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Background
There are many diseases prevalent around the globe that lack accessible and safe treatment options. Through Vanderbilt University Medical Center’s and Repurposing Essential Medicines Internationally program (Project Remedi), we aim to identify novel therapeutic uses for medications already approved and on the World Health Organization’s (WHO) Essential Medicines List (EML). We explored additional uses for simvastatin, an oral 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor that is on the EML and may have additional therapeutic use outside of hypercholesterolemia.
Methods
We conducted a phenome wide association study (PheWAS) of a 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) gene single nucleotide polymorphism (SNP) Ile638Val in 35,000 patient samples to identify novel uses for simvastatin. We then assessed biologic rationale and existing clinical evidence base related to novel phenotypes for simvastatin use for key PheWAS results.
Results
PheWAS of HMGCR variants identified a novel signal related to ovarian disease, in addition to a validating signal related to lipid dysfunction. Review of the literature substantiated involvement of HMG-CoA reductase signaling in hormone synthesis and posited involvement of dysfunction in this pathway in the development of polycystic ovary syndrome (PCOS). Synthesis of the literature regarding use of statins supported the role of these agents in improvement of symptoms and quality of life in women affected by PCOS who are not pregnant or trying to conceive, with a safety profile similar to this agent’s use in hyperlipidemia.
Conclusion
Given the evidence supporting safety and efficacy of simvastatin for PCOS management, the widespread availability on the EML and affordability worldwide, simvastatin is a promising therapeutic avenue for PCOS. A large-scale efficacy trial would be valuable in further substantiating this use. Repurposing simvastatin, a widely available medicine, can provide clinicians and patients with an additional strategy for PCOS, especially in areas where medical care is limited.
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1 INTRODUCTION
Timely and affordable access to effective and safe therapeutics is a key component of achieving meaningful improvements in global health equity. With that goal, the World Health Organization publishes a model Essential Medicine List (EML) updated every 2 years to serve as a guide for countries to prioritize what is included in their own national medicines policy (Laing et al., 2003). In low- and middle-income countries, in particular, medicines on the model list are more likely to be available in various countries, as EML designation can be used as a tool for negotiating medicine pricing and availability (Baxi et al., 2019).
While the EML plays an important role in making therapeutic strategies more widely available, it of course does not cover all conditions affecting humans. Thus, many significant diseases around the globe still may lack readily available treatment options. To help address this challenge, we began an initiative to identify new therapeutic uses for WHO-identified essential medicines called Project Repurposing Essential Medicines Internationally (Project Remedi). Project Remedi is a component of our academic institution’s drug repurposing program, which leverages genetic information, clinical data extracted from electronic health records, and evidence in the literature to explore novel indications for existing drugs and biological therapeutics (Challa et al., 2019; Pulley et al., 2017).
Project Remedi prioritizes therapeutic agents listed on the EML, and then leverages our repurposing methods to discover disease pathways targeted by those medicines (Challa et al., 2019; Challa et al., 2021; Pulley et al., 2020). This computational approach helps to uncover novel gene/disease associations that these pharmaceuticals can then be used to treat. Through this approach to uncovering new uses for affordable generic medications already on pharmacy shelves, it might be possible to make better use of available therapeutic strategies and increase the likelihood that patients will have access to the treatments they need.
Here, we report our application of these methods to simvastatin, an oral 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor that has been widely and globally prescribed since the early 1990s for the treatment of hypercholesterolemia and reduction of cardiovascular morbidity and mortality in those at increased risk. It is currently listed on the WHO’s EML for the indications “mixed hyperlipidemia” and “coronary atherosclerosis”. Since simvastatin has a known mechanism of action related to a specific target (HMG-CoA) and is listed on more than 85 country-specific EMLs (Author anonymous, 2025a), ensuring relatively wide availability, we applied our repurposing approach to identify new potential indications for this therapeutic agent.
2 MATERIALS AND METHODS
We leveraged the strength of two key methods in exploring potential repurposing opportunities for simvastatin: 1) a phenome-wide association study (PheWAS) of a gene that plays an important role in several biological pathways and 2) comprehensive review of the literature to assess concordance with potential repurposing signals identified via PheWAS. Because the logic of PheWAS can be extended to predict phenotypic manifestations of pharmacological targeting (such as with simvastatin) of a given gene product in humans, we regularly use these methods for hypothesis generation related to drug repurposing (Challa et al., 2019; Pulley et al., 2017; Challa et al., 2021; Pulley et al., 2020).
