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Review Article

MAMMALIAN TOXICITY OF COMMERCIALLY USED PLANT GROWTH REGULATORS: A COMPREHENSIVE REVIEW

Abstract
Plant growth regulators (PGRs) have become integral part  in modern agriculture for enhancing yield and quality of crops. However, concerns persist regarding their residue level in crops and potential adverse effects on mammalian health. Persistence of plant growth regulator residues in crops raises apprehensions about their consumption by humans and livestock. Various studies have identified hepatotoxic and  nephrotoxic effects, reproductive toxicity, carcinogenecity linked to specific plant growth regulators, emphasizing the importance of understanding the mechanisms and dose-response relationships involved, which is an essential part for assessing the risks and designing mitigation strategies. Further research is imperative to bridge knowledge gaps, ensuring the judicious and safe use of PGRs in modern agriculture.
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Introduction
Chemical messengers, either synthetic or natural, that influence the development or metabolism of plant tissues grown in vitro are known as plant growth regulators. Plant growth regulators, or exogenous plant hormones, are a class of artificial compounds that behave physiologically similar to endogenous plant hormones ( Lu et al. 2014). To trigger a reaction, these "phytohormones" are produced in one area of the plant and carried to other areas. When the conditions are congenial, they are released from storage areas followed by  activation and transportation via either mesophyll or phloem. Plant growth regulators can be broadly categorised into two major classes based on their actions: Plant growth promoters and Plant growth inhibitors. Plant growth promoters include auxins, gibberellins, and cytokinins; plant growth inhibitors include ethylene and abscisic acid. Ethylene can be a plant inhibitor or promoter (Rademacher, 2015) depending on the use and situation as shown in fig.1.
There are numerous practical applications for plant growth regulators in horticulture and agriculture. They encourage plant growth and development, manage fruit ripening and extend shelf life, control plant height and improve plant structure, root development and transplant success, while lessening the effects of environmental pressures on crops, whereby increasing crop productivity. When plant growth regulators are used properly, agronomy can provide high-quality food at a reasonable cost while also having a high yield and being disease-free. Regulators can contaminate soil during agricultural applications, infiltrate ground water and hence their incorrect and careless use can have detrimental consequences on the environment and living things. Additionally, through the food chain, regulators may cause cumulative harmful effects in living organsisms (Basra, 2000)
COMMERCIALLY USED PLANT GROWTH REGULATORS
Different classes of plant growth regulators are used in agricultural practice for different applications, where in the common ones are described here.
Giberellin
Giberellins are acid natural plant growth regulators belonging to class of tetracyclic diterpenoid phytohormone, that play an important role in modulating diverse process throughout plant growth and development including seed germination, leaf expansion, pollen maturation, development of fruits, flowers and seeds. It main application is to  increase the growth of fruits such as strawberries, grapes and vegetables including  tomatoes, cabbages and cauliflower (Sakr et al. 2003).  Gibberellic acid was the parent compound discovered in 1926 in Japan. 
Giberellins are used in agriculture to provide increased yield, better shape and size in grapes by treating the fruit bunches. It can be used to induce  parthenocarpy in the grapes (seedless fruits), tomato and berries. Giberellins delay fruit maturity, ripening and senescence in lemon, oranges and cherries. This helps in better marketing and storage of fruits. It also causes broader and longer leaf formation in pea, bean, tomatoes, pepper, cucumber, lettuce and cabbage. Giberellins helps in the induced flowering of many long day plants such as lettuce, spinach, potatoes and help break dormancy in “seed potatoes” resulting in uniform crop emergence (Merritt, 1958).  In order to increase the yield, GAs have also been utilised to increase the production of several hydrolytic enzymes in the aleurone cells of barley grains, including -amylase, ribonuclease, and protease.
Ethephon
Ethephon (2-chloroethylphosphonic acid) is an organophosphorus insecticide used widely as a plant growth promoter.  When metabolized it releases  toxic metabolites, including ethylene oxide, which is converted into ethanediol and further to hydroxyethyl-glutathione and mercapturic acid after its absorption in plants. As the most well-known plant growth regulator, ethephon (EP, 2-chloroethyl phosphonic acid), is used to produce artificial ripeness by directly affecting a number of physiological functions, including maturation and ripening. It is applied to some crops such as grains, fruits, vegetables, and plants that produce oil (Abou-Zeid et al. 2018). Agrochemicals are used to increase and speed up crop maturity and flowering, regulate plant height  and slow down the rate of bark degradation within the plant (Moustakime et al. 2018).
