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 Abstract
Background: Anabolic-androgenic steroids (AAS) are artificial analogy of testosterone engineered to increase anabolic functions, such as muscle building and protein synthesis, and to enhance androgenic effects that cause masculine features. Although created with therapeutic intentions, their abuse in sports, bodybuilding, and body improvement has risen to become a principal concern worldwide due to the extensive health, psychological, and social impacts. The review demonstrates the pharmacological activities, treatment effectiveness and widespread side effects of the clinical and non-clinical use of AAS.
Materials and Methods: Peer-reviewed journals, scientific reports, and reliable databases, such as PubMed, Science Direct, and Google Scholar, among others, were used to conduct a comprehensive review of literature. The data gathered was directed towards the pharmacodynamics, pharmacokinetics, therapeutics of AAS, adverse effects, and socio-legal concerns of AAS. Also, new trends that were introduced, such as designer steroids, selective androgen receptor modulators (SARMs), and new methods of detection, were considered.
Findings: Sheath AAS have their physiological actions largely mediated by the induction of androgen receptors, with effects of activating muscle hypertrophy, retention of nitrogen, and erythropoiesis, as a result of the influence of gene transcription. They medically have serious effects against hypogonadism, cachexia, and anemia, but when they are abused, they cause multi-system toxicities, such as cardiovascular dysfunction, hepatic injury, reproductive suppression, as well as neuropsychiatric disorders. Body image and social influence are major factors in the increased misuse of AAS, particularly within athletes and non-athletes. Other developments in this area in the recent past have included analytical methods that have enhanced the detection aspects, such as liquid chromatography-mass spectrometry (LC-MS/MS) and hair analysis, and SARMs have shown a potential and appeared as possible alternatives to regulation.
Conclusion: The two-sided properties of AAS, as therapeutic resources and as  drugs of abuse, require the integration of inter-disciplinary approaches to preserve non-harmful effects to the bare minimum. It necessitates cooperation among healthcare workers, educators, policymakers, and sports professionals in terms of effective prevention, regulation, and rehabilitation. The prospects of the mentioned study should involve long-term safety research, sexual/age-specific effects, and the building of less risky anabolic options. There should be educational programs and policy change solutions to curb abuse and enforce medical use responsibility.
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1. Introduction
Anabolic-androgenic steroids (AAS) are artificial analogues of the primary male hormone, testosterone, formulated with the specific aim of amplifying its anabolic properties, i.e. the development and growth of muscle and protein synthesis, while altering or sustaining its androgenic ones, i.e. the production of a lower voice, hair growth and muscle structure seen in males. Structurally, AAS compounds are characterized into three large groups considering the chemical structure such as testosterone-esters (e.g. testosterone enanthate), designed to give an extended release and longer activity in the body; 19-nortestosterone-derivatives (e.g. nandrolone), similar, but with relatively higher anabolic, softer anogenic effects; and, dihydrotestosterone (DHT)-derivatives (e.g. stanozolol), with highly anabolic but less strong androgenic
The high structural diversity of such steroids is likely to complicate the process of their pharmacological investigation and control because of the different responses of these steroids in metabolism and physiology. In the same vein [1] have stated that these changes that are not only causing changes in power of action and duration of action but also changing their respective side effects and detectable characteristics in doping examination, the study and regulation of AAS is a tedious factor in both the medical and sporting settings. It is possible to trace the origin of AAS to the 1930s when the mechanism of the isolation and synthesis of testosterone was accomplished. At the 1950s, AAS became a medication and shortly thereafter, it started gaining traction among athletic people as a means of improving their performance although it is prohibited within the scope of competitive sports [2,3] The initial formal doping tests commenced in 1976, Olympic Games.
Medically, they apply AAS in hypogonadism, delayed puberty, cachexia related to HIV/AIDS, osteoporosis, and some kinds of anemia [4]. The applications employ medical controlled doses, and the positive effects are thoroughly identified. AAS consumption under therapeutic use is anyway a small part of the total consumption all over the world.
Illegal and non-therapeutic application of AAS has been on the rise, particularly among bodybuilders, recreational athletes, and in enhancement of beauty, and they are not usually supervised by a doctor. The growth of social media, peer pressure, and changes in body image expectations have become motivators in using them among teens and adults, fitness enthusiasts, and even non-sporting professionals [5,6]. Such a tendency has been labeled as an androgen doping epidemic [7], and the research has shown that there could be many non-athletic users.
Besides physical manifestations, the abuse of the AAS was also associated with severe psychiatric, cardiovascular, hepatic, and endocrine complications, and has recently become a matter of public health. Dependency is promoted by its chronic use, stacking (the combination of multiple steroids), cycling, or co-use with other hard drugs [7, 8].
This review aims at a syndrome of multidisciplinary evaluation, through the description of the pharmacological effects, the therapeutic opportunities, the side effects that lead to many negative consequences that both medical and non-medical use has on anabolic - androgenic steroids (AAS). Although AAS in the confines of clinical medicine have acceptable applications, in sports, bodybuilding, and broad aesthetic use, their abuse has brought into operation complicated biomedical and social issues [4, 1]. This review tries to summarise some existing scientific evidence, in the hope to address the duality of AAS as both pharmacologically vital medical tools and as a substance of abuse used in competition and recreationally [5,3]. Besides investigating the mechanism of action, dosing route, and hormonal effect, the review is going to critically analyze this range of adverse effects centering on cardiovascular, hepatic, endocrine, reproductive, and psychiatric complications [7,6]. The field also incorporates a review of worldwide epidemiologic patterns, the regulation system, the detection methods, and psychosocial causes of abuse, i.e., peer influence, body image distortion, and misinformation. This review is being developed by blending the concepts based on pharmacology, sports medicine, endocrinology, toxicology, and public health with the ideas of having preventative strategies against the increasing misuse of AAS, being keen with clinical awareness issues, and harm reduction programs to work with populations of diverse concerns [8,6].