2.1 PheWAS
We conducted a PheWAS explore disease associations with genetic variation in the 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) gene. PheWAS is a well-established computational method that can identify diseases or conditions (phenotypes) that are associated with genetic variants within a target gene (Denny et al., 2010; Denny et al., 2013).
Our PheWAS analysis employed logistic regression, adjusted for sex and age as covariates, and included approximately 35,000 patients with available Illumina Exomechip genotyping data and phenotype data extracted from electronic health records at our large academic medical center. As we conceived of our PheWAS results as informing hypothesis generation and identification of a potential drug repurposing signal for further evaluation using the primary literature, we analyzed odds ratios as simple point estimates and did not implement a correction for multiple comparisons.
As simvastatin is an HMG CoA reductase inhibitor, acting to reduce cholesterol, we focused our PheWAS on variation within the HMGCR gene. Our Exomechip data for the HMGCR gene included a missense single nucleotide polymorphism (SNP), p. Ile638Val (chr5:75356374:A:G GRCh38; rs5908). A search of the literature did not identify any studies of the functional impact of this variant. The prevalence of this variant in a European non-Finnish population is estimated to be approximately 2% and in silico prediction tools (e.g., PolyPhen, CADD) predicted that this variant may not be deleterious (Author anonymous, 2025b). However, the location and nature of this variant suggests that it may be associated with impact on the protein structure and function. Amino acid changes can alter the tertiary structure of a protein, affecting folding and function in related downstream pathways. In the case of the HMGCR enzyme, the isoleucine to valine switch at position 638, which also resides in a known coding conserved region of the protein, could impact both the structure and stability of the protein as well as the ability to participate in protein-protein interactions (González-Castejón et al., 2011). This potential for functional impact served as our rationale for employing PheWAS to evaluate whether the putative effects on protein function were substantiated with phenotypes suggesting lipid-related effects in vivo.
2.2 Literature review
The studies from the literature for this analysis were identified by a trained information scientist searching the PubMed and Web of Science databases, as well as a broad Google search to identify unindexed and grey literature. The search was limited to English language publications and employed a range of search terms including: “polycystic ovary syndrome,” “PCOS” and “simvastatin”; a complementary search for “polycystic ovary syndrome” and (“atorvastatin” or “rosuvastatin” or “pravastatin” or “fluvastatin” or “statin” or “statins” or “hydroxymethylglutaryl-CoA” or “lovastatin” or “pitavastatin”) was also executed to add in adding to the context regarding potential class effects of statins in this disease. This search was not date limited and was last updated on 6 December 2024. The reference lists of articles were also reviewed, to identify any studies not found by the initial search and to better clarify preclinical and mechanistic underpinnings of both the disease and the therapy. No studies investigating the use of a statin for management of PCOS were excluded from this exploration and evidence from all identified reports was systemically extracted.
3 RESULTS
3.1 PheWAS results: HMG-CoA reductase
In our PheWAS results (Table 1), we found a validation signal - increased risk of lipoprotein disorders - suggesting our candidate SNP p. Ile638Val is behaving in vivo as an HMG CoA reductase activator, thus having the opposite effect of simvastatin, which functions as an HMG CoA reductase inhibitor.
TABLE 1 | HMGCR PheWAS results.	SNP (gene)	Phecode	Phenotype description	Cases (n)	Controls (n)	Odds ratio	P value	AFF_11*	AFF_12**
	Validation signal
	rs5908 (HMGCR)	277.51	Lipoprotein disorders	23	24862	3.34000	0.0455	0	3
	Novel signals
	rs5908 (HMGCR)	258.1	Postablative ovarian failure	39	11943	4.77000	0.0001169	0	7
	rs5908 (HMGCR)	220	Benign neoplasm of ovary	87	10217	2.95100	0.00105	1	8


Key: HMGCR HMG-CoA, reductase gene; SNP, single nucleotide polymorphism; *AFF_11 homozygous carriers of the SNP, of interest; **AFF_12 heterozygous carriers of the SNP, of interest.
We also see a novel cluster of phenotypes indicating that this variant is associated with increased risk of ovarian dysfunction (Table 1). We next undertook an exploration of the evidence regarding involvement of lipid dysfunction and HMG-CoA reductase signaling in ovarian disease to assess whether a condition within this spectrum would present a repurposing opportunity for simvastatin.