Ethephon is frequently applied on wheat, coffee, tobacco, cotton, and rice to hasten the ripening of fruit. The most significant use of ethephon in a single crop is in cotton. It encourages early concentrated boll opening, increases defoliation, and starts fruiting over a period of several weeks to make scheduled harvesting easier and more effective which raise the quality of harvest. In order to start development of pineapple reproduction, ethephon is very frequently utilised by pineapple growers (Bhadoria et al. 2018)
Forchlorfenuron
Forchlorfenuron is a diphenylurea derivative cytokinin growth stimulating substance used as  plant growth promoter. Forchlorfenuron can influence the formation of plant buds, hasten cell division, encourage cell expansion and differentiation, and stop fruit and flower shed, all of which enhances plant growth, early maturity, postpone leaf senescence in later crops, and boost yield. When tobacco is applied with forchlorfenuron, the leaves become fat, produce more, boosting the growth of stems, leaves, roots, and fruits. Forchlorfenuron promote outcomes that can boost the yield of various fruits and vegetables, including apples, eggplants and tomatoes. It quickens leaf decay and fruit thinning (Qian et al. 2018).  increasing fruit yield and quality, also providing  uniform size to the fruit. When the concentration is high, it can be utilised as a herbicide. Sugar beetroot and sugar cane have an increased sugar content, and cotton has a drying effect, on application of forchlorfenuron 
Maleic hydrazide
Maleic hydrazide(MH), known by brand name Fazor, is a  plant growth regulator that reduces growth by preventing cell division, but not enlargement. Maleic hydrazide is a significant commercial herbicide and plant development inhibitor that was first used in agriculture in the 1950s. It is a pesticide and plant growth regulator that works by preventing plant cell division. It is used to prevent weeds, grasses and trees from growing in or near lawns, turf, ornamental plants, non-bearing citrus, utility and highway rights-of-way, airports and industrial land. It also prevents potatoes and onions from sprouting and tobacco from developing suckers. It is used to reduce sucker growth, delay blooming and lengthen the period of dormancy on tobacco plants (Marcano et al. 2004). 
Paclobutrazol
Paclobutrazol belong to triazole family, which regulates plant growth by influencing isoprenoid pathway, inhibiting gibberellic acid synthesis, decreasing ethylene production and enhancing content of cytokines and absissic acid (Hedden, and  Graebe, 1985).  A common method for accelerating harvest maturity in a variety of fruit crops such as persimmon and mango is utilising  paclobutrazol,   where as it can delay fruit maturity and increased fruit weight in peach . By increasing the distribution of nutrients and dry matter towards fruits, paclobutrazol application lead to an increase in fruit weight and size. The physiological weight loss of fruits during storage can be  lowered by this weight gain. The generation of ethylene, which causes the fruit to soften and vary in texture and firmness, could be the cause of the variations in storage performance. It  has been successfully utilised to increase bloom intensity and decrease canopy volume in peach, plum, almond, grape, and mango trees. Paclobutrazol works well for early and off-season mango flower induction in addition to regular flower induction. It is used to reduce internode length of new shoots and earlier formation of terminal bud, influence fruit bud production, fruit colour and harvest yield in mango. It helps in  inducing flowering and enhancing  yield in pomegranate, apple. It also restrict vegetative growth and enhance yield in cotton and groundnut (Desta, Amare, 2021).  
2,4-D
2,4-D is a synthetic auxin which is class of plant growth regulator that is absorbed through leaves. Commonly, it is used as a stronger ester, but still an amine salt. Mostly employed as a selective herbicide, 2,4-D eradicates a wide variety of aquatic and terrestrial broadleaf weeds but  grass unaffected.It has been used since 1945 to control broad-leafed weeds in pastures, orchards, and cereal crops such as corn, oats, rice, and wheat (Burns, and   Swaen, 2012). Cereals, in particular, have excellent tolerance to 2,4-D when it is applied before planting. 2,4-D is the cheapest way for farmers to control winter annual weeds by spraying in the fall, often at the lowest recommended rate. This is particularly effective before planting beans, peas, lentils, and chickpeas. 2,4-D is frequently used in home lawn and garden maintenance to reduce weeds in turf grass and  can be applied to conifer forests for selective brush management, stump treatment and trunk injection. It is used to control aquatic weeds that might interfere with boating, fishing, and swimming or clog irrigation and hydroelectric equipment. Governmental organisations frequently use it to suppress the growth of noxious, invasive and non-native weed species preventing  them from displacing native species. It is also used to suppress a variety of dangerous plants, including poison ivy and poison oak (Von Stackelberg, 2013).  
