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Abstract

:

In some African and Asian countries, Azadirachta indica (AI) has been fed to livestock for decades and traditionally used to treat certain animal and human diseases. Recently, there are suspicions that the plant may possess anti-reproductive properties and concerns that the continued use of AI as forage or for folkloric medicine may detrimentally affect reproduction in the subjects. To address these challenges, this work determined the reproductive and fertility effects of a methanolic seed extract of AI (MSEAI) using adult female albino rats (AFARs) as an experimental model. Sixty-four AFARs were randomly assigned into four groups (A–D) of sixteen rats each. Group A was the control while groups B, C and D were treated daily with 50, 100 and 200 mg/kg of MSEAI respectively, for 28 consecutive days via oral gavage. Blood samples were collected for hormonal and biochemistry assays. Ovarian samples from the experimental rats were harvested for histopathological studies. Thereafter, the remaining experimental rats were bred, and certain fertility indices determined. The mean serum FSH and LH levels were significantly decreased (p ≤ 0.05) in the 100 and 200 mg/kg groups. The histopathological studies revealed massive follicular degeneration in the 100 and 200 mg/kg treatment groups. The fertility indices indicated that the post-implantation survival index was 100% in the control and 0% in the 200 mg/kg treatment group. No abortion occurred in the control and 50 mg/kg groups, but 25% and 100% of the pregnant does aborted in the 100 and 200 mg/kg treatment groups, respectively. Considering that high doses (100 mg/kg and 200 mg/kg) of MSEAI had significant anti-reproductive and antifertility properties, the use of AI as forage or for ethnoveterinary medicine in breeding females may adversely affect their reproductive potentials. However, the anti-reproductive and antifertility effects could be utilized in rodent depopulation programs in animal agriculture and as a contraceptive to limit the proliferation of stray dogs, known to be reservoirs of the rabies virus in developing countries. Moreover, the MSEAI could be further refined for human use as an effective, cheap, eco-friendly and acceptable alternative to synthetic/modern contraceptives, the use of which is limited in developing nations due to superstitious beliefs and their multiple side effects.






Keywords:


Azadirachta indica; contraceptive; antifertility; anti-reproductive effects; methanolic seed extract; albino rats












1. Introduction


Medicinal plants are very useful, being able to prevent and cure various diseases, in both humans and animals [1,2]. Consequently, the use of Azadirachta indica (AI) as an alternative to synthetic drugs has recently gained popularity in developing countries due to its availability, affordability and reduced side/toxicity effects [3,4,5]. AI, also known as Neem, Nimtree or Indian lilac, is a fast-growing tropical evergreen tree and a well-known plant in the family of mahogany called Meliaceace.



Although not a conventional forage plant, the evergreen and drought-tolerant capabilities of AI make the plant readily available as livestock feed during dry seasons, especially in northern Nigeria and other part of the Sub-Saharan Africa (SSA) [6]. In these regions, livestock (ruminant) farming is mostly organic and their feeding is largely dependent on the availability of pasture (forage/fodder) [7,8]. Pasture is usually scarce during the dry season in SSA as a result of prolonged droughts and desertification occasioned by climate change [7]. Additionally, AI is believed to possess various medicinal values, which has led to its use in the traditional treatment of animal and human ailments, particularly as an antibacterial and anti-parasitic (anthelmintic and anti-malaria) agent [9,10,11,12,13,14,15].



However, recent emerging evidence suggests that various parts and fractions of AI may possess both anti-reproductive and antifertility properties in both male and female animals [16,17,18]. These acclaimed antifertility and anti-reproductive properties of AI could adversely impact on the reproduction of food-producing animals or even humans, when the plant is used as forage or for the traditional treatment of diseases [6,19]. Since the productivity (meat, milk, hides and skin), reproducibility (conception and parturition rates) and the overall profitability of the livestock industries largely depend on the nutritional and health statuses of the animals, the use of AI as a feed or for treatment may be counterproductive, due to the possible devastating reproductive effects [20]. Given that livestock farmers in SSA are compelled to salvage their animals by feeding them AI during droughts, and considering that the therapeutic use of ethnoveterinary drugs has been gaining momentum in Africa in recent times [1], there is need to ascertain the anti-reproductive and antifertility properties of AI in order to provide evidence-based advice on the use of the plant as forage or for the treatment of breeding animals. The anti-reproductive and antifertility effects of a methanolic seed extract of AI (MSEAI) could be utilized in rodent depopulation programs especially in poultry and livestock farms. Rats and other rodents contribute to the increased cost of production in animal agriculture as they consume animal feed and transmit diseases in the process [21]. Most rodenticides currently used for depopulating rodents in farms are toxic, non-biodegradable and/or environmental pollutants [22].