3.1.1 Evidence scan
3.1.1.1 HMG-CoA reductase in ovarian pathophysiology and PCOS
HMG-CoA reductase is the rate-controlling enzyme of cholesterol biosynthesis and is responsible for converting HMG-CoA to mevalonate, a precursor for a number of important molecules in addition to cholesterol (Figure 1). Thus, the connection between this enzyme and the ovaries is not surprising when considering that cholesterol is required for the synthesis of steroid hormones, including estrogens and androgens like testosterone (Smals et al., 1991; Eacker et al., 2008). Within a healthy ovary, these hormones are precisely regulated ensuring mono-follicular ovulation during the menstrual cycle. However, in the setting of excess androgens, as is likely the case for this SNP, there is an increased density of preantral follicles which then prematurely arrest at the antral phase before ovulation can occur (Franks and Hardy, 2018). Rather than releasing their contents and regressing, the arrested follicles stay intact within the ovaries, resulting in fluid filled cysts--a hallmark of PCOS. Furthermore, cholesterol and its downstream components are often elevated in PCOS patients, independent of body mass index (Wild et al., 2011; Liu et al., 2019; Yang et al., 2021). As a HMG-CoA reductase inhibitor, simvastatin interrupts this pathway early by inhibiting the enzyme HMG-CoA reductase, limiting the conversion of HMG-CoA to mevalonate and decreasing the amount available for both cholesterol and androgen synthesis. The enzyme aromatase is responsible for converting testosterone into estradiol, but several studies have shown reduced aromatase activity in PCOS patients (Ashraf et al., 2019). Thus, while PCOS can result from a variety of causes independent of HMGCR, our PheWAS results support the idea that alterations in the HMGCR/mevalonate pathway could be one promising target for treating the manifestations of this condition.
[image: Flowchart illustrating the biochemical pathway from Acetyl-CoA to Estradiol. It includes stages involving HMG-CoA, Mevalonate, and Cholesterol, leading to hormone synthesis like Progesterone, Testosterone, and Estradiol. Statins inhibit HMG-CoA reductase. Elevated DHEA levels are noted in polycystic ovary syndrome.]FIGURE 1 | Biochemical pathway leading to cholesterol and sex hormone synthesis. Double arrows indicate where one or two intermediates were omitted.While the precise cause of PCOS is not well understood, it is thought to be multifactorial (Melo et al., 2015), with abnormalities in the steroid synthesis pathway commonly implicated, including alterations in the enzyme aromatase responsible for catalyzing the conversion of androgens into estrogens (Ashraf et al., 2019). It is also the most common endocrinopathy affecting reproductive-aged women in the world, with a global age-standardized prevalence rate of 4%–20% (Deswal et al., 2020). Generally, it presents as a spectrum of heterogeneous disorders of reproduction and metabolism in women with frequent symptoms such as: abnormal menstruation, infertility, obesity, hirsutism, acanthosis nigricans, acne, alopecia, and ovarian cysts. PCOS is a leading cause of infertility, which is a global public health issue. (WHO, 2025) Although PCOS is not life-threatening, women with PCOS have a substantially reduced quality of life (Taylor and Francis, 2020). Obesity and visible signs of excess androgens have prominent effects on physical appearance that can subsequently affect neuropsychological status, including increased risk of depression (Podfigurna-Stopa et al., 2015). Further, women with PCOS are at a higher risk of a range of significant health conditions including impaired glucose tolerance, type II diabetes, cardiovascular disease, hypertension, and metabolic syndrome (Khan et al., 2019).
Currently, there is no cure identified for PCOS, only symptomatic treatments. One of the first lines of defense is combined oral contraceptives to mitigate the symptoms of PCOS by balancing hormones and restoring menstrual regularity, improving hyperandrogenism, and reducing unwanted hair growth (Oguz and Yildiz, 2021; de Melo et al., 2017). However, oral contraceptives have adverse effects that have potentially concerning overlap with known comorbidities of PCOS, such as the heightened risk of venous thromboembolism and other cardiovascular events (Oguz and Yildiz, 2021). Additional strategies are also used in PCOS for management of its manifestations, including diet and lifestyle modification and pharmacologic and surgical interventions for obesity and metabolic dysfunctions such as diabetes (Wang et al., 2018).