Indole acetic acid (IAA)
Indole acetic acid has the molecular formula C10H9 NO2, a monocarboxylic acid by chemical structure, and one substituted methyl hydrogen in place of a 1H-indol-3-yl group (Giri  et al. 2020). IAA is the most commonly occurring plant hormone of auxin class regulating growth and developmental process like cell division, elongation, tissue differentiation, apical dominance, response to light and gravity.  Its biosynthesis processes in bacteria and plants are largely comparable, with both Trp-dependent and Trp-independent IAA biosynthetic pathways occurring in microorganism (Mano and  Nemoto, 2012)
It is used widely in commerce, either as concentrated liquid chemicals diluted  in water or as talc, to accelerate plant growth, postpone fruit drop, improve root formation, and create seedless types by parthenogenetic fruiting. IAA has been applied topically to numerous crops, including groundnuts, to improve fruit size and subsequently seed yield. IAA was successfully employed to improve the growth and yield of barley varieties, and it boosted the seed output of rice, sesame, and soybeans (Keswani et al. 2020). 
RESIDUES
There are several reports on the finding of plant growth regulator residues in fruits. The impact of residues on the public health has to be studied in detail. Reports on the studies of residue of PGR’s are rare, but taking into consideration the impact on mammalian health needs more impetus on the investigations in commonly used fruits and vegetables. 
  Different residue studies carried out in Greece in 2003 and 2004 demonstrated that the residual gibberellic acid in the control and treatment samples after six applications on seedless table grape types at 14 and 28 days post application was below the detection limit (0.05 mg/kg). According to a study on storage stability, frozen at -18°C, GA3 residues were stable for up to two years (Alvarez et al. 2012) The amounts of ethephon and its conjugates, the metabolite 2-hydroxyethyl phosphonic acid (HEPA) were at the same rate in  the edible portion (grain) of wheat and cereals. The predominant residue component in tomatoes was ethephon, with HEPA present in amounts more than 0.15 mg eq/kg (over 10% TRR). Conjugates did not make up a sizable portion of tomato fruit residue whereas  the majority of residues in cotton came from parent ethephon, with metabolite HEPA being present at far lower concentrations (Alvarez et al. 2023). 
Following a treatment of C14 maleic hydrazide to both poultry and ruminants, the total residues in the former were determined to be 27.5% TRR, 54.5% TRR in the egg yolk, and 84% TRR in the muscle. It was discovered that in ruminants, the kidney had 86% TRR and the muscle 53% TRR. The most suitable residue marker for tracking in cattle matrices was maleic hydrazide itself. TRR in potatoes treated with maleic hydrazide was 89% seven days post exposure( Arena  et al., 2016) Triazole alanine (78 percent TRR in radish roots), triazole lactic acid (20 percent TRR in wheat grain, radish tubers), and triazole acetic acid (52 percent TRR in wheat straw) made up the leftovers of paclobutrazol in rotational crops.It was highly present in the enevironment and was shown to be toxic to aquatic animals ( Arena et al. 2010). 
When 2,4-D residues in wheat fodder and straw were analysed, the majority of radioactive residues (72–77 percent of TRR,) were extractable and identifiable as parent compound. Only 6% of TRR in grain came from 2,4-D and cell culture experiments linked the majority of residues (50%) to natural products. According to animal metabolism studies, lactating goats dosed with 2,4-D at 24 mg/kg body weight per day over three consecutive days and laying hens at 1.4 mg/kg body weight per day over seven days produced 0.2 mg/kg in all animal matrices, with the exception of the kidney ( Arena et al. 2014).   Indole acetic acid,  being metabolite of tryptophan in animals can be a residue as such which may be a cause of consumer exposure. While free 3-chloroaniline conjugate (0.3-2.8%) was only found in onions, field-grown carrots and onions treated with chlorpropham during pre-emergence or foliar technique, revealed 2.1 -4.5 percent TRR. In the collected samples, hydroxychlorpropham (38 percent TRR) and chloroaniline-free (19 percent TRR) were the main constituents of the overall residue, with chlorpropham recovered at 8% TRR (Arena et al. 2017). 
With the widespread use of modern agricultural research and technology, plant growth regulators have received considerable appreciation in controlling crop growth and development, improving environmental resilience, increasing yield per acre, and improving quality. Agriculture makes extensive use of plant growth regulators, which can be profitable for end users. However, because PGRs have been connected to cancer, neurogenic disease, chronic kidney disease, immune and haematological system dysfunction, digestive and endocrine abnormalities, a through insight into the adverse effects and toxicities is the need of the hour. 
ADVERSE EFFECTS OF PLANT GROWTH REGULATORS ON VARIOUS ORGANS
The effect of various PGR’s on mammals were studies both in experimental animals and in vitro techniques, which revealed carcinogenicity, hepatotoxicity, reproductive toxicity, endocrine disruption among many. The most common cause for all the toxicities is the generation of free radicals and oxidative stress. Hence, there should be mechanism for monitoring the residue levels as well as continued research on probable toxic outcomes and mitigation strategies. 