Beside the provision of fact-based reproductive advice to farmers, the need for an effective birth control regimen that could be readily acceptable in developing countries has warranted research efforts to find locally made contraceptive drugs for birth control, particularly in resource-limited settings [23,24,25]. Such a birth control remedy should be effective, safe, cheap and eco-friendly, so that it can offer an acceptable alternative to synthetic/modern contraceptives, which have limited acceptance in Africa and some other developing countries due to their side effects and drug idiosyncrasy [23,24,25,26,27]. These undesirable health problems/side effects include menstrual changes (heavier bleeding, amenorrhea or oligomenorrhea), excessive weight gain or obesity, headaches, dizziness, nausea, abdominal cramps, cardiovascular abnormalities, cholelithiasis, gastric disorders, childbirth complications, contraception failures and carcinoma of the breast/cervix [27,28,29]. Additionally, these contraceptives could be used in non-breeding females, where conception and parturition are not desired, particularly bitches domesticated as pets or security guards. Most importantly, the contraceptives could be utilized to control the proliferation of stray and feral dog populations, known to be major reservoirs of the rabies virus in most developing countries [30,31,32].



Though there have been few reports on the reproductive effects of AI; neither the anti-reproductive/fertility properties of MSEAI nor the mechanisms of action of this extract have been fully elucidated. In view of this, this study evaluated the effects of MSEAI on the reproductive indices, reproductive hormones, serum biochemistry and ovarian histology of treated female albino rats.




2. Materials and Methods


2.1. Ethical Approval


The Institutional Animal Care and Use Committee (IACUC) of the University of Nigeria, Nsukka granted the ethical clearance for this research (FVM-UNN-IAUCC-2020-0344). The experimental animals were humanely handled in line with guidelines provided by IAUCUC and the National Research Council for the care and use of experimental animals in research [33].




2.2. Neem-Seed Oil Extraction


After identification of the neem tree by a plant taxonomist, the fruits/seeds were harvested, before being authenticated by the same taxonomist. A voucher specimen (PSB/2018/4506/22) was then deposited at the herbarium section in the Department of Plant Science and Biotechnology, University of Nigeria, Nsukka. The harvested AI seeds were sundried to a constant weight and 300 g were weighed out and pulverized. The cold maceration method of neem seed oil extraction, using different solvents (hexane, chloroform and methanol), as described by Attia et al. [34], was carried out. The pulverized seeds were immersed in one liter of each solvent (100%), first with the non-polar solvent “hexane”. The suspension was left on the bench for 72 h at 25 °C but was vigorous agitated for five minutes every six hours. Thereafter, the supernatant was recovered by filtration. The supernatant was concentrated by allowing it to stand for 72 h at 37 °C. The process was repeated for chloroform and methanol using the residues obtained from each step. A concise summary of the experimental protocol of this study is schematically presented in Figure 1.




2.3. Experimental Animals and Study Design


In this study, 64 adult female and 8 male rats weighing 183 ± 2.8 g on average were used for the research. The rats were housed in meshed stainless cages at the Animal House Unit of the Department of Veterinary Obstetrics and Reproductive Diseases, University of Nigeria, Nsukka. The rats were acclimatized for 14 days under room temperature (19–24 °C at night and 25–35 °C during the daytime). The rats had unlimited access to commercial feed (TOP® feed broiler starter, 19% crude protein, 3.3 metabolizable energy/Kg) and clean drinking water, which were provided daily. A factorial study design comprised of four treatment groups (A–D) in which each group was replicated four times was used in the study as presented in Figure 2. Rats in group A served as the control while 50, 100 and 200 mg/kg of MSEAI were daily administered to rats via oral gavage in groups B, C and D, respectively. The adult male albino rats (AMARs) were housed in a separate cage and were used only during the fertility study.




2.4. Toxicity Test


The acute toxicity test was performed to determine the LD50 (dose of the extract that can cause mortality in 50% of the rats and hence the toxicological safety of MSEAI) as described by Lorke [35]. The experiment comprised 2 stages using 12 rats. The first phase involved nine rats grouped into three groups of three rats each. Groups 1, 2 and 3 received 10 mg/kg, 100 mg/kg and 1000 mg/kg of the MSEAI, respectively. They were monitored for signs of toxicity or mortality for 24 h. Since there was neither mortality nor any observable sign of toxicity, a second phase of the study involving only three rats was performed. During this second phase, rats 1, 2 and 3 were dosed 1600 mg/kg, 2900 mg/kg and 5000 mg/kg, respectively. Again, the animals were monitored for mortality and signs of toxicity for 24 h to determine the LD50.