3.2 Evidence scan: statins in PCOS
After finding substantive evidence supporting a connection between HMG-CoA reductase and PCOS, we next assessed the evidence describing the safety and efficacy of simvastatin and other statin class drugs in treatment PCOS. As described below in more detail, from a pool of approximately 300 items retrieved by our search, we identified a body of trial literature (n = 15), observational research (n = 3), and systematic reviews (n = 8) that indicated benefits associated with simvastatin therapy in women affected by PCOS, including positive effects on lipid levels and other measures of disease activity including hormone levels, body mass index (BMI), acne, and hirsutism.
3.2.1 Systematic reviews and meta-analyses
We identified eight systematic reviews and meta-analyses that included evaluations of various statins, including simvastatin, atorvastatin, and rosuvastatin, for the management of PCOS, ranging in publication date from 2012 to 2023 (Gao et al., 2012; Ca et al., 2016; Yang et al., 2019; Almalki et al., 2020; Chen et al., 2021; Miao and Zhou, 2022; Hao et al., 2023; Xiong et al., 2023) (Table 2). There is partial overlap among studies represented in these systematic reviews; however, variation in inclusion criteria (typically including any statin), search approach, analytic techniques, and outcomes of interest resulted in variability in their detailed conclusions regarding utility of simvastatin and other statins in this condition.
TABLE 2 | Systematic reviews and meta-analyses including simvastatin, atorvastatin, and/or rosuvastatin in polycystic ovary syndrome.	Author, year	Design	Statin tested	Total N	Finding(s)
	Hao et al. (2023)	Systematic review and network meta-analysis of 13 RCTs; 7 trials including a statin	Atorvastatin was tested in five trials; simvastatin plus metformin was tested in two trials; and simvastatin monotherapy was tested in one trial	370 in studies involving a statin	Atorvastatin (WMD -3.1, 95% CrI: 3.7 to −2.5), metformin + simvastatin (WMD -2.8, 95% CrI: 4.1 to −1.5), simvastatin (WMD -2.7, 95% CrI: 4.2 to −1.3), were each significantly more effective in reducing total T vs placebo (P < 0.05)
No between-group significant difference observed in incidence of study withdrawal due to adverse events
	Xiong et al. (2023)	Systematic review of 6 RCTs	3 trials evaluated atorvastatin and 3 trials evaluated simvastatin	396	Conclusions from 3 trials comparing statin to placebo: uncertain whether statin shorted mean length of menstrual cycle (−2 days, 95% CI -24.86 to 20.86) or testosterone (mean difference at 6 weeks 0.06, 95% CI -0.72 to 0.84; similar uncertainty at 3 and 6 months)
Conclusions from trial comparing statin plus metformin to metformin alone: uncertain if statin affected menstrual regularity (MD 0.60 menses, 95% CI 0.08–1.12), hirsuitism (MD -0.16, 95% CI -0.91 to 0.59), acne severity (MD -0.31, 95% CI -0.67 to 0.05) or testosterone (MD -0.03, 95% CI -0.37 to 0.31)
Conclusion from two trials comparing statin to metformin: uncertain whether statin improved frequency of menses (MD 0.50 menses, 95% CI -0.05–1.05) reduced hirsutism (MD -0.26, 95% CI -0.97 to 0.45), reduced acne severity (MD -0.18, 95% CI -0.53 to 0.17), or reduced testosterone levels (MD -0.24, 95% CI -0.58 to 0.10)
Conclusions from trial comparing stain plus OCP to OCP alone: uncertain if statin affected menstrual regularity (MD -0.12, 95% CI -0.41 to 0.17) or testosterone (MD -0.82, 95% CI -1.38 to −0.26)
No significant adverse events noted
Evidence for each category rated as very low certainty
	Miao and Zhou (2022)	Meta-analysis of 13 RCTs	Simvastatin (7)
Atorvastatin (5)