Hepatotoxicity
  Reactive oxygen species (ROS) can attack biomolecules, such as DNA, lipids,  and thiols in proteins and glutathione leading to inactivation of enzymes, genotoxic damage,  cell dysfunction and cell death (Stadtman and  Levine, 2000) as shown in fig.2. The oxidative damage driven on by OH radicals' hydrogen abstraction of lipid, which ultimately results in increased MDA levels ( Hussein et al. 2015) and an impairment of cell integrity which allowed cellular leakage ( Halliwell and  Gutteridge, 1999; Jaeschke et al. 2002). Liver being the major organ for metabolism, the insult caused is much higher compared to other organs. Male rats on treatment with 3.85 mg/kg gibberellic acid showed significant increase in enzymes, MDA as compared to control and extensive fibrous connective tissue with scanty basophilic cytoplasm due the free radical production causing DNA damage, protein and thiol damage in glutathione resulting in inactivation of enzymes, cell dysfunction, cell death. 
Male albino rats treated with ethephon at 200 mg/kg demonstrated increased level of malonyldialdehyde (MDA), ALT and AST and decreased concentration of superoxide dismutase (SOD), catalase (CAT) glutathione (GSH) albumin with  degeneration of hepatocytes and inflammatory cell infiltration (Al-Brakati, 2020).  Decreased GSH was due to conjugation of ethephon metabolites  with glutathione as a part of  detoxification mechanism  of the  cells  along with the efforts to  counteract increased MDA level resulting from enhanced peroxy radical generation during lipid peroxidation (Ketterer  et al. 1983; Bock et al. 1987). So, decreased GSH and increased use of CAT and SOD interrupted the gene expression of antioxidant enzymes leading to decline in their activity (Poovala et al. 1999) The excess production of ROS affect all bio-macromolecules  and can lead to  unfavorable cellular processes like loss of integrity of hepatocyte membrane, leakage of enzyme into blood from cytoplasm and damage to various components of hepatocytes (Al-Brakati, 2020)
When swiss albino mice were treated with 100, 200, 400 mg/kg/day of maleic hydrazide there was an increase in serum AST,  ALT, pinpoint sized whitish grey foci on the parietal side of liver, more yellowish discolouration of tissue, acute swelling of cells, coagulation necrosis leading to loss of integrity of hepatocyte membrane and leakage of enzyme from cytoplasm into blood (Yazar, 2008). HepaRG cells treated with paclobutrazol showed decreased cell viability and change in  the normal cell morphology due to oxidative stress (Luo et al., 2021). Paclobutrazol significantly increased reactive oxygen species concentrations in hepatocytes and expression of antioxidant enzymes SOD and CAT . HepaRG cells on flow cytometry analysis showed the presence of apoptosis due to increased expression of pro apoptotic protein Bax and decreased expression of antiapoptotic protein Bcl2 (Shen et al. 2020). 
Wistar rats treated with 15, 75 and 150 mg/kg bodyweight 2,4-D for a period for 4 weeks showed significant increase in ALT, AST and GGT activities compared to control with significant decline in CAT, Glutathione reductase (GR) enzymes, total protein and albumin level. Exposure of rats to 2,4-D produced increased hepatocellular necrosis (Tayeb et al. 2010). Oxidative stress occurred as a consequence of imbalance between the production of reactive oxygen species and the antioxidative process (Dringen, 2000) as depicted in fig.3.The inhibition of enzymes involved in free radical removal lead to the accumulation of H2O2, which promoted lipid peroxidation and modulation of DNA, altered gene expression, cell death and enzyme leakage (Goel et al. 2005; Fetoui et al. 2009). 