2.5. Blood Sample Collection


Blood samples for baseline data were collected from 4 randomly selected rats from each treatment groups on day 0 without replacement, for serum hormonal and biochemical assays. The blood sample collection was done through the left medial canthus by capillary action into a glass capillary tube coated with Ethylene-diamine-tetraacetic acid (EDTA), for haematology. On the other hand, 2 mL of blood samples were collected and transferred into a sterile container for serum biochemical assays. The daily dosing of the animals commenced the same day, immediately after the bleeding. On days 14 and 28 post-treatment, sample collections were repeated for the above-stated assays.




2.6. Hormonal Assays


Serum estradiol concentrations were determined using the microplate enzyme immunoassay (EIA) test kit (Monobind, Lake Forest, CA, USA). The estradiol EIA is based on the principle of competitive binding between estradiol in the test specimen and estradiol-HRP enzyme conjugate for a constant amount of rabbit anti-estradiol antibody [36]. The lower limit of detection for estradiol was 8.2 pg/mL. Likewise, Serum FSH and LH concentrations were determined using the microplate immunoenzymetric assay test kit (Monobind, Lake Forest, CA, USA). The FSH and LH Quantitative Tests were based on a solid phase enzyme-linked immunosorbent assay (ELISA). The assay system utilizes a mouse monoclonal anti-α-FSH (LH) antibody for solid phase 2 (microtitre wells) immobilization and another mouse monoclonal anti-β-FSH (LH) antibody in the antibody-enzyme (HRP) conjugate solution [36]. For these quantitative hormonal assays, the lower limit of detection for FSH and LH were 0.134 mIU/mL and 0.054 mIU/mL, respectively.




2.7. Serum Biochemistry Assays


Serum total protein (TP) was determined by photometric test according to Biuret method [37]. Total cholesterol (TC) was determined based on the principle of enzymatic hydrolysis and oxidation [38]. Similarly, Serum triglyceride concentrations were determined on the basis of enzymatic splitting with lipoprotein lipase as described by Cole et al. [39]. These biochemical analyses were performed using a commercial kit (Dialab®, Wiener Neudorf, Austria) according to the manufacturer’s instructions. The HDL and LDL concentrations were determined using the total cholesterol enzymatic precipitating method and cholesterol LDL precipitating method, respectively [40,41]. The HDL and LDL Cholesterol Precipitating commercial kits (Labkit, Chemelex, Barcelona, Spain; BioSystems, Barcelona, Spain) were used to determine serum HDL and LDL, respectively.




2.8. Histopathological Examination


The ovarian histopathological study was performed as described by Slaoui and Fiette, 2011 [42] with slight modifications. Forty-eight ovarian tissue samples, totaling 12 ovaries per group (four each at day 0, 14 and 28), were fixed in buffered normal saline and dehydrated by passing them through graded alcohol (70%, 80%, 90% and 100%) for two hours in each alcohol percentage. The dehydration in absolute (100%) alcohol was repeated before the tissues were cleared in chloroform overnight. Thereafter, the tissues were infiltrated with paraffin wax before they were embedded (paraffin wax) using an embedding machine. Upon solidification, the embedded tissues were trimmed, mounted on wooden blocks and labelled accordingly. The embedded tissues were then placed on a microtome and sections of five-micron thickness were made and floated on a warm water bath (45 °C) to remove the wrinkles on the cut sections. A clean glass slide was used to pick up each of the sections and oven-dried at 70 °C to remove the water and obtain the sections to adhere to the slides. The slides were then de-waxed with xylene. The xylene was removed with alcohol and the alcohol removed by rinsing the slides in water. Finally, the slides were stained with hematoxylin for 30 min and counterstained with eosin for 30 min. The stained slides were taken through a series of alcohol solutions to remove the water and then through xylene before DPX (Dibutylphthalate Polystyrene Xylene) mountant was applied. Finally, cover slips were placed on the stained tissues on the slides. The slides were allowed to air-dry, after which every fifth section was viewed and analyzed under a light microscope and then photographed with a Motic digital camera.