Rosuvastatin (1)	869	Significant reduction in total T, free T, DHEAs, androstenedione, LH, LH to FSH ratio, and prolactin; Significant reduction in total cholesterol; LDL, and triglycerides; Significant reduction fasting glucose, insulin sensitivity index, and high-sensitivity CRP
	Chen et al. (2021)	Meta-analysis of 9 RCTs	Simvastatin (6)
Atorvastatin (3)	682	All studies found significantly reduced T in association with statin treatment; reduced DHEA found in 7 studies
	Almalki et al. (2020)	Meta-analysis of 9 RCTs, including 4 that involved a statin	Different types of statin at any dose; 2 trials included simvastatin and 2 included atorvastatin	238 in studies involving a statin	In the network meta-analysis, atorvastatin showed greater reduction in T compared to COC (MD −2.78, 95%CrI −3.60, −1.97), spironolactone plus metformin (MD −2.83, 95%CrI −3.80, −1.87), simvastatin (MD −2.88, 95%CrI −3.85, −1.92), spironolactone (MD −2.90, 95%CI −3.77, −2.02), simvastatin plus metformin (MD −2.93, 95%CrI −3.79, −2.06), metformin (MD −2.97, 95%CrI −3.69, −2.25), lifestyle modification (MD −3.02, 95%CrI −3.87, −2.18), and placebo (MD −3.04, 95%CrI −3.56, −2.53)
	Yang et al. (2019)	Meta-analysis of 10 RCTs	Different types of statin at any dose that continued for at least 2 weeks
Six studies simvastatin (20 mg/day), one study atorvastatin (40 mg/day), one study rosuvastatin (10 mg/day)	735	Atorvastatin significantly reduced DHEA (SMD, −0.63; 95% CI, −1,20 to −0.05; p = 0.03; I2 = 38%) but simvastatin did not significantly reduce DHEA (SMD: −0.14; 95% CI, −0.49–0.28; p = 0.43; I2 = 77%)
Subgroup analysis based on duration of treatment showed no significant difference between 12 weeks (SMD, −0.61; 95% CI, −1.23–0.02; p = 0.06; I2 = 85%) and 24 weeks (SMD, −0.34; 95% CI −0.95–0.28; p = 0.29; I2 = 83%) of statin treatment
	Ca et al. (2016)	Systematic review of 12 trials	Trials involved simvastatin or atorvastatin (11 trials); one study evaluated rosuvastatin. Most trials were 12 weeks duration; a low to moderate dose of statin was typically used	NR	10 of 12 trials showed reduction in testosterone levels or other hormones (DHEA-S and androstenedione); some trials showed improvement in LH/FSH ratio; all trials demonstrated positive effects on lipid profiles
No synthesis of overall results by statin type within this review
	Gao et al. (2012)	Meta-analysis of 4 RCTs	Simvastatin (2 trials)
Atorvastatin (2 trials)
Regimen details included: atorvastatin 40 mg, QD vs. placebo 6 weeks; simvastatin 20 mg, QD vs.
metformin 850 mg, BID vs.
sim + met 20mg, QD + 850 mg, BID 12 weeks
simvastatin 20 mg, QD vs. placebo 12 weeks
atorvastatin 20 mg, QD vs. placebo 12 weeks	254	Significant reduction of serum total testosterone when comparing statin with placebo (Std MD = − 3.03, 95%CI − 5.85 ∼ − 0.22, P = 0.03) or statin + metformin with metformin (Std MD = − 1.07, 95%CI: −2.06∼ − 0.07, P = 0.04). Statin was more effective than placebo in reducing LDL (WMD = − 0.87, 95%CI − 1.18∼ − 0.55, P < 0.0001), TC (WMD = − 1.23 95%CI − 1.35∼ − 1.11, P < 0.00001), TG (WMD = − 0.50, 95%CI − 0.73∼ − 0.27, P < 0.00001); and statin + metformin was more effective than metformin in lowering LDL (WMD = − 0.84, 95%CI:− 1.33 ∼ − 0.354, P = 0.0009), TC (WMD = − 1.28, 95%CI: −1.47 ∼ − 1.10, P < 0.00001), and TG (WMD = − 0.27, 95%CI:− 0.36∼ − 0.19, P < 0.00001)


Key: BID, twice a day; BMI, body mass index; COC, combined oral contraceptives; CrI, credible interval; CRP, C-reactive protein; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; LDL, low density lipoprotein; LH, luteinizing hormone; FSH, follicle stimulating hormone; MD, mean difference; OCP, oral contraceptive pill; QD, once a day; RCT, randomized controlled trial; SMD, standardized mean difference; T, testosterone; TC, total cholesterol; TG, triglycerides; WMD, weighted mean difference.