Male rats treated with 200 mg/kg IAA for 4 weeks resulted in increased serum level of ALT, AST total bilirubin and MDA, and decreased the concentration of glutathione. Histopathology revealed hepatic distortion, haemorrhage, multiple and extensive necrosis, inflammatory cell infiltration as compared to control (Shatia et al. 2016).  A rise in the activity of several hepatic enzymes, including ALT, AST, and GGT in serum, indicated hepatobiliary damage in rats exposed to with  GGT being an indicator of cholestasis or bile duct necrosis (Kurtz Travlos,‏ 2017) IAA stimulated the generation of ROS and caused an increase in oxidative stress, associated with the loss of cell membrane integrity, DNA fragmentation and chromatin condensation. Also, decrease in cellular pH due to increased ROS levels caused by IAA made the cells reach a semi-oxidized state and thus increasing the potential for apoptosis (Celik  and Tuluce, 2006)
Treatment of mitochondria of rat hepatocytes with chlorpropham showed a concentration and time-dependent loss of cell viability, followed by decline in intracellular levels of ATP and total adenine nucleotide pools. Cytotoxicity was due to uncoupling of oxidative phosphorylation and not by lipid peroxidation. Although, for mitochondrial dysfunction OH group in aromatic ring is necessary, the hydroxylation at the 4-position of the aromatic ring of Chlorpropham did not enhance the cytotoxicity via mitochondrial impairment (Pritsos et al. 1987). As mitochondria in hepatocytes are the main site of energy production, impairment of their function directly affects the rate of cellular ATP synthesis (Ravanel et al. 1989; Lemasters et al. 1987). Several studies have reported that depletion of intracellular ATP as well as adenine nucleotide pools was a critical factor in the development of cell death accompanied by plasma membrane blebbing (Kehrer, et al. 1990). Generally hepatocellular hypertrophy with eosinophilic granular cytoplasm was indicative of proliferation of smooth endoplasmic reticulum or proliferation of peroxisomes (Nieminen et al. 1990; Fujitani et al. 2000). 
Nephrotoxicity 
Rats treated with 150 mg/kg ethephon showed increased serum urea level, creatinine, Blood urea nitrogen (BUN) and microscopy revealed degeneration of epithelium of renal tubules, mononuclear cell infiltration and cytoplasmic vacuolation, enlarged glomeruli and tightly filled bowmans capsular spaces. Ethephon induced nephrotoxicity and kidney dysfunction was due to increased oxidative stress and renal tissue necrosis (Mokhtari et al. 2020).  Treatment of swiss albino mice with100, 200, 400 mg/kg day of Maleic hydrazide resulted in increased serum urea and creatinine compared to control. Histopathological lesions included degenerative changes and hyperaemia of renal tubules (Yazar, 2008).  Wistar rats treated with 5 mg/kg of 2,4-D showed increase in absolute weight of kidney, increased creatinine and urea concentration compared to control (Trea et al. 2022). The exact mechanism underlying its acute toxicity is yet unknown, however it may have to do with the rupture of intracellular and plasma membranes or the disconnection of oxidative phosphorylation. 2,4-D similar to other chlorophenoxy herbicides, can accumulate in renal tissues through the organic acid transport system, decreased oxygen consumption by the renal cortical slices, and result in the uncoupling of renal mitochondria, raising the possibility of organ-specific toxicity secondary to transport (Uyanikgil et al. 2009), subsequently inducing serious nephrotoxic effects manifested as alterations in tubular and glomerular cells as depicted in fig.4.
Male rats treated with 200 mg/kg IAA for 4 weeks resulted in increased serum creatinine and urea with abnormality in renal cortex and medulla, vacuolation, interstitial edema, tubular atrophy and necrosis (Shatia et al. 2016).
Hematotoxicity
Animals intoxicated with ethephon also experienced haematological alterations and plasma cholinesterase inhibition (Deka, and Dutta,  2015). Recent investigations have shown that EP causes increased oxidative stress and immunotoxicity (Abou-Zeid et al. 2018). Administration of ethephon was associated with a change in the haematological profile, including lower levels of haemoglobin, hematocrit and RBC count. Additionally, the WBC count and the proportion of various cells were noticeably increased. The decrease in RBC count,  haemoglobin and haematocrit level reflected the development of oxidative stress, which consequently disturbed the structure and functions of the RBCs (Dallak and Jaliah, 2010; Tudor et al. 2017)Leukocytosis and the increase of neutrophil/lymphocyte ratio following ethephon are due over-production of reactive oxygen species and oxidative stress. Immune response to the hepatcoytes inflammation during detoxification process of  ethephon can also be a reason (Abou-Zeid et al. 2018).
