean ± SEM (n = 10–11 mice in each group). P < 0.05 was considered significant.



WPS exposure significantly decreased the testicular concentration of protein (p = 0.003), increased alkaline phosphatase activity (p < 0.001), and slightly but significantly elevated total cholesterol concertation (Figure 3).


[image: image]

FIGURE 3. The total protein and cholesterol concentrations, and the activity of alkaline phosphatase in testicular homogenates following air exposure (AE) of control mice (open columns), and water-pipe smoke (WPS) exposure for 30 min/day for 6 months (filled columns). Each column and vertical bar represent the mean ± SEM (n = 10–11 mice in each group). P < 0.05 was considered significant.



As shown in Figure 4, the plasma concentration of leptin was significantly decreased by WPS (p < 0.01), whereas that of TNF α was significantly increased (p < 0.05). The testicular concentration of IL-6 was also significantly increased (p < 0.01).
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FIGURE 4. The concentrations of leptin, tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) in plasma following air exposure (AE) of control mice (open columns), and water-pipe smoke (WPS) exposure for 30 min/day for 6 months (filled columns). Each vertical column and bar represent the mean ± SEM (n = 10–11 mice in each group). P < 0.05 was considered significant.



Figure 5 depicts the histology of the testicular tissues in mice exposed to either air (control) or WPS. The Figures 5A,B for control animals show photomicrographs of normal testicular structure with normal diameter and spermatogenesis (thick arrows, The Figures 5C,D for WPS-exposed mice show photomicrographs of testes with a marked reduction in the diameter of the seminiferous tubules with reduced spermatogenesis (thick arrows). Some tubules show destroyed lining and deposition of eosinophilic material in the lumen of seminiferous tubules (dashed arrows). The Johnsen score and the diameter of the tubules in the seminiferous tubules from the WPS-exposed mice were significantly decreased when compared with the normal values obtained from mice exposed to air only.
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FIGURE 5. Representative photomicrographs of a Hematoxylin-Eosin stained sections of testicular tissue obtained following air exposure (AE) of control mice (A,B), and water-pipe smoke (WPS) exposure (C and D) for 30 min/day for 6 months. Control mice showed normal spermatogenesis (A,B), whereas those from mice exposed to WPS showed signs of damage (A,B). The tubule diameter and the Johnson's score were both significantly decreased by the exposure to WPS (p < 0.05).



Figure 6 shows the transmission electron microscopy photomicrographs of the testicular tissues in mice exposed to either air (control) or WPS. The testes in the control group showed normal basement membranes (single arrows) and normal structure of the spermatozoa (double arrows). The electron micrograph of the WPS group showed irregular thickening and wrinkling of the basement membranes (single arrow) with abnormal shapes and structures of the spermatozoa (double arrows).
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FIGURE 6. Transmission electron microscopy testicular tissue photomicrographs from a representative control mouse (exposed to air only, A) and a representative mouse exposed to water-pipe smoke (WPS, B) for 30 min/day for 6 consecutive months. The photomicrograph in the control group (A) showed normal basement membranes (single arrows) and normal structure of the spermatozoa (double arrows). The electron micrograph of the WPS group (B) showed irregular thickening and wrinkling of the basement membranes (single arrow) with abnormal shapes and structures of the spermatozoa (double arrows).



The results obtained from the immunohistochemistry staining of the testis revealed that VEGFR1 was overexpressed in the testis of the mice exposed to WPS, but was not detected in control mice exposed to air only (Figure 7).
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FIGURE 7. Representative images for the expression of the vascular endothelial growth factor receptor 1 (VEGFR1) in testicular tissues in control mice exposed to air, and mice exposed daily for 30 min to water-pipe smoke (WPS) for 6 months. VEGFR1 was overexpressed in the testes of the mice treated with WPS, and was not detected in the control not treated mice. The scale bar equals 50 μm.



The concentration of cotinine was significantly increased in the plasma and urine of mice exposed to WPS for 6 months compared with those exposed to air (Figure 8).


[image: image]

FIGURE 8. The concentrations of cotinine in plasma (A) and urine (B) following air exposure (AE) of control mice (open columns), and mice exposed to water-pipe smoke (WPS) for 30 min/day for 6 months (filled columns). Each vertical column and bar represent the mean ± SEM (n = 6 mice in each group). p < 0.05 was considered significant.