1. Pharmacodynamics and Pharmacokinetics of AAS
The entry of anabolicandrogenic steroids (AAS) into biology is of primary importance to the binding of the androgen receptor (AR) present in diverse tissues, such as the skeletal muscle system, liver and the central nervous system (CNS). On binding, the AAS-AR complex is transported to the nucleus where transcription of the gene is altered and expression of proteins in muscle hypertrophy, nitrogen retention, erythropoiesis is increased [1]. It is a pharmacodynamic basis of all anabolic (muscle-building) effects of AAS, as well as their androgenic (virilizing) effects. Remarkably, there is a possibility of independent anabolic effect without the androgenic characteristics, based on the receptor affinity and molecular architecture, although pharmacologically, it is impossible to completely separate them [4]. Pharmacokinetically, AAS may be taken orally, intramuscularly or transdermally and have a different bioavailability. Oral AAS (methyltestosterone and stanozolol), were 17a-alkylated to withstand the metabolic deactivation of the liver, which contributes to both their oral activity and hepatotoxicity [5]. AAS that are taken injectably (e.g. testosterone enanthate or nandrolone decanoate) are made into esters to encourage sustained release through depot effects. When AAS enter circulation free AAS bind to sex hormone-binding globulin (SHBG) or albumin leaving little to be free of it and biologically active. This breakdown of substances (metabolism) is mainly done by the liver, and once it is broken down, its product (metabolite) is carried away by the urine and thus can be detected during an anti-doping tests like gas chromatography-mass spectrometry (GC-MS) [9] . Elimination half-life of the different kinds of esters differs considerably, e.g., it is a few hours (oral) and a few days or weeks (injectables), which will influence detection windows and abuse methods such as the "cycling" or "stacking" of esters to obtain a negative test result [4,3]. All in all, it is important to know about the pharmacological profiles of AAS in order to differentiating between therapeutic and illicit usage of it, and also to determine the risk advantage ratio of such usage in both cases.

1.1.  Mechanism of action: Androgen receptors and gene expression
The main pathway through which anabolic androgenic steroids (AAS) act physiologicaly is binding to the intracellular androgen receptor (AR) which belongs to the vast sub-family of the nuclear receptors. When AAS get into the target cell through passive diffusion, or facilitated transport they bind to ARs which are found in the cytoplasm. Conformational rearrangement of this ligand-receptor complex then disassociates with heat shock proteins and translocate into the nucleus where they bind with some specific androgen response elements (AREs) on the DNA [9,10]. This activation causes a cascade of gene transcription and mRNA production, where up regulated genes are in regard to the production of muscle proteins, erythropoiesis, bone mineralization and secondary male sexual characteristics. A tissue-specificity exists on some of such effects that rely on the density of AR and the availability of co-regulatory proteins (Sj sustainable) (Sj sustainable). Noteworthy, AAS have not only genomic, but could also initiate non-genomic functions, since they induce actions through membrane-linked signaling receptors that influence kinase and intracellular calcium signaling pathways, although these are poorly understood [4]. The net anabolic effect is attributed to increased expression of myogenic regulatory factors such as IGF-1 and inhibition of protein degradation with stimulation through the AR in skeletal muscle [10,1]. In general, this type of genomic signaling requires this receptor and it is associated with both anabolic and androgenic effects of AAS, and the disturbance of the process is also associated with therapeutic effects and side effects.
1.2. Anabolic vs. androgenic activity: Molecular differentiation
Anabolic androgenic steroids (AAS) have two types of activities: both anabolic effects e.g. muscle hypertrophy and protein synthesis, and an androgenic effect e.g. development of male secondary sex traits. Both the effects are exerted via the same androgen receptor (AR), but various tissue-specific distributions of receptors, enzyme involvement, and steroid compound molecular structure determine the discrepancies in the expression of the affected effect [9,5]. Attempts to produce AAS with a more pronounced anabolic and reduced androgenic effects resulted in their structure alteration, which is achieved by 17alpha-alkylation or C-17 beta-esterification, which alters affinity of binding sites and decreases their metabolic advantage [1]. As an example, nandrolone has a greater anabolic-to-androgenic ratio than testosterone due to lesser conversion through prostate and skin, which consist of androgen-sensitive tissues in the body [10]. Nevertheless, their efforts have failed to provide a possibility of separating anabolic and androgenic effects, since they are essentially acted on by the identical signaling process of the AR [3]. This molecular interaction shows why even the AAS created to be anabolic in dominant also bring about the androgenic side effects; notably so when dosing is continued or overly high.
1.3. Routes of administration and metabolic pathways
Anabolic anabolic steroids (AAS) may be used by various paths and this affects the bioavailability of the steroid, its stability, and toxicity. The three most common ones are oral, intramuscular injection and less likely transdermal or sublingual routes [9]. Family Oral AAS: The most common of these is stanozolol, and oxandrolone that are usually 17alpha-Alkylated to avoid first-pass hepatic destruction, allowing greater systemic uptake but posing a substantial risk of hepatotoxicity [5]. Conversely, the injectable preparations (e.g. testosterone enanthate, nandrolone decanoate) have the ester group in the 17B position and the drugs are administered intramuscularly to provide a slow-release reserve thereby bypassing any first-pass effect and are long-lasting [10,1]. After absorption, AAS bind to sex hormone-binding globulin (SHBG), and albumin with a variable distribution between them, leaving only a fraction free (not bound) to be considered biologically active. The mechanism of hepatic metabolism entails a 5a-reduction and aromatization enzyme converting testosterone into either dihydrotestosterone (DHT) or estradiol, respectively, which is demonstrated by the tissue-specific enzyme pattern [3]. Conjugation (e.g. glucuronidation and sulfation) with metabolites resulting is their elimination usually in the urine, detected through gas chromatography-mass spectrometry (GC-MS) in anti-doping procedures [9]. Metabolism of AASS is an essential aspect influencing their pharmacokinetics, off-effects spectrum, and detection as well as an essential part of therapeutic and non-medical use.