Wistar rats treated with 500 mg/kg IAA for 14 days resulted in decreased RBC, haemoglobin counts and haematocrit, values which indicated anaemia. Moreover, values of Mean Corpuscular Volume (MCV) was significantly increased and Mean Corpuscular Haemoglobin Concentration (MCHC) decreased which indicated a macrocytic hypochromic anaemia in the IAA-exposed rats. Haematological changes could be attributed to increase in  erythrocytes breakdown by exposure to IAA (Tudor et al. 2017). IAA is one of the indole derivatives, which has an indole skeleton and indole possess haemolytic properties, due to lipophilic characteristics and interact with erythrocytes membrane (Weiss and Wardrop, 2010)
Rats treated with chlorpropham resulted in increased methaemoglobin level, decreased RBC and haemoglobin concentration and increase in MCV. Splenic changes included haemosiderin deposition and increased fibrous deposition. Major function of spleen is to remove aged and damaged erythrocytes from the blood. Stimulation of haematopoiesis in bone marrow, spleen and liver of treated rats might be a physiological response to decreased red blood cells. Increased MCV in the treated rats also indicated the stimulation of haematopoiesis. Similar to haematological changes, haemopoietic cell hyperplasia in bone marrow and extramedullary heamopoiesis  in the spleen did not increase the severity and incidence during the course of administration. The increased haemosiderin deposits following the destruction of macrophages were considered the likely cause of splenic fibrosis (Fujitani et al. 2001)
Reproductive toxicity
Gibberellic acid administration lead to decreased sperm quality, sperm motility, percentage of sperm concentration, viability and increased sperm abnormality compared to control resulting from reduction of testosterone and Luteinizing Hormone (LH) as a result of  downregulation of 3β- hydroxysteroid dehydrogenase and P450scc genes (Soliman  et al. 2021). Histopathological finding revealed non-stage specific spermatogenic disturbances including germ cell vacuolation, disorganisation and exfoliation due to increased lipid peroxidation indicated by  increased MDA level causing disturbance in spermatogenesis and Leydig cell degeneration (Hassan et al. 2013) The enhanced lipid peroxidation marker linked this to the generation of OH radicals, which can react with lipids by hydrogen abstraction, resulting in oxidative damage and lipid peroxidation inside the cell ( Ouet al. 2010)
When gibberellic acid (GA3) was given to female rats at dose rates of 20 and 50 mg/kg,  there was vacuolation  in ovarian stroma and  atretic follicles of various sizes were formed with  congested arteries. The degenerated follicles formed due to toxicity were surrounded by fibrous sheath compared to control in which  developing follicles were well placed and embedded in ovarian stroma together with Graffian follicles, corpus lutea and atretic follicles (Collins et al. 2012) GA3 treatment induced a significant decreased activity of antioxidant enzymes  Catalase(CAT) and superoxide dismutase (SOD) increased activity of MDA (Stadtman and  Levine, 2000) Treatment of female mice with 107.25, 214.5 and 429 mg/kg of ethephon decreased serum level of progesterone after 20 and 40 days post exposure as a result  of impairment of the hypothalamo-gonadal regulation of hormonal homeostasis,  resulting in decreased GnRH release and pituitary responsiveness to GnRH.  Gonadotropin secretion may be impacted by variations in the gonadotropin-releasing hormone (GnRH) pulse frequency. According to Collins et al. (2012) selective release of LH and FSH is linked to higher and lower pulse frequencies, respectively. The well-established fact is that ovarian hormones significantly restrict the pituitary's ability to secrete FSH and LH (Lamfon, 2013). According to Robertson et al. (2016), oestradiol suppresses the release of LH via binding to its receptor. After 20 days of exposure, FSH was significantly decreased and then increased after 40 days where as LH concentration was significantly increased through out. Ethephon treatment resulted in inhibition of apoptosis rate and induced cell cycle arrest resulting in suppression of cell proliferation due to overexpression of p53 protein. Most follicles undergo atresia via cell apoptosis and only a few follicles undergo fully development and ovulation. Increased gonadotropin level can also be associated with tumorogenesis in ovary (Mertens-Walker et al. 2012). After 20 and 40 days, apoptosis was significantly reduced in group that have been treated with ethephon at a dose rate of 429 mg/kg and the decline of LH allowed some follicle to escape apoptotic demise finally resulting in ovarian tumorogenesis. Ethephon increased the GnRH pulse frequency, which lead to inhibition of FSH  and increased LH secretion after 20 days. With the extension of exposure dose and time, after 40 days, the falling serum E2 concentration resulted in the removal of feedback inhibition which promoted the secretion of LH and FSH (Huang et al. 2022)  as shown in fig.5.
   Albino male rats on treatment with 200 mg/kg of ethephon and 50 mg/kg of Saussurea lappa extract demonstrated decreased serum level of reproductive hormones like FSH, LH, testosterone compared to control and extract treated group (Eldaim et al. 2018). Since Sertoli and Leydig cells contained  large amount of polyunsaturated fatty acids, they are more liable to free radical induced damage (Saradha and  Mathur,  2006). Sperm parameters such as sperm count, motility, sperm percentage and viability got decreased due to inhibition of spermatogenesis by affecting cell multiplication and subsequently cell growth,  proliferation and induction of overexpression of p53 proteins in testicular tissue (Wong et al. 2000). 