DISCUSSION

In this work, exposure of mice to WPS for 6 months significantly lowered most of the protective antioxidant indices in the testes, and reduced the plasma concentrations of testosterone, estradiol, and slightly but significantly increased that of LH. VEGFR1 was overexpressed in the testes of the mice exposed to WPS and was not detected in the controls. A previous study showed that VEGF and its receptors VEGFR1 and VEGFR2 were expressed in the Leydig cells of the testes beside their usual expression in endothelial cells, and VEGFR1 in particular was shown to be expressed in certain spermatogenic cells (15). A more recent study showed that testes ischemia caused an increase in VEGFR1 mRNA which led to histological damage and reduced spermatogenic activity (Minutoli et al., 2012). Our present finding indicates that the increase in VEGFR1 levels in testicular tissues from WPS - exposed mice was a result of testicular damage, and may suggests an indicator of infertility. Since VEGFR1 is the main tyrosine kinase related to reduced spermatogenic activity in the testicular cells (Minutoli et al., 2012), it could be inferred that the WPS exposure may have caused an increase in the FLT1 gene expression as seen by the increase in VEGFR1 protein which is related to infertility (15)

However, these actions were not accompanied by any significant change in the body or testicular weight. This suggests that the exposure of male mice to WPS for 6 months causes more severe adverse actions on the reproductive system of mice than those reported following a 1-month exposure (Ali et al., 2015). If this can be confirmed in humans, it would be an additional serious public health concern, especially with the increased use of WPS all over the world, especially in young adults.

This work examined the actions of WPS on the oxidant system in testicular homogenates. Enzymatic and non-enzymatic testicular antioxidants can function to terminate the regeneration of reactive oxygen species (ROS) in the oxidation of fats, and both inhibition and activation of proteins. Testicular oxidative stress is thought to be behind several cases of reproductive toxicities and infertility in humans and animals (Aitken and Roman, 2008; Turner and Lysiak, 2008). We found that the activities of the testicular antioxidant enzymes (e.g., glutathione reductase, CAT, but not SOD) and non-enzymatic antioxidant (e.g., total ascorbic acid) were significantly decreased in the WPS-exposed mice, when compared with the antioxidants in the air-exposed (control) group. It is established that those antioxidants are involved in the recycling of the detrimental effects of free radicals and free forms of oxygen (Noblanc et al., 2011; Nathan and Cunningham-Bussel, 2013). We have recently reported significant reductions in the testicular antioxidants in mice exposed to WPS for 1 month (Ali et al., 2015). A more marked reduction in these antioxidants has been observed in the current experiment with a longer exposure time. This action indicates that these affected testes would be susceptible to the adverse and potentially toxic actions of WPS and other xenobiotics, resulting in impaired cell function, cell death, and infertility. Administration of nicotine (0.5 and 1 mg/kg orally) to rats for 30 days has been shown to significantly lower many parameters of the antioxidant profile in plasma (Oyeyipo et al., 2013, 2014). The significant diminutions that we have observed in testicular antioxidants in mice exposed to WPS for 180 days could be due to nicotine solely, or/and to other components in the WPS, and this warrants further studies. It is well known that perinatal and postnatal nicotine by itself can interfere with normal sexual development in humans and rodents, probably through disruption of sexual hormones (Gyekis et al., 2010).

As far as we are aware, there are no reports in the literature on the effect of WPS on reproductive hormones except for our previous study in which we exposed mice to WPS for 30 days (Ali et al., 2015). In this work using 6 months of exposure, statistically significant decreases in plasma testosterone and estradiol concentrations were found, probably suggesting an inhibition in the hormone synthesis pathways and/or diminished responsiveness of Leydig cells to LH. Decreased testosterone level is expected to lead eventually to suppression of reproductive activities. Contrary to the previous work, however, LH concentration was slightly but significantly elevated (Ali et al., 2015). The latter effect has also been reported before in mice following arsenic-induced testicular toxicity (Souza et al., 2016). The increased concentration of LH with diminished circulatory testosterone levels in experimental mice may suggest an intact pituitary–testicular axis (Souza et al., 2016). The literature on the effect of cigarette smoking on testosterone is at variance, as shown in a recent review article (Zhao et al., 2016). Most of the published papers found that smokers had higher mean testosterone than non-smokers in men, and no clear effect on women. This has been explained by hypothesizing that nicotine and/or its metabolites have a common disposal pathway with androgenic hormones, and so can competitively inhibit androgen disposal (Zhao et al., 2016). However, in our work, the urinary excretion of nicotine metabolite was significantly enhanced, and we also found slight but significant decreases in both testosterone and estradiol concentrations in plasma, and no significant effect on LH. Our results are in agreement, however, with a recent report which found that rats exposed to cigarette smoke, had lower testosterone level than the controls (Aprioku and Ugwu, 2016). These findings are also difficult to reconcile with the small but significant increase in total cholesterol in the testes.