1.4.  Half-life and detection in biological samples
The duration of action of anabolic-androgenic steroids (AAS) differs considerably with the type, the mode of administration, and esterification of the steroids. Methyltestosterone or stanozolol and other short acting orally available AAS generally have a short half-life of 4 to 12 hours, but injectable preparations such as testosterone enanthate and nandrolone decanoate can have a half-life of between 4 to 14 days as a result of slow absorption of material held in intramuscular depot [1,9]. Attachment of the ester chain to the 17?-hydroxyl group alters the hydrolysis rate and hence has effects on the systemic availability during time [5]. Tests to detect AAS and their metabolites in biological samples -the type of testing mostly used is on a urine sample, but there are also some tests conducted on blood samples, saliva, and even hair samples, yet the former two are the most widespread- are performed with the use of sophisticated tools of analysis like gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-tandem mass spectrometry (LC-MS/MS). Several of these long-acting esters and metabolites (e.g. nortestosterone glucuronide) can be found in urine in weeks and even months, so window of detection is an all-important aspect in countering anti-doping activities [9]. Furthermore, world anti-doping agency (WADA) upholds revised detection methods and cut-off criteria that help detect exogenous AAS- abusers and endogenous abuse of testosterone by T/E ratio test and carbon isotope ratio mass spectrometry (CIRMS) [5] Thus, to properly detect, control, and interpret AAS, it is necessary to comprehend the pharmacokinetics and its metabolic pathway.
1.5.  Clinical applications in medicine
Anabolic-androgenic steroids (AAS) are artificial analogs of testosterone, which are intended to maximize the anabolic (muscle-building) effects and to reduce androgenic (masculinizing) effects. Although AAS can be abused, they also have appropriate uses in medicine, to treat many conditions with muscle wasting, hormonal deficiencies and slow growth. In this section, we explored these clinical applications with particular AAS agents and their therapeutic applications. (1-3)
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1.7.1. Hypogonadism
The AAS and its derivatives, especially testosterone and testosterone enanthate and cypionate, are the mainstay therapy of male hypogonadism, characterized by inadequate endogenous testosterone production [1,2]. The symptoms consist of low libido, exhaustion, muscles shrink, bone density is diminished, and mood swings. Testosterone replacement therapy (TRT) replenishes the serum testosterone levels and enhances sexual activity, muscle strength, bone mineral mass, energy, and overall life quality [1,3]. Close monitoring of treatment should be undertaken to prevent its side effects like erythrocytosis, liver toxicity, or cardiovascular complications [4,5].
3. Therapeutic Uses of AAS
Although they acquired a rather negative image due to their use in performance enhancement and abuse, anabolic androgenic steroids (AAS) have long-established medical uses in clinical referencing. Most often they are prescribed in male hypogonadism when the endogenous synthesis of testosterone is disrupted, and libido, muscle mass, and secondary sexual characteristics are restored [11]. AAS are also applied to treat delayed puberty in young men, osteoporosis and some varieties of anemia, including aplastic anemia or a type of anemia caused by chronic conditions, which is a result of AAS stimulating erythropoiesis [1,4]. In chronic wasting diseases such as cancer and COPD ratified including HIV/AIDS-related cachexia, AAS such as oxandrolone aid to maintain a lean muscle mass and boost power [12]. Their uses in recovery of burns, chronic renal failure, and even hereditary angioedema have also been studied [5,10]. Special medical supervision is required with specific dosage schedules so that patients are administered these drugs with minimal risks. The effect this has on a narrow therapeutic index and the misuse and side effects means that it will be essential to consider these when prescribing the drug and several nations now have this compound as a controlled substance/drug [3,8]. However, AAS are an effective type of agent, when applied adequately, in andrology, endocrinology, oncology, and rehabilitative medicine specialties.
3.1. Delayed Puberty in Males
AAS therapy induces secondary sexual characteristics in males with delayed puberty (poor androgen production) such as hair growth on the face and body, vocal deepening, and muscle growth [14,15]. To limit the chances of premature epiphyseal closure and androgenic side effects, testosterone esters are usually given in progressive doses to enhance the resemblance of natural pubertal development [13,16]. This intervention is able to not only deal with physiological shortcomings, but it also works to reduce the psychosocial stress of delayed sexual maturation [14].
3.2. Cachexia and Muscle Wasting Syndrome
Cachexia is a disorder that is linked to the long-lasting diseases like cancer, HIV/AIDS, chronic obstructive pulmonary disease (COPD), when a patient experiences intense weight loss and muscle wasting. Oxandrolone and nandrolone are AAS that stimulate protein synthesis and are applied to enhance lean body mass and nutritional status of victims with the condition [15,17]. It has been shown that these agents enhance strength, appetite and functional capacity, leading to reduction in morbidity and increasing the quality of life in clinical studies [15,19].
3.3. Osteoporosis in Men
Male osteoporosis, which may be caused by hypogonadism or aging, causes a reduction in bone mineral density and an increase in fracture risk [16,17]. It has been demonstrated that testosterone therapy elevates the activity of osteoblasts, increases calcium retention and bone density, which are effective in decreasing the risk of fracture in hypogonadal men [16,17]. However, the positive outcomes of AAS therapy should be balanced against the possible cardiovascular and hepatic side effects and therapy should be personalized [13,16].
3.4. Anemia and Bone Marrow Failure
Some AAS, such as oxymetholone and nandrolone, induce the erythropoiesis process, and should be used as therapy in anaemic patients of chronic renal failure, aplastic anemia, or other bone marrow diseases [15,18]. AAS can enhance oxygen-carrying capacity, decrease fatigue, and increase the well-being of the patient by enhancing red blood cell production and hemoglobin levels [17,18].