Treatment of rats with 60 mg/kg forchlorfenuron consecutively for 180 days revealed presence of fluid in uterus, ovarian atrophy, decreased number of corpus luteum, increased atresia of follicles, interstitial hyperplasia compared to control group. Treatment of H295R cells in vitro with 160, 320, or 640 μM FCF significantly reduced the number which suggested that treatment of GCs or H295R cells inhibited cell proliferation in a concentration-dependent manner. Granulosa and H295R cells treated with different concentrations of forchlorfenuron showed down regulation of steroidogenic genes like Steroidogenic Acute Regulatory Protein (StAR), 3 beta hydroxysteroid dehydrogenase (3β-HSD), 17β-HSD, Cytochrome P450 17A1 (CYP17A1), and CYP19A1 which critically regulated steroid hormone synthesis, decreased progesterone and  oestrogen in all concentrations. FCF decreased the levels of E2 and P4 by inhibiting the biosynthetic pathway that resulted conversion of cholesterol to oestradiol, including the de novo synthesis of cholesterol in H295R cells ( Bu et al. 2019). Progesterone  and oestrogen from GCs have been shown to be involved in regulating ovarian follicular development and ovulation (Frasor et al. 2003; Rak-Mardyła et al. 2013). 
Treatment of wistar rats with 100 and  200 mg/kg 2,4-D showed significant decrease in number of sperm, sperm motility, serum testosterone level and increased sperm abnormality compared to control. 2,4-D acts directly on the testis and affects the androgen biosynthesis in Leydig cells reducing the steroidogenic potential of the testis. In addition, the reduction in the serum testosterone  may be due to the increased testicular cholesterol concentration caused by 2,4-D (Marouani et al.  2017). Appropriate testosterone bioavailability is necessary for the reproductive organs' structural and functional integrity. The growth, development, and proper operation of the testes and male accessory reproductive glands have been demonstrated to require androgens (Kang et al. 2004).   The reduced level of testosterone leads to the increase in serum concentration of FSH and LH as a consequence of the impairment of the negative feedback control on the hypothalamic-pituitary axis. The alteration of gonadotrophin secretion may also be explained by the failure in the inhibin production by Sertoli cells, since FSH secretion is modulated by inhibin (Weinbauer et al. 2009). Thus, the low level of testosterone arrest spermatogenesis, increases FSH and LH levels and affects the development of testes (Pareek et al. 2007) as depicted in fig.6.
[bookmark: _Hlk145449042]Wistar rats treated with 500 mg/kg IAA for 14 days showed decreased testosterone, LH and FSH level. Histopathology revealed  thickened testicular capsule followed by engorgement of large blood vessels surrounded by inflammatory cells, edema in the interstitial space between seminiferous tubules, with degenerated  lumen spermatogonia, reduction of primary and secondary spermatocytes with abundant spermatids and spermatozoa. Spermatogenesis depend on testosterone secretion and pituitary gonadotropin action such as LH, which stimulates testosterone production and secretion by Leydig cells and FSH and enhance production of androgen binding protein by Sertoli cells. It can adversely affect testicular function by increased oxidative stress and inhibition of endogenous antioxidant system ( Ismail, 2022). IAA disturbed the production of sex hormones in male rats by induction of Leydig cell hyperplasia that subsequently, lead to  aromatisation of oestradiol by aromatase further diminishing in serum testosterone level (Hayes, 2008). There is a decline in serum levels of gonadotropins (LH and FSH) due to negative feedback to the increase in estradiol level (Melmed Conn, 2005).
  Increase in the activity of the hypothalamus–pituitary–adrenal (HPA) axis during exposure to stressors can be associated with a corresponding decline in leptin release. The reduction in circulating leptin level can be associated with a notable decrease in secretion of the gonadotropins (LH and FSH) and subsequently result in gonadal dysfunction (Haleem,2014)
Cardiotoxicity
Invitro study on H9C2 cells treated with different concentrations of Forchlorfenuron resulted in reduced cell volume and contractile failure due to destruction of cytoskeleton in a dose dependent manner resulting from decreased expression of transcription factors such as my17, gata4, mef2c (Gong et al. 2019).  Myosin light chain polypeptide 7 gene (myl7), which functions to modulate cardiac development and contractility, has proven to be a useful marker of cardiac muscle chamber distinction, development and differentiation (Li et al. 2019). Gata Binding Protein 4 (gata4), a gene essential for functional separation of the four cardiac chambers in humans, whose malfunction  can result in the most common types of cardiac malformations and cause human congenital heart defects(Garg et al. 2003). Myocyte Enhancer Factor 2C (mef2c) controls cardiac morphogenesis and myogenesis, especially for the linear heart tube formation and right ventricular development.  Cardiac tissue showed marked necrotic areas replaced with inflammatory cells as well as other fibres  show degeneration with loss of striations and become more eosinophilic.