2.9. Fertility Studies


After sample collection on day 28, two males were assigned to the 4 remaining female rats in each group, for mating. The presence of copulatory plugs, yellowish protein coagulates, which are evidence of mating in rats, was determined daily for 21 days according to the method reported by Ochiogu et al. [43]. Additionally, the body weight (in grams) of each female rat was determined every two days during the fertility study to detect speedy weight gain indicative of pregnancy. The number of fetuses born alive (NFBA) was determined for females who conceived and had parturition successfully. Thereafter, the dams were humanely sacrificed (chloroform gas inhalation in an enclosure) for determination of other reproductive and fertility indices such as numbers of fetal attachment sites, resorption sites, implantation sites and corpus luteum. The percentage resorption, percentage abortion and post implantation survival index (PISI) were computed from these indices, as shown in Figure 3.




2.10. Statistical Analysis


Data analysis was performed using mixed Analysis of Variance (ANOVA) with repeated measures via a general linear model. Treatment doses and duration as well as the interaction between treatment and time were compared for each of the parameters of interest. Where there were significant differences, the differences between the means were compared using Fisher’s Least Significant Difference (LSD) post hoc multiple comparisons. Similarly, data obtained from group fertility indices were analyzed descriptively. Statistical significance was accepted at p ≤ 0.05. All the analyses were performed using IBM® SPSS statistical package version 23 (SPSS Inc., Chicago, IL, USA) at a 5% probability level.





3. Results


3.1. Neem Seed Oil Extraction and Toxicity Testing


The 300 g of the pulverized AI seeds yielded 33.79% crude oil extract. The hexane, chloroform and methanol fractions yielded 18.37%, 4.85% and 10.57% crude oil extracts, respectively. Thus, hexane gave the highest yield, followed by methanol and then chloroform, as shown in Table 1. The rats showed no observable signs of toxicity or adverse health effects even up to three days post-treatment with MSEAI at 5000 mg/kg.




3.2. Hormonal Profiles


3.2.1. Mean Serum Estradiol


The effects of MSEAI on the mean estradiol values of the experimental rats are shown in Figure 4. Analysis of the hormonal profiles of female albino rats showed that there was no significant interaction between the treatment concentration (group) and duration of treatment (time) on the mean serum estradiol concentration, F (6, 24) = 0.105, p = 0.996, partial n2 = 0.026. No significant differences were observed across the groups.




3.2.2. Mean Serum Follicle Stimulating Hormone


The effects of MSEAI on the FSH values of the experimental rats are shown in Figure 5. Statistically, there was no significant interaction between the treatment concentration (group) and duration of treatment (time) on the mean FSH concentration, F (6, 24) = 1.095, p = 0.394, partial n2 = 0.215. However, there was a significant main effect of group on the mean FSH, F (3, 12) = 1.238, p = 0.050, partial n2 = 0.236, and pairwise comparisons between groups showed a significant decrease in the mean FSH in group D when compared to group A on day 28 at p = 0.006. The simple main effect for time on the mean FSH was significant, F (2, 24) = 3.770, p = 0.038, partial n2 = 0.239, and pairwise comparisons for time showed a significant decrease in the mean FSH within group D on day 28 when compared to day 0 at p = 0.006.




3.2.3. Mean Serum Luteinizing Hormone


The effects of MSEAI on the mean LH values of the experimental rats are shown in Figure 6. Statistical analysis showed that there was no significant interaction between the treatment concentration (group) and duration of treatment (time) on the mean LH concentration, F (6, 24) = 0.301, p = 0.930, partial n2 = 0.070. Nevertheless, there was a significant main effect for group, F (3, 12) = 3.159, p = 0.050, partial n2 = 0.441 and pairwise comparisons for groups showed that there was a significant decrease in the values of LH in groups C and D when compared to group A on day 28 at p = 0.012 and 0.039, respectively. Similarly, the simple main effect for time was significant, F (2, 24) = 4.849, p = 0.017, partial n2 = 0.288 and pairwise comparisons for time showed that, within group D, there was a significant decrease in the mean LH values on day 28 when compared to day 0 at p = 0.037.





3.3. Serum Biochemistry


3.3.1. Mean Serum Total Protein


The effects of MSEAI on the mean serum TP values of the experimental rats are shown in Table 2. Statistical analysis showed a significant interaction between treatment concentration (group) and duration of treatment (time) on serum total protein, F (6, 24) = 3.394, p = 0.015, partial n2 = 0.456. Analysis of simple main effects for groups showed that there was a significant main effect for treatment concentration (group) on total protein, F (3, 12) =1.849, p = 0.05, partial n2 = 0.316 and pairwise comparisons for group showed that, on day 14, there was a significant decrease in the mean serum total protein values in groups B, C and D when compared to the control group at p = 0.049, 0.033 and 0.01, respectively. Similarly, analysis of the simple main effect for time showed a significant main effect for time on serum total protein, F (2, 24) =21.341, p = 0.000, partial n2 = 0.640 and pairwise comparisons for time showed that, within groups B and C, there was a significant decrease in the mean serum total protein levels on day 14 when compared to days 0 and 28 at p = 0.036 and 0.018, respectively. For group D, there was a significant decrease in total protein levels on day 14 compared to days 0 and 28 at p = 0.000.