3.5. Burn Recovery and Wound Healing
Useful loss Patients who have suffered severe burns or traumatic injuries face the risk of severe muscle protein loss. AAS, especially oxandrolone, stimulate protein synthesis, wound healing and maintain lean body mass [15,18]. AAS therapy in burn patients has been reported in clinical studies to have had better outcomes in terms of recovery times, shorter hospitalization and better functional outcomes [15].
3.6. Hereditary Angioedema
An AAS called stanozolol is used in hereditary angioedema to enhance the production of C1 esterase inhibitor and thus to help reduce the rate and intensity of swelling attacks [15,19]. This use is an example of the various pharmacological applications of AAS other than traditional anabolic or androgenic uses.
4. Use and Abuse in Sports
4.1. Prevalence of AAS Use among Athletes
Anabolic-androgenic steroids (AAS) are artificial analogs of testosterone, which are popular in increasing muscle mass, strength, and athletic performance in general. Although these may have certain advantages, AAS are forbidden by the World Anti-Doping Agency (WADA) because of their performance-promoting properties and the threats to their health [23].
The rates of AAS use are different according to the sport type, competition level, and population under consideration. In a meta-analysis of 271 studies, the total prevalence was found to be 3.3% in athletes with highest rates in bodybuilders (16.8%), and lowest rates in general athletic populations (4.4%). In adolescents, one study has found 53.05% of males and 41.99% of females confessed to the use of AAS, which points to the fact that non-professional and recreational consumption is a concern [21]. Considering these facts, it can be assumed that the consumption of AAS is quite common among not only competitive sports teams but also in the field of recreational fitness communities where the consumption is usually motivated by the desire to win contests, fears about body image, and peer pressure [22].
4.2. Notable Doping Cases involving AAS
Misuse of AAS in high performance sport can be studied using several high profile cases. As a case in point, in the 1988 Seoul Olympic Games, the Canadian founder, Ben Johnson, was robbed of his gold medal following his beyond reasonable doubt as a possible user of anabolic steroid, stanozolol [20,24]. On the same note, an American cyclist Lance Armstrong was discovered to take various performance enhancing drugs including the AAS which caused him to lose the titles of the seven Toures de France competitions [22]. In 2012, Russian middle-distance athlete Tatyana Tomashova was banned for 10 years due to doping offences at the 2012 Olympics and the silver medal that she had been given due to this decision separately was reinstated [25].
Such instances prove that the punitive measures imposed on the athletes upon investigation are harsh in terms of fines, social disgrace, and losing their reputations on the long run. They also emphasize the difficulties of investing into the action of anti-doping policies on international levels, particularly in sports where the financial aspect and performance pressure are high [22,24].
4.3. Anti-Doping Regulations and Enforcement
The World Anti-Doping Agency (WADA) is the main coordinator of the global struggle against the use of substances and techniques prohibited in sport (including AAS), which creates the list of Prohibited Substances and Methods in sport [23]. These rules are also implemented by National Anti-Doping Organizations (NADOs] like the United States Anti-Doping Agency (USADA), and NADA India, which also carries out tests and prohibits offenders [23].
International Federations (IFs) also have a major role in overseeing compliance in their sporting events. In order to detect prohibited substances the test is done by in-competition tests and out-of-competitions tests, as well as, in some cases urine tests, blood tests and hair tests. The penalties imposed on athletes caught should encompass suspension solutions or even lifetime prohibition depending on the count and recurrence of the doping violation [20,23,26].
Detection techniques are also constantly changing, with newer and mostly more sensitive and specific ways of detection leading to isotope ratio mass spectrometry (IRMS) and tandem mass spectrometry that are becoming more sensitive in detecting the AAS metabolite levels in a biological sample [23]. With such developments, sustenance of the use of AAS suggests that prevention, education and psychosocial interventions are important elements in addition to testing programs [22].
5. Societal and Non-medical Use
Anabolic-androgenic steroids (AAS) are used not only in the sphere of competitive sports but they are also the substances that gained growing interest in non-athletic, social, and aesthetic settings. Outdoor use is prevalent among the teenagers, young adults and fitness lovers who want to enhance their appearance, body image as well as their masculinity or femininity. In comparison to therapeutic or medically overseen use, non-medical use regularly includes unsupervised overdoses, combination of multiple steroids or association with other drugs like growth hormone or narcotics [27,28] .
5.1. Use among adolescents and Recreational Lifters
Research indicates that the number of adolescents and recreational lifters taking AAS is on the rise in the world. Contrastingly surveys have shown that as many as 5-6%  of high school boys nationwide within the United States of America report the lifetime usage of AAS, with lower yet significant prevalence rates among females [29]. Unless related to athletic performance, motivations to use are also social/aesthetic, such as muscularity, strength, and weight control. It is largely influenced by peer pressure and culture in the gym, most of the people who use do steroids feel that it is a necessity to get that perfect body image [30,31].
5.2. Influence of social media, peer pressure, and body dysmorphia
Digital technologies have put a greater strain on body image, especially on young adults, where unrealistic ideals of muscularity and shape are being pushed between social media platforms. Viewer exposure to the content of promoted fitness brands, influencer promotion, and before and after changes are strongly associated with development and desire to use AAS [28,32]. Simultaneously, body dysmorphic disorder (BDD) and muscle dysmorphia, which is inherently the obsessive worry involving body size and shape, are highly related to AAS abuse as subjects attempt to find medical aid to address their perceived deficits [32,33].
5.3. Black-market access and counterfeit formulations
AAS is typically used illegally by non-medical users who include online sellers, underground labs, and unauthorized sellers to gyms [28,34]. Being illegal, these products put the risks of contamination, wrong dosage, and invalid formulations, which may significantly worsen the negative health outcomes, including hepatotoxicity, cardiovascular-related issues, or psychiatric disorders [27,34].