Five of these systematic reviews focused on evaluation of statins as a class of therapeutics (Gao et al., 2012; Ca et al., 2016; Chen et al., 2021; Miao and Zhou, 2022). Two included comparison of different statins including simvastatin, atorvastatin, and/or rosuvastatin (Yang et al., 2019; Almalki et al., 2020). Most analyses found improvements in hormone levels (e.g., reductions in total testosterone, free testosterone, and dehydroepiandrosterone/DHEA) and lipid profiles (e.g., total cholesterol, LDL, and triglycerides) associated with the use of at least one of the statins. None of the reviews identified notable adverse effect signals. The two meta-analyses comparing different statins found atorvastatin to be superior to the other statins in terms of effects on testosterone (Almalki et al., 2020) or DHEA (30), although the small size of the comparative data pool may limit the clinical utility of these findings. Given the heterogeneity in the clinical trials and the relatively small sample sizes, however, the overall certainty of the evidence was rated very low, indicating that the results should be interpreted with caution. Despite the low certainty, seven of these reviews concluded that statin therapy is a reasonable option for women affected by PCOS and recommended further research to evaluate long-term effects and optimal dosing (Gao et al., 2012; Ca et al., 2016; Yang et al., 2019; Almalki et al., 2020; Chen et al., 2021; Miao and Zhou, 2022; Hao et al., 2023). The final systematic review concluded that the low certainty in available evidence precluded conclusions about efficacy (Xiong et al., 2023).
3.2.2 Randomized controlled trials (RCTs)
Fifteen randomized controlled trials, briefly summarized and cited below, compared the utility of simvastatin-containing regimens to one or two other treatment options. Small trial sizes predominated and trials were heterogeneous in approach, duration, and biochemical outcome measures. Trial data generally indicated positive effects of simvastatin therapy on lipids, hormone levels, and other measures of disease activity in women with PCOS. The range of comparisons in this literature include.
3.2.2.1 Simvastatin to placebo
There are two trials comparing simvastatin to placebo, one focusing on women with PCOS pursuing in vitro fertilization (Rashidi et al., 2011) and one on women with general PCOS(37). The IVF in PCOS trial found positive effects on testosterone and cholesterol, but did not find benefit in terms of IVF success (Rashidi et al., 2011). The PCOS trial supported the positive effects of simvastatin as compared with placebo on a range of outcomes including hormones (e.g., testosterone, DHEA), lipids, menstrual regulatory, hirsutism, acne, ovarian volume, body mass index, and waist hip ratio; this trial did not find benefit of simvastatin therapy on fasting glucose, fasting insulin, or HOMA-IR index (insulin resistance measure). (Seyam et al., 2018).
3.2.2.2 Simvastatin and metformin
There are multiple trials evaluating simvastatin effectiveness in comparison to metformin, a well-known diabetes medication. Three trials compared simvastatin to metformin in PCOS (Navali et al., 2011; Pourmatroud et al., 2015). One trial focused on PCOS and found superiority of simvastatin in effects on lipids, CRP, and acne; metformin performed better in terms of effects on blood sugar and insulin measures (Navali et al., 2011). The second trial focused on women with PCOS pursuing in vitro fertilization (IVF); both regimens were associated with beneficial effects on biochemical parameters, but neither regimen had an effect on IVF outcomes (Pourmatroud et al., 2015). Additionally, three trials compared simvastatin to metformin to simvastatin plus metformin (i.e., three-arm trials; one trial reported in two papers) (Seyam and Hefzy, 2018; Karakas et al., 2013; Banaszewska et al., 2009; Banaszewska et al., 2011). All three found superiority in the simvastatin-containing arms compared to metformin alone in terms of effects on lipids, hormone levels (e.g., testosterone), and other measures of disease activity. Similarly, two trials evaluated simvastatin plus metformin to metformin alone (Malik et al., 2018; Kazerooni et al., 2010). Both trials found superiority of the simvastatin-containing arm related to improvements in hormone levels (e.g., testosterone, luteinizing hormone, follicle stimulating hormone) and in lipids.