3.3.2. Lipid Profile


The effects of MSEAI on the mean serum total cholesterol, triglyceride, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) of the treated rats are presented in Table 3. There was a dose-dependent increase in the serum level of HDL across the treatment groups on day 28 (Table 3). However, statistical analysis showed no significant variations (p ≥ 0.05) in the mean serum total cholesterol, triglyceride, LDL and HDL across the experimental groups at days 0, 14 and 28.





3.4. Effects of MSEAI on Ovarian Histology


The results of the ovarian histology are presented in Figure 7. The normal presence of corpora lutea (CL) and follicles at various stages of development, including primary follicles (PF), secondary follicles (SF) and tertiary follicles (TF) were observed in groups A (control) and B (50 mg/kg) when compared to groups C and D. This was indicated by the abundance of developing follicles in groups A and B; however, groups C (100 mg/kg) and D (200 mg/kg) had a decreased number of developing follicles and an increase in the presence of degenerating follicles (DF). In fact, group D (200 mg/kg) had an increased abundance of degenerating follicles (DF) compared to all the other groups.




3.5. Effects of the MSEAI on Reproductive and Fertility Parameters


The results of the effect of MSEAI on the fertility indices are presented in (Table 4). The post-implantation survival index (PISI) was 100% in the control and 0% in the 200 mg/kg treatment group. No fetal resorption occurred in the control, but 3.1% and 28.9% resorption were recorded in the 100 mg/kg and 50 mg/kg groups, respectively. Abortion was not recorded in the control and 50 mg/kg groups; however, 25% and 100% of the pregnant does aborted in the 100 mg/kg and 200 mg/kg treatment groups on day 5 post evidence of mating. Abortion was evident by the presence of frank blood in the vagina of the female rats.





4. Discussion


The significant decrease in FSH and LH values among the treated groups as well as the time- and dose-dependent negative effects observed on day 28 of treatment in this study showed that AI possesses anti-reproductive properties in the female. These findings are in tandem with those of some researchers who reported a dose-dependent decrease in the levels of these hormones at various doses. Amabe et al. [44] reported that Wister rats treated with 200 mg/kg and 400 mg/kg body weight of leaf extract of AI exhibited a decrease in LH and FSH levels. Ekaluo et al. [45] also reported a significant reduction in FSH and LH values in male rats treated with 50, 100 and 150 mg/kg body weight of aqueous leaf extract. Similarly, Roop et al. [46,47] reported that 3 and 6 mg/kg of non-polar and polar fractions of AI adversely affected folliculogenesis by significantly reducing the total number of normal follicles in the ovary. These are consistent with our result because there cannot be a marked reduction in the number of normal follicles without a commensurate decrease in FSH production and hence the level in the body. In the reproductive physiology of the female, FSH is responsible for the stimulation of follicular growth, maturation of ovarian follicles, production of estradiol and biosynthensis of estrogen from granulosa cells [48,49]. On the other hand, ovulation or the release of matured oocytes into the oviduct occurs as a result of a huge burst of LH secretion, known as the pre ovulatory LH surge [50]. Therefore, the significant reduction in the serum levels of FSH and LH found in this study implies that MSEAI may have impeded these aforementioned reproductive processes and this lends credence to the anti-reproductive and antifertility effects of AI.



The time- and dose-dependent anti-reproductive and antifertility properties of MSEAI found in this study underscore the need to discontinue prolonged (≥28 days) use of AI as forage or for the folkloric treatment of diseases, particularly at high doses (200 mg/kg and 100 mg/kg) in breeding animals. Rather than feeding AI during feed scarcity, large amounts of lush pasture, which are abundant and freely available in SSA during the rainy season, could be stock pilled, preserved as silage or converted to hay. These can then be fed to animals during the dry season to ameliorate their nutritional and welfare statuses during drought [51,52,53]. Furthermore, stalks from harvested crops such as maize and guinea corn can be fed to ruminants during feed scarcity [54,55].