5.4. Gender differences in use patterns
Although the male is still the main user of AAS, women are growing their use which is usually because AAS is used not only because of appearance but also because of performance [29]. Women are especially prone to viriliazing effect in terms of optimalization of voice, growth of hair in notorious areas and irregularities in their menstrual period, which may restrict continued use. Research shows that male individuals tend to choose injectable testosterone ester over female users who might resort to the use of oral agents or possibly reduced dose compounds to help decrease the androgenic side effects [29,35].
5.5. Public Health Implications
The non-medical use of AAS is a great challenge of the public health. In addition to the direct health hazards, there is a higher tendency among users to take on other risky employment which include poly-drug abuse and unsafe injection methods [28,34]. Some examples of prevention-focused public health strategies are educating about the risks of AAS, body positivity, tracking social media impact, and making mental health services accessible to address disorders such as BDD [28,32].
6. Adverse Effects of AAS Use
Although there are therapeutic advantages to the use of anabolic-androgenic steroids (AAS) when administered under guidance and medicinal conditions, chronic or high dose usage, particularly in non-medical settings, may result in a wide array of nursing side effects targeting nearly every organ system in the body. The extent and nature of the complications varies with the period, dosage, and route of administration, and personal susceptibility [36,37].
6.1. Cardiovascular Effects
Adverse cardiovascular outcomes are highly linked with the use of AAS. Prolonged intake of steroids may cause hypertension, dyslipidemia (elevated LDL cholesterol and reduced HDL cholesterol), left ventricular hypertrophy and cardiomyopathy [38]. Research studies found that a long-term abuse of AAS predisposes individuals to a myocardial infarction despite the absence of indecipherable pre-existing cardiac disease [39]. These mechanisms involve endothelial dysfunction, pro-thrombotic alterations and changes in cardiac function and structure [38,39].

6.2. Hepatic Toxicity
Oral AAS were especially hepatotoxic 17a-alkylated. They have the capacity to cause cholestasis, hepatic adenomas, hepatocellular carcinoma as well as increased liver enzymes [40]. The liver injury can be symptomless or have jaundice, stomach ache, and coagulopathy. The injectable steroids have a lower probability of hepatotoxicity, but are not totally devoid of hepatic complications [40,41].

6.3. Neuropsychiatric Effects
AAS may have a serious impact on mental health. The user can become more aggressive, irritable and have an unstable mood and even psychiatric disorders like depression or mania [33,42]. It is said to result in dependence, withdrawal effect, particularly among long term users; thus causing anxiety, fatigue and insomnia, as they quitting taking it [42]. According to some studies, AAS affect neurotransmitter systems particularly the serotonin pathways and dopamine pathways that might be behind post-changes in mood and behavior [33].

6.4. Endocrine and Reproductive Effects
Exogenous AAS impair the hypothalamic-pituitary-gonadal (HPG) axis causing hypogonadism, reduction in endogenous production of testosterone, infertility, and testicular atrophy in men [37,43]. Aristotic nationalization of surplus testosterone into estradiol can result in the development of Gynecomastia. Women using AAS may develop menstrual abnormalities, virilization, hirsutism, deepening of the feminine voice, and clitoral enlargement [38,43]. Young ones are especially susceptible because of the disruption of puberty and closure of the epiphyseal growth plates [44].

6.5. Musculoskeletal and Dermatological Issues
Excess doses of AAS can lead to a higher risk of tendon rupture with a fluctuation muscle strength and interconnection tissue adaptation [45]. Some of the skin effects entail acne, oily skin and male-pattern baldness. Injection sites can become locally infected or be formed abscesses when adequate hygiene is not observed [37,40].

6.6. Adolescent-specific Risks
AAS use may prematurely attach growth plates resulting in arrested height in the adolescent stage. In this population neuroendocrine effects are more exaggerated and so there is a possibility of lifelong reproductive and hormonal dysfunctions [45]. The psychological factors that elevate risks of chronic abuse contemplate that psychological vulnerability like body dysmorphia and impulsivity [41,33].
7. Mechanisms of AAS Toxicity
Destruction of numerous organ systems Anabolic-androgenic steroids (AAS) has multiple toxic effects on numerous organ functioning. It is important to understand the mechanisms in order to describe the cardiovascular, hepatic, endocrine, neuropsychiatric, and musculoskeletal complications described with their abuse. The toxicity is achieved by various biological pathways among them: oxidative stress, Apoptosis, endocrine disruption, and changes in neurotransmitter systems [36,37].
7.1. Oxidative stress and inflammation
Among the most common of AAS toxicity inheritance, there is the formation of the reactive oxygen species structures (ROS), that prompts the development of oxidative stress in the exposed bodies of the heart, liver, and kidney [38]. Consecutive AAS administration enhances lipid peroxidation and diminishes antioxidant defenses leading to the destruction of cells and inflammations [38,39]. Oxidative stress plays an important role in endothelial dysfunction, atherosclerosis, and myocardial injury in the cardiovascular system. On the same note, hepatic oxidative stress also supports hepatocyte apoptosis, cholestasis, and liver fibrosis found in steroid users [39,40].
7.2. Apoptosis and tissue remodelling
Another effect of AAS on cells is programmed cell death (apoptosis). The excessive cardiac myocyte apoptosis in the myocardium is one of the factors that causes cardiomyopathy and heart failure [41]. Over long-term use, hepatocyte death and hypertrophic remodelling of tissue may cause adenoma or hepatocellular neoplasm in the liver [40,41]. Disproportional hypertrophy caused by the AAS in skeletal muscles can cause changes in tendon composition, putting users at risk of tendon ruptures and musculoskeletal injury [42].