In several studies in cigarette smokers, increased circulatory levels of reproductive hormones have been reported, and it has been suggested that this action depends on several factors that include the number of cigarette packs smoked, and the duration of smoking (Jeng et al., 2014). As far as we are aware, no similar data have been obtained after using WPS in humans. However, the decrease in estradiol plasma concentration after WPS exposure was different from previous epidemiological reports in human smokers, which indicated enhanced endogenous estrogen concentration (Barrett-Connor and Khaw, 1987; Jeng et al., 2014). The reasons for the discrepancy are not known.

In this work, WPS exposure for 6 months significantly decreased the plasma concentration of the hormone leptin. Leptin is now established to play an important role as a neuroendocrine mediator in the reproductive system, by regulating different elements of the hypothalamic–pituitary–gonadal axis (Vázquez et al., 2015), and decreased leptin levels in plasma are known to be linked to lower fertility in both male and female subjects. In the present work, WPS exposure for 6 months resulted in a significant decrease in leptin plasma concentration, an action that is consistent with the decreased reproductive hormones in plasma, and the significant lowering of the antioxidant parameters in testicular homogenates. The reduction in the plasma leptin level after CS has been suggested to be linked to increased concentration of plasma catecholamines (Ali et al., 2012). Conversely, it has been reported that nicotine in CS actually raises plasma leptin concentration (Ali et al., 2012). In this work, there was no clear association between the observed reduced leptin concentration and body weight, as expected. The percentage increase in body weight of mice exposed to WPS was less than in the normal control, but this was not statistically significant due to the wide variations in the results, and the relatively small sample size used. Nicotine is established to increase the body's energy expenditure and could reduce appetite, which is why smokers have lower body weight than non-smokers.

We measured here the testicular concentration of cholesterol in mice exposed to WPS and to air because cholesterol is established to be the starting point of steroid hormone synthesis, and a modulator of male and female reproductive physiology. However, no significant effect on cholesterol testicular concentration was detected. A similar finding was reported before in male chickens treated with the nitrofuran antimicrobial agent furazolidone (Ali et al., 1984), probably suggesting that testicular total cholesterol concentration might not be as sensitive as other markers of testicular damage. The significant increase in testicular alkaline phosphate activity, as well as the slight but significant decrease in total protein following WPS exposure represents another evidence of testicular cells disruption.

Some of our results showed a relatively high degree of variability between the air–exposed (controls) and the WPS–exposed groups. These variations may be ascribed to the variation among the relatively small number of mice used in each group (n = 10–11), environmental (seasonal) changes, or other unknown factors. Also, some values reported here (viz. for ascorbic acid and LH) are different from that in our previous paper where mice were exposed to WPS for 1 month (Ali et al., 2015). This may be due to the fact that ascorbic acid was measured by an HPLC method in our previous paper (Ali et al., 2015), and by an ELISA method in the present work. The variation in the control value of LH may be due to seasonal changes, or to other unknown factor.

No noticeable gross or histological changes in the testes of mice exposed to WPS for 1 month were observed (Ali et al., 2015). However, after 6 months of exposure to WPS, histopathological analysis of the testes revealed the presence of a marked reduction in the diameter of the seminiferous tubules with reduced spermatogenesis. Transmission electron microscopy examination showed irregular thickening and wrinkling of the basement membranes with abnormal shapes and structures of the spermatozoa. VEGFR1 was overexpressed in the testis of the mice exposed to WPS and was not detected in the control. This may suggest that the level of WPS insult on the testes was not enough to induce light microscopic alterations in exposure of mice to WPS for 1 month, but was sufficient to produce clear histopathological changes after exposure to WPS for 6 months.

Cotinine, the predominant metabolite of nicotine, has a long half-life (20 vs. 2 h for nicotine), and is, consequently, used as a biomarker for tobacco smoke exposure (Mattes et al., 2014). Here, we found a significant increase of cotinine in plasma and urine of mice exposed to WPS compared with those exposed to air. The overall concentrations of cotinine were much higher in urine than in plasma. Moreover, the percentage increase of cotinine in in the urine was much greater than that observed in plasma of the WPS group. The latter suggests that cotinine produced from the metabolism of nicotine is rapidly eliminated in the urine.

It can be concluded that, exposure of mice to WPS for 6 months induced several alterations, including testicular oxidative stress and significant decreases in plasma testosterone and estradiol concentrations, in addition to some light- and electron microscopic histopathological changes in the testes. Moreover, we found a significant increase of cotinine in the urine of mice exposed chronically to WPS. More studies on the functional consequences of WPS exposure on semen, and on the effect of extended duration of exposure to WPS, and the identification of the chemicals in WPS that may be responsible for these adverse effects are needed.
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