The anti-reproductive and antifertility effects of MSEAI, particularly at 200 mg/kg, could be leveraged as an eco-friendly rodenticide in rodent depopulation programs in animal agriculture. This is particularly important considering the economic and public health importance of rodents in food-animal production and processing facilities in Africa. The antifertility effects of MSEAI could also be exploited as a contraceptive, which could be very useful for stray/feral dog population control in developing countries. Moreover, when further developed/refined for human use, MSEAI could be an effective, safe, cheap and eco-friendly alternative to synthetic/modern contraceptives (not readily used due to their adverse side effects), offering an acceptable form of birth control in resource-limited settings challenged with high population growth and fecundity rates [56,57,58].



Furthermore, the low rate of PISI recorded among the treated groups when compared to the control group may be due to the decreased serum levels of LH caused by MSEAI in the treated groups. The formation of corpora lutea and the synthesis of progesterone (necessary for implantation and maintenance of pregnancy) by luteal cells are dependent on the production and release of LH [50]. Progesterone, in synergy with estrogen, plays an important role in preparing the endometrium for blastocyst receptivity [46,59]. Therefore, when this hormonal pathway is disrupted, embryo implantation could be inhibited and already implanted embryos could be lost, either by resorption or by abortion, as seen in this study. Therefore, it suffices to say that the low rate of PISI reported, particularly in the high-dose treatment groups, may have been caused by the decreased production and/or release of LH due to the MSEAI treatment.



Additionally, the overall increase in degenerated follicles in the 200 mg/kg group could also be attributed to a decrease in serum FSH and LH. The FSH and LH are gonadotrophins, which are synthesized in the anterior pituitary gland when stimulated by the cells of the hypothalamus. The reproductive significance of these hormones on the ovary is that they play vital roles in stimulating the cohort follicular growth per cycle up to the point of maturation and ovulation [60]. Previous reports have indicated that FSH, LH, estrogen and progesterone are anti-apoptotic hormones, meaning a decrease in the serum levels of these hormones could lead to premature atresia/degeneration of the oocytes/follicles [61,62,63]. Early apoptosis or degeneration of oocyte resulting from a decrease in FSH and LH had been reported to have a direct association with reduced oocyte quality, fertilization, pregnancy and live birth rate [61]. The sequela of these disruptions could be the ovulation of abnormal or apoptotic oocytes, thus, an inhibition of implantation. Tiwari et al. [16] reported that neem leaf extract and its bioactive agents induced oocyte apoptosis, hence reduced reproductive outcomes. Therefore, it is possible that the anti-implantation effects observed could be due to a decline in FSH and LH, as each hormone might not have efficiently played its reproductive role, thus constituting a threat to the normal reproductive physiology of the MSEAI-treated female rats. This was established during the course of this work as frank blood due to implantation failure or abortion was observed on day five post-confirmation of mating. This also agrees with the findings of Rodney et al. [64], who reported that implantation in rats takes place on day five post mating.



The inverse proportionality found between the values of mean serum TP and the doses of the extract is similar to the findings of Adamu et al. [65], who reported that treatment with 0.048, 0.096 and 0.192 mg/L concentration of AI leaf powder produced a dose-dependent decrease in the serum TP of treated rats. The decrease in mean serum TP might be due to the high hydrolytic activities of proteins (proteolysis) as a consequence of the elevation of protease activity (proteolysis) [66,67]. The elevated hydrolytic activities might have led to an excessive production of the end products of protein catabolism—urea nitrogen/ammonia, which may affect reproduction, especially when produced and released in excess [68]. In addition, AI has been reported to contain anti-nutritional principles, including azadirachtin and nimbidin [6,69,70]. These anti-nutritional factors may have inhibited the availability and absorption of amino acids, hence the significant decrease (p < 0.05) in serum TP found. Hypoproteinemia and hypoalbuminemia have been reported to have detrimental consequences on fertility, conception and fetal development in mammals [71,72]. Albumin constitutes approximately half of the total protein content in circulation [73]. Albumin plays a vital role in the body, in that it transports hormones, drugs, vitamins and enzymes to different parts of the body for normal physiological processes to take place. It would not be farfetched to extrapolate that the decrease in total protein reported in this study may have also decreased the concentration of albumin in the blood, which is a major component of the total protein. Therefore, a decrease in total protein may have affected the transport of FSH and LH (glycoproteins) from their sites of production to their target organ (the ovary), where folliculogenesis and ovulation take place.