7.3. Endocrine feedback loop disruption
Exogenous AAS inhibits hypothalamic-pituitary-gonadal (HPG) axis by negative feedback and results in a reduction of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretions [37,43]. In men it leads to hypogonadism, infertility, and testicular atrophy whereas in women, menstrual impairments and virilisation are found [43]. Endogenous testosterone may remain constantly suppressed following discontinuation, and occasionally needs hormone replacement medical intervention [43,45].
7.4. Alterations in neurotransmitter systems
AAS has the ability to influence the performance of central nervous system by altering the neurotransmitters pathways. There is evidence relating to an enhancement of dopamine and serotonin signaling in parts of the brain by steroids that affect mood, aggression, reward-seeking behavior, and dependence behavior. Disabling these mechanisms can cause psychiatric complications such as irritability, anxiety, depression, and at worst, psychotic breaks [33,45].
7.5. Multi-System Interactions
Patterns AAS toxicity AAS is often multifactorial, with oxidative stress, apoptosis, endocrine disruption, and neurotransmitter changes being able to act in a synergistic way to aggravate organ damage [37,41]. Indicatively, the body can develop cardiovascular complications that are caused not only by apoptosis of direct cardiomyocytes but also by oxidative stress caused by steroids which damages the endothelium. Likewise, metabolic stress and systemic inflammation are interventions to hepatotoxicity [38,40].
8. Legal and Ethical Considerations
Abuse and use of anabolic-androgenic steroids (AAS) are associated with complicated legal and morality issues in sport, medicine, and society. Although AAS possess certain therapeutic value, their use in other issues unrelated to medical research have become the subject of scrutiny by the law as well as being an ethical issue; when they are being abused as performance enhancement drugs or even bodybuilding chemicals [36,37].
8.1. Regulatory frameworks
The legality of AAS also depends on the country, but is still closely regulated because they may be abused and cause health-related complications. In the United States, AAS is regulated as Schedule III controlled substances in the Controlled Substances Act, and are therefore against the law in terms of their possession or distribution without prescription [40]. AAS regulations in India are governed by the Drugs and Cosmetics Act and the Narcotic Drugs and Psychotropic Substances Act which necessitate a medical prescription of the drug to be sold legally [39].
A list of all the anabolic steroids was established in the World Anti-Doping Agency (WADA) under the Prohibited List under the international level. Athletes who test positive of AAS without exemptions on the use of therapeutic grounds are sanctioned by a suspension that goes up to life time bans [45]. Imposing WADA regulations in the domestic competitions, National Anti-Doping Organizations (NADOs), carry out tests, investigation, and punishment enforcement [45,48].
8.2. Ethical concerns in sports
Putting AAS in non-therapeutic use disadvantages the ethics of competition and sports. It out levels the playing field, encourages cheating and may force athletes to use drugs in order to keep pace with their fellow players [37,33]. Another issue of ethical controversies is how coaches, trainers and medical professionals can intervene and either contribute or stop steroid abuse. As an illustration, providing AAS to athletes without medical necessity that is knowingly done is a professional misconduct [33,42].
8.3. Challenges in enforcement and prevention
The prescribers of AAS should find ways to reconcile between therapeutic advantages, misuse potential, and adverse effects. Administering steroids without approved indications or at super-therapeutic level and unlawful basis of performance and cosmetic use is unethical and has been identified as unlawful and legally damaging [36,29]. In addition, informed consent, education of patients about the risks and compliance with clinical guidelines play a critical role in ratifying professional and ethical guidelines [36].
8.4. Challenges in enforcement and prevention
Regulatory frameworks are also problematic because even with regulation in place, the black-market is dense with AAS, online sales, imitated goods, and not all steroid esters are detected with a similar level of accuracy thanks to the existence of various steroid influence variants this helps adjust the rapport between the topic and its outcome [48,43]. The anti-doping agencies have always had the problem of abreast new innovations of designer steroids, masking agents and selective androgen receptor modulators (SARMs) which do not respond to the regular tests [43].
Legal enforcement is supplemented in prevention and harm reduction of AAS misuse by means of the promotion of general awareness campaigns, educational programs in schools and gyms, psychological support [37,48].
9. Recent Advances and Emerging Trends
The scientific, technological, and regulatory activities related to research on anabolicandrogic steroids (AAS) are dynamic and keep on changing. The most recent development is on developing safer anabolic compounds, better ways of detection, better ways of monitoring health, and finding genetic indicators of various adverse effects in humans. Such trends altogether indicate a multidimensional way of perceiving and administering the use of AAS both in the medicine and non-medical context [36,49].
9.1. Designer Steroids and Selective Androgen Receptor Modulators (SARMs)
Over the past few years, anabolic has been revolutionarily changed with the introduction of designer steroids, Selective Androgen Receptor Modulators (SARMs). Designer steroids are anabolic steroids that are synthetically designed to avoid detection and regulatory suppression, but at the same time they are capable of football playing strength [22]. Nonetheless, the toxicity profile of these compounds, especially the hepatotoxicity and cardiovascular effects, are quite unpredictable and could be readily caused because of the lack of preclinical safety assessment [50].
Conversely, SARMs are a strong potential treatment potentially capable of selective activation of androgen receptors on muscle and atheneal tissue, reducing androgen stimulation on the prostate, liver, and skin. Such agents as enobosarm (ostarine) or LGD-4033 (ligandrol) have seen clinical trial potential in muscle wasting and osteoporosis [51]. In spite of their therapeutic potentials, the use of SARMs has already illegally found its way in to the black market and with its abuse by athletes and bodybuilders [52]. It is preferable to continue research into the long-term safety and abuse potential of this method of prescription before this prescription drug receives a regulatory ban [38].
9.2. New Detection Techniques: Mass Spectrometry and Hair Analysis
The studies on anti-doping have reached outstanding milestones towards enhancing sensitivity and specificity of AAS detection. High-resolution mass spectrometry (HRMS) and LC-tandem mass spectrometry (LC-MS/MS) have become the new auxiliary standards of determining steroid metabolites at the traces [29]. The technologies permit several weeks or even months post-administration and warrants detection further, based on the compound and dosage [37].