Carcinogencity
NIH-3T3 murine embryonic fibroblast (MEF) cell line was treated for 24h with increasing concentrations of ethephon in medium without serum. The results indicated the increased cell proliferation was noticed at low doses of ethephon during 24h exposure time with decreased proliferation at high doses. It was demonstrated that DNA repair pathways were ineffective in removing damage and  allow cells with defective DNA to continue to develop. As a result of DNA damage, several signalling proteins, such as those involved in DNA repair mechanisms and cell cycle checkpoints  causing cell cycle arrest with only   cells those  finished DNA repair were permitted to enter the cell cycle. In the event of permanent injury, apoptotic responses were initiated to eliminate cells that harboured genetic instability and served as a deterrent to the growth of cancer (Bartkova et al. 2005).  Ethephon-induced DNA damage accompanied with increased cell proliferation may raise the possibility of mutagenic and carcinogenic effect of ethephon. Ethephon being an Organophosphorus compound (OP) have electrophilic entity making it capable of interacting with nucleophilic residue of DNA by alkylation. There are also studies on OP-induced oxidative stress and contribution to DNA damage (Hodjat et al.2017).
Gibberellin A3 induced hepatocellular carcinomas in 16 per cent of the treated Bufo regularis and breast and lung adenocarcinomas in mice(El-Mofty  et al. 1994). Gibberellic acid treatment in human lymphocytes and mice resulted in chromosomal abberations (Arutiunian and  Zalinian, 1987; Bakr et al. 1999)Chemical carcinogens, by themselves or after activation, interacted with cellular macromolecules such as DNA, RNA and proteins, and these interactions result in the development of neoplasia( Klaunig and Wang, 1991). It has also been reported that replication of DNA with carcinogen-induced lesions is an essential step in the initiation of carcinogenesis. Gibberellin promoted the onset of DNA replication and synthesis in plant cells with involvement in the production of proteins and RNA. Different types of chromosomal aberrations were observed in human lymphocyte cultures treated with gibberellic acid. These aberrations included chromatid gap, dicentric, chromatid break, chromatid deletion, fragment, and centromeric attenuation. DNA detection by comet assay showed that strong damage spots in human lymphocyte cultures treated with different doses of GA3. Carcinogens resulted in production of free radical, suppression of phase I and phase II metabolic enzymes with increasing accumulation of toxic metabolites of carcinogens, stimulation of biochemical markers of tumor initiation and promotion, increasing the rate of cell replication and thus the growth and development of neoplasm (Sakr et al. 2009).
 Syrian golden hamster embryo cells treated with different concentrations of 2,4-D   showed up-regulation  of c-myc RNA, significant  dose-dependent increase  in the number of cells with damaged DNA compared with the control. The proto-oncogene c-myc actively participated in the control of cell proliferation. In primary cells, the c-myc protein is required for the progression from G1 to S phase and for entry into the S phase of the cell cycle. Upregulation of c-myc RNA resulted in increased cell proliferation and malignant transformation. The activation of c-myc occurs in several human cancers, showing that it is an essential factor in tumorigenesis (Nesbit et al. 1999; Nilsson and  Cleveland, 2003) . The genotoxicity of 2,4-D was assessed by the alkaline SCGE (Comet) assay, which detected DNA breaks with a high sensitivity( Laborde et al. 2020). 
CONCLUSION
[bookmark: _Hlk145758328]In conclusion, the evaluation of mammalian toxicity associated with plant growth regulators (PGRs) is of greatest importance in ensuring the safety of our food and safeguarding human and animal health. Plant growth regulators offer valuable tools for enhancing crop productivity and plant management but their potential impact on mammals, including humans resulting from cumulative residue should not be underestimated. PGRs can leach into soil and water and accumulate as residue in food animals, vegetables, fruits and thereby potentially affecting non-target organisms in ecosystems. These concerns necessitate a comprehensive understanding of the risks and the development of effective regulatory measures. 
In this review, the potential health concerns associated with exposure to PGRs in mammals was discussed which includes hepatotoxicity, nephrotoxicity, reproductive toxicity, haemotoxicity, cardiotoxicity, carcinogenicity with emphasis on  their mechanism of toxicity. These concerns necessitate a comprehensive understanding of the risks and the development of effective regulatory measures. As the demand for increased crop yield and quality continues to grow, it is very important that we strike a balance between agricultural productivity and human and animal health. As awareness of the hazardous effect of PGRs grows, there is a growing interest in sustainable and environment friendly alternatives for plant management which can be provided by biostimulants.
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