Furthermore, serum albumin is also important in maintaining the proper pH balance in the body, as even a slight alteration in the physiological pH (7.35 to 7.45) can affect many body functions, including reproduction [74]. Adjustment of the serum albumin concentration is one of the body’s means of maintaining an optimal pH. Albumin is slightly acidic. Being negatively charged, it balances/buffers the many positively charged molecules, such as protons (H+), calcium, potassium and magnesium, which are also circulating in the body [75]. The body pH also impacts the pH of semen and that of the uterine environment, which are critically important for fertility and reproduction in females, particularly during early pregnancy [76,77,78]. The reduced TP (hypoproteinemia and hypoalbuminemia) found in the high-dose treatment groups may have caused acidification (reduction in pH) of the uterine environment, which may have in turn caused a hostile uterine environment for implantation and development of the blastocyst and hence the adverse reproductive and fertility effects reported in the 200 mg/kg and 100 mg/kg treatment groups. Therefore, the anti-reproductive properties of MSEAI that were observed may also be due to hypoproteinemia, particularly hypoalbuminemia, which may have contributed to a decrease in body pH and hence the denaturation/malfunction of reproductive and pregnancy-maintenance hormones.



Cholesterol and its transport system, LDL and HDL, are the precursors of steroid hormones (estrogen, testosterone and progesterone), glucocorticoids and mineralocorticoids. The non-significant variation in the biochemical parameters seen among the groups suggests that the anti-reproductive activity of the extract may not be due to a decrease in steroid hormone (estrogen and progesterone) precursors but is probably due to a direct inhibition of these hormones. This finding is contrary to the results of Vijeyata and Ashok [79], who reported a significant increase in cholesterol in rabbits treated with neem seed oil alone and its fractions. This divergence in findings may be species or dose related.



It is most likely that azadirachtin, an active ingredient in neem seed, was responsible for most of the untoward reproductive (contraceptive and antifertility) effects being reported. Praneem®, a purified neem seed extract containing azadirachtin, caused abrogation of pregnancy in rodents via a significant reduction in serum progesterone levels and cytokines (TNFalpha and gamma-interferon), as well as increased immune cell (CD4 and CD8) levels, within the first trimester of gestation [80,81].




5. Conclusions and Recommendations


A methanolic seed extract of AI had anti-reproductive effects in female albino rats. The effects appeared to be dose dependent. Its mechanism of action appeared to be hormonal, particularly via the inhibition of FSH and LH. The ability of MSEAI to adversely affect reproductive parameters in the treated groups suggests that the use of AI as forage or as a folkloric treatment for breeding animals may impair their reproductive potential. However, the antifertility and anti-reproductive properties of MSEAI could be exploited as a contraceptive in non-breeding animals (pets and bitches kept for security reasons). The anti-reproductive properties could also be useful in the control of stray and feral dogs, known to be reservoirs of the rabies virus in most developing countries. Additionally, since high doses (100 mg/kg and 200 mg/kg) of the extract caused detrimental pregnancy outcomes (abortion) in the experimental rats, MSEAI at these doses could therefore be used in rodent depopulation programs, especially in poultry farms, where rodents increase the cost of production by eating up poultry feed and transmitting diseases in the process. Additionally, the anti-reproductive and antifertility properties of MSEAI as found in this study could be further refined for human use, as an effective, cheap, eco-friendly and acceptable alternative to synthetic/modern contraceptives, the use of which is limited in developing nations due to superstitious beliefs and their multiple side effects.
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Figure 1. A schematic flow chart showing an overview of the experimental design. 






Figure 1. A schematic flow chart showing an overview of the experimental design.



[image: Challenges 13 00040 g001]







[image: Challenges 13 00040 g002 550] 





Figure 2. A Schematic representation of the groupings of experimental animals. 
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Figure 3. A schematic representation of various fertility indices determined in the MSEAI-treated female rats and the description of various methods used during the determination. 
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Figure 4. Mean serum estradiol levels in female albino rats exposed to graded doses of MSEAI at different time points. 
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Figure 5. Mean serum FSH levels in female albino rats exposed to graded doses of MSEAI at different time points. 
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Figure 6. Mean serum LH levels in female albino rats exposed to graded doses of MSEAI at different time points. 
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Figure 7. Micrographs of ovarian histology in female albino rats exposed to various doses of methanolic seed extract of AI. Groups (A,B) had more developing follicles, while (C,D) had an abundance of degenerating follicles in the ovary. H and E staining; scale bar (100 µm). PF = Primordial follicle; SF = Secondary follicle; TF = Tertiary follicle; CL = Corpus luteum; DF = Degenerating follicles. 
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Table 1. Percentage (%) yield of the different crude fractions extracts from Azadirachta indica seed.
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	Crude Fraction
	Weight (g)
	Yield (%)