Moreover, hair testing has also become a new non-invasive mechanism, which can be used to retrospectively monitor the use of AAS [45]. The hair samples are particularly useful in forensic and anti-doping due to the ability of the samples to provide chronic exposure patterns [53]. Further discrimination between endogenous and synthetic sources of testosterone is achieved through the incorporation of the use of mass spectrometry reflects to be of the advanced type etched as IRMS [40].
9.3 Research Surveillance on AAS Trends.
The worldwide AAS usage is estimated to range between 3-4 percentage point out of the entire male populations and increasing utilization of AASs in non-ath lettes due to aesthetic reasons [53]. In the effort towards correction of this increasing worriment, some nations have established national health surveillance models which seamlessly incorporate toxicological databanks, hospitalization, and internet surveillance of illegal online sale of contraband [33]. Analytics analysis in social media and data in online marketplace are being used to monitor the new designer products and usage trends that affect the application of AAS in regions [55]. These live surveillance measures give useful information on the changing trends and can be used in specific health education and policy formulation [56] .
9.4 Susceptibility to Side Effects Genetic Research and Biomarker Research.
Recent developments in the field of pharmacogenomics and biomarker studies are revealing the individual variation in susceptibility to AAS off-label effects. Polymorphic differences in genes of androgen receptors (AR), cytochrome P450 enzyme (CYP3A4, CYP17A1), and the pathways of lipid metabolism determine the sort of metabolism and response of a person to AAS [52]. As one example, the lengths of CAG repetitions in the AR gene have been linked to shorter CAG repeats which are linked to higher androgen sensitivity and increased risk of cardiovascular and psychiatric complication [54].
Current studies are pursuing the identification of the biomarkers (including circulating microRNAs, oxidative stress compared to other indicators, and the presence of the inflammatory cytokines) that can constitute the early sign of damage to the organs by AAS [50]. By such achievements personalized models of risk evaluation and early detection devices among long-term users may be developed [48].
10. Recent Advances and Emerging Trends
Despite some kinds of pharmacological advantages, anabolic-androgenic steroids (AAS) use in non-medical settings is commonly correlated with significant adverse health effects in portions of the body involving a multiplicity of organ systems. These effects are mostly dose-dependent, duration-dependent, and route of administering the drug. Repeated abuse particularly in supraphysiological levels causes gross injury; both physiological and psychological [36].
10.1. Cardiovascular System
The cardiovascular outcomes are extremely impaired with AAS abuse. It elevates low density lipoprotein (LDL) and reduces high density lipoprotein (HDL) levels of cholesterol, which are considered to cause accelerated atherosclerosis [57]. Chronic users can develop hypertension, left ventricular hypertrophy, myocardial fibrosis, and sudden cardiac death [58]. High homocysteine levels in the plasma and dysfunction of the endothelium were reported in regular users over time [59]. Severe cases of myocardial infarction and stroke have also been offfered even among young athletes without previous cardiovascular disease[60].
10.2. Hepatic System
Stanozolol and methyltestosterone are orally active hepatotoxic steroids that are 17-a-alkylated. Long-term use may lead to cholestatic jaundice, hepatocellular carcinoma and peliosis hepatis a uncommon disease characterized by the presence of blood filled cystic spaces in the liver [61]. High levels of serum transaminase and hepatonymph enzymes are typical biochemical alterations in chronic users [62]
10.3. Endocrine and Reproductive System
Endocrine systems include hypothalamus, hypothalamus-pituitary, hypothalamus-thymus-gonadal axis, hypothalamus-thymus-MPZ axis, hypothalamus-pituitary-thyrotoxic axis, and hypothalamus-pituitary-releasing axis. Reproductive systems consist of hypothalamus, hypothalamus-pituitary, hypothalamus-thymus-gonadal axis, hypothalam.
In the male, exogenous AAS will inhibit the hypothalamic-pituitary-gonadal axis (HPG) by negative feedback inhibition, thereby decreasing luteinizing hormone (LAHL) and follicle-stimulating hormone (FSH) secretions [63]. This inhibition leads to testicular atrophy, reduction in the count of sperm and infertility [64]. It can develop as gynecomastias may result because of aromatizing surplus androgens into estrogens [65]. The use of AAS in females may cause virilization, periodic menstrual dysfunctions, enlargement, and deep, irreversible deepening of the voice [66].
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10.4. Musculoskeletal System
Louis AAS may work to stimulate muscle hypertrophy, synthetic abuse may lead to musculoskeletal imbalance. It has been described as having led to tendon rupture, preterm closure of epiphyseal growth plates in adolescents, and higher risks of musculoskeletal injury [67]. The disproportion in muscle strength and the tendon elasticity is a precondition to serious injuries of athletes [68].
10.5. Neuropsychiatric Effects
AAS are associated with such mood disorders as mania, aggression (roid rage), irritability, and depression [69]. There are a lot of chronic users, who becomes dependent and encounter withdrawal symptoms on quitting which depicts that AAS could contain the addictive property [70]. According to neuroimaging, the long-term users have changes in the brain areas that relate to emotion regulation and impulse control [71].
10.6. Renal and Metabolic Effects
AAS abuse may result into glomerulosclerosis, interstitial fibrosis renal damage [72]. Due to the elevated protein synthesis and dehydration of strenuous exercise, the nephro-toxic effects are boosted. Extravasations of electrolytes, especially potassium and sodium will cause cardiac rhythm disorders [73]. Also, there have been links of AAS with insulin resistance, dyslipidemia, and metabolic syndrome [74].
10.7. Effects within immunology and dermatology
AAS may also change the immune effect leading to a suppressed work of lymphocytes and predetermining vulnerability to infections [75]. There are dermatological effects such as acne vulgaris, seborrhea and androgenic alopecia [70]. Unsterile injected use also heightens further the probability of abscesses, cellulitis as well as the transmission of blood-borne infections like hepatitis and HIV [72] .
Grades 5-6: increasing death rates (Mortality and gross domestic product), preventing the attainment of training or education levels 6.0 or higher with one year of schooling; expected to be advanced at levels 6.0 or higher with two years of schooling Grades 5-6: the raising of death rates (Mortality and gross domestic product) and the forced failure to reach training or education levels 6.0 or higher with one year of schooling; predicted to reach at least 6.0 or higher with two years of schooling.
10.8. Mortality and Long - Term Outcomes
Longitudinal research has found the increased mortality of those who used AAS formerly, referring mostly to cardiovascular, liver-related, and mental issues [71]. Not all adverse effects, including infertility and structural heart changes, disappear forever even after the treatment is discontinued [70].
12. Conclusion
The impartiality of two sides has its duality in androgenic steroids (AAS). On the one hand, they retain a considerable therapeutic approach in the treatment of such pathologies as muscle-wasting diseases, hypogonadism, or certain forms of anemia. On the other hand, non-medical use among the youth and especially athletes, has resulted in rampant health, mental and social problems owing to the rising trend. Aesthetic/performance-enhancing abuse associated with such compounds is upon the constantly growing trend and, in the most instances, the strain towards fulfilling all social requirements and misinformation.

To defeat these hurdles, a balanced approach that is evidence-based has to be taken, the approach that will include medical view, psychological view as well as sociological view. The interdisciplinary activities between healthcare community, policymakers, and educators are crucial to formulate solutions and minimize the damage and maximize awareness. In addition, the policy frameworks must be strengthened, easy access must be acquired to counseling and more education must be given to the people regarding the side effects of using steroids. Lastly, the existence of the knowledge about the prospect, as well as the threat of AAS usage, will make the construction of the learned and safer society possible.


11. Research Gaps and Future Directions
Although anabolic-androgenic steroids (AAS) are researched over several decades, the long-term health impacts and toxicity features, as well as safer treatment options, still have significant gaps in learning. Most of the existing data is of a case report or small clinical sample or self-reported survey nature and restricts generalization and causation [76]. These gaps have to be filled in by means of well-controlled longitudinal and mechanistic studies to build evidence-based policy and harm reduction.
11.1 Long-term studies on the low dose
The vast majority of the available literature revolves around the negative effects of high-dose or drug abuse by AAS in athletes and bodybuilders. Nevertheless, the remote physiological and psychological effects of subtherapy, medically-directed use of AAS are not properly defined [71]. The evaluations of testosterone replacement in hypogonadal men indicate that a possible benefit exists in a non-toxicity manner, although limited facts exist regarding delicate alterations of metabolism, cardiovascular and neuroendocrine in long-term studies [77].
The future studies must entail prospective, placebo controlled studies, which monitor hormonal, hepatic, cardiovascular, and neurocognitive variables in individuals taking low or replacement levels of AAS over these prolonged periods of time [78]. Such data will be able to define a limit between risk-free therapeutic use and harmful exposure.

11.2 Sex-Specific and Adolescent-Specific Studies.
The other gap is a dearth of knowledge in AAS sex-dependent and age-dependent variations in pharmacodynamics and toxicity [79]. In the current research literature, female users have been underserved, even though they are using AAS more often today to achieve fitness and aesthetics [80]. There is also insufficient data on adolescent exposure, considering that puberty is a period of active hormone renovation, exogenous AAS can lead to an irreversible influence on development, sexual functioning, and brain maturation consequently [81].
Future studies should incorporate sex stratified as well as age stratified cohorts with an aim of gauging unreliable susceptibility, metabolism, and recovery after quitting.
Similar to other drugs, Behavioral Health Interactional Associates should be cautious of combining CPOE with additional unapproved substances. There is no exception as to other drugs. CPOE interactions with other unapproved Substances; Behavioral Health Interactional Associates should note that it is advised to be wary of combining CPOE with other drugs.
11.3. Interaction with Other Drugs and Poly-Substance Abuse
AAS users are prone to poly-substance use that involves stimulant, opioid, alcohol, and growth hormone to build physique or address side effects [55]. This may lead, when combined, to inoculation of unexpected interactions that lead to liver functioning, cardiovascular stability, and neurochemistry [82]. However, there are still few systematic studies to investigate these series of drug-drug interactions and increased toxicity.
Details of clinical and preclinical models are required to determine the declarative effect of AAS and the interactive effect with other performance-enhancing or abuse substances, wherein they will tend to devise detailed or combined measures in infected individuals [83].
11.4 Preparation of Safer Substitutes or Antidotes.
With the continued abuse of AAS, there is a strong necessity to develop safe and better anabolic medications that have muscle-promoting effects with less androgenic outcomes. A promising type of compounds being investigated is selective androgen receptor modulators (SARMs), which provide tissue-selective action of offering anabolic effects [59]. Nevertheless, it is not clear about their abuse potentiality and long use safety profile [60].
Similar studies must also see the development of pharmacological reversion of AAS or protective measures that will reduce the effects of AAS in hepatotoxicity, cardiovascular calls and neuropsychiatric outcomes [84]. Molecular modeling, toxicogenomic profiling and systems pharmacology, may facilitate the discovery of these types of interventions faster [85].


11.5 Policies and Educational Direction.
Lastly, preventive and rehabilitation methods both on athletes and in general populations need to be evidence-based. A reliable campaign on awareness of danger of incomplete supervising of steroids as well as engaging a rapid dependency and hormone imbalance screening can minimize societal health expenses on account of such practices [86]. The joint systems with clinicians, educators, and sports authorities are essential in the deployment of the effective harm-reduction policy in the world.
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