	Hexan
	55.11
	18.37



	Chloroform
	14.54
	4.85



	Methanol
	31.72
	10.57



	Total Oil Yield
	101.37
	33.79
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Table 2. Mean serum total protein values of female albino rats exposed to different doses of AI on day 0, 14 and 28.
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Days

	

	
Experimental Groups




	

	
Control

	
50 mg/kg

	
100 mg/kg

	
200 mg/kg






	
Day 0

	
7.4 ± 0.14

	
7.3 ± 0.13 x

	
7.3 ± 0.13 x

	
7.5 ± 1.26 x




	
Day 14

	
7.5 ± 0.17 a

	
6.95 ± 0.09 by

	
6.9 ± 0.21 by

	
6.5 ± 0.15 by




	
Day 28

	
7.6 ± 0.08

	
7.5 ± 0.17 x

	
7.5 ± 0.19 x

	
7.5 ± 0.21 x








Means ± SEM with different superscripts on the same row and column indicate a significant difference at p ≤ 0.05; Means with the same superscript showed no significant difference between the groups at three different time points at p > 0.05; Superscript “a” and “b” indicate group significance while “x and y” indicate time significance.
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Table 3. Mean serum biochemical parameters of female albino rats exposed to different doses of methanolic seed extract of Azadirachta indica.
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Biochemical Parameters

	
Treatment Days

	
Experimental Groups




	
Control

(Gourp-A)

	
50 mg/kg

(Group-B)

	
100 mg/kg

(Group-C)

	
200 mg/kg

(Group-D)






	
TC(mg/dL)

	
Day 0

	
70.1 ± 1.5

	
71.7 ± 4.4

	
72.8 ± 3.6

	
70.6 ± 4.8




	

	
Day 14

	
72.0 ± 4.9

	
74.4 ± 5.7

	
72.0 ± 5.4

	
72.9 ± 4.2




	

	
Day 28

	
73.9 ± 2.7

	
78.2 ± 4.4

	
73.4 ± 1.8

	
73.9 ± 2.5




	
HDL (mg/dL)

	
Day 0

	
40.6 ± 5.5

	
46.9 ± 5.2

	
44.9 ± 6.8

	
43.4 ± 4.9




	

	
Day 14

	
41.4 ± 7.5

	
45.7 ± 7.0

	
42.6 ± 5.9

	
44.6 ± 2.9




	

	
Day 28

	
43.7 ± 6.3

	
46.6 ± 6.0

	
48.1 ± 5.8

	
49.7 ± 4.1




	
LDL (mg/dL)

	
Day 0

	
29.5 ± 5.4

	
24.8 ± 1.1

	
27.9 ± 3.8

	
27.3 ± 2.3




	

	
Day 14

	
30.6 ± 5.4

	
28.6 ±3.7

	
29.4 ± 0.9

	
28.2 ± 1.6




	

	
Day 28

	
30.2 ± 4.8

	
31.6 ± 5.3

	
25.3 ± 5.1

	
24.2 ± 5.0




	
TG (mg/dL)

	
Day 0

	
1.28 ± 1.39

	
1.23 ± 1.32

	
1.19 ± 1.54

	
1.29 ± 1.65




	

	
Day 14

	
1.34 ± 1.49

	
1.19 ± 1.41

	
1.22 ± 2.11

	
1.26 ± 2.03




	

	
Day 28

	
1.3 ± 3.86

	
1.27 ± 2.15

	
1.14 ± 1.29

	
1.34 ± 2.51








TC = Total cholesterol; HDL = High-density lipoprotein; LDL = Low-density lipoprotein; TG = Triglycerides. The values are presented as means ± SEM.
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Table 4. Group fertility parameters of adult female albino rats fed graded doses of methanolic extract of Azadirachta indica.
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Fertility Parameters

	
Treatment Groups




	
Control

	
50 mg/kg

	
100 mg/kg

	
200 mg/kg






	
Percentage abortion

	
0

	
0

	
25

	
100




	
Percentage resorption

	
0

	
28.9

	
3.1

	
0




	
LFB (%)

	
100

	
100

	
100

	
0




	
PISI (%)

	
100

	
72

	
73

	
0




	
GI

	
9

	
34

	
44

	
100








LFB = Fetuses born alive; PISI = Post implantations survival index; GI = Gestation index.
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