3.2.2.3 Simvastatin compared with other therapeutics
Finally, RCTs containing other therapeutics were compared to simvastatin treatments. One trial compared simvastatin to metformin to flutamide plus oral contraceptives (a three-arm trial) (Mehrabian et al., 2016), finding that simvastatin was superior to the other two regimens in terms of effects on waist circumference, BMI, and triglyceride levels. Metformin was superior in effects on fasting blood sugar. Another two trials compared simvastatin to atorvastatin (Kaya et al., 2010; Kaya et al., 2009). Both trials found the statin regimens lead to improvements in lipid levels and other measures of disease activity, while benefits attributed to the individual agents varied to some extent; the data suggests possible greater effects of simvastatin on hormone levels, while atorvastatin may have a greater impact on measures of insulin resistance. Similarly, two trials evaluated simvastatin plus oral contraceptives (OCPs) to OCPs alone (Duleba et al., 2006). Both studies found significant benefit in the combined therapy group, attributed to the addition of simvastatin, including improvement in hormone levels (testosterone, FSH, LH), lipids, and other measures of disease activity (e.g., hirsutism). An additive effect of simvastatin therapy on measures related to blood glucose or insulin was not identified in either trial.
3.2.2.4 Observational data
In complement to the RCT data, we identified three observational studies (Table 3) which also indicated benefit of simvastatin in managing lipids and other parameters in small groups of women affected by PCOS (Azargoon et al., 2013; Krysiak et al., 2014; Yang et al., 2016). Two of these reports focused on simvastatin only (Azargoon et al., 2013; Yang et al., 2016); one study was a prospective cohort comparing simvastatin to ezetimibe (Krysiak et al., 2014).
TABLE 3 | Clinical studies evaluating simvastatin-containing regimens in polycystic ovary syndrome.	Author, year	Design	Statin or comparator	Total N	Finding(s)
	Trials comparing simvastatin to placebo
	Seyam et al. (2018)	Double-blind RCT	Simvastatin (20 mg/day) OR placebo for 6 months	200	Reduced T, LH/FSH ratio, total cholesterol, LDL, triglycerides, DHEAS and FSH. Increased HDL. Improved menstrual regularity. Decreased hirsutism, acne, ovarian volume, BMI and waist/hip ratio. No adverse events
	Rashidi et al. (2011)	Double-blind RCT	Simvastatin (20 mg/day) OR placebo for 8 weeks	61	Reduced total T, total serum cholesterol and LDL but increased systemic inflammatory markers. No AEs
	Simvastatin trials including use of metformin, oral contraceptives, and/or flutamide
	Seyam and Hefzy (2018)	Double-blind RCT	Simvastatin (20 mg/day) OR metformin (500 mg/day) OR simvastatin + metformin for 12 months	200	Improved spontaneous menses per 6 months, ovulation, volume of both ovaries, waist/hip ratio, hirsutism score, acne, total T, free T, DHEAS, SHBG, LH/FSH ratio, prolactin, total cholesterol, LDL, HDL and triglycerides. No AEs
	Malik et al. (2018)	RCT	Simvastatin plus metformin OR metformin only for over 3 months	108	Improved LH/FSH ratio
	Mehrabian et al. (2016)	Single-blind clinical trial	Simvastatin (20 mg/day) OR metformin OR flutamide + low dose oral contraceptives for 6 months	102	Reduced waist circumference, triglycerides, fasting blood glucose, CRP and BMI. No AEs
	Pourmatroud et al. (2015)	Double-blind RCT	Simvastatin (20 mg/day) OR metformin administered for 8 weeks before starting ICSI cycle (both groups on daily low dose oral contraceptive pills for 8 weeks)	40	Reduced hirsutism, T, FSH, LH, total cholesterol, and LDL. Increased HDL. No AEs
	Karakas et al. (2013)	RCT	Simvastatin (20 mg/day) OR metformin OR simvastatin + metformin for 3 months	62	Decreased total cholesterol, LDL, CRP, triglycerides and fasting insulin. Increased insulin sensitivity. No AEs
	Navali et al. (2011)	Double-blind RCT	Simvastatin 20 mg/day OR metformin 500 mg 3x day for 3 months	400	Decreased percent of abnormal periods, acne, positive CRP, hyperinsulinemia, mean serum total cholesterol, LDL and DHEAS. Mean serum HDL increased. No side effects
	(Banaszewska et al., 2011; Banaszewska et al., 2009)	RCT	Simvastatin (20 mg daily) OR metformin OR simvastatin (20 mg daily) plus metformin (850 mg twice daily) for 6 months	97	Simvastatin was superior to metformin in improving markers of systemic inflammation and endothelial function (i.e., reduction in hs-CRP and sVCAM)
	Kazerooni et al. (2010)	Double-blind RCT	Simvastatin (20 mg/day) plus metformin OR metformin plus placebo for 12 weeks	84	Significantly reduced serum T levels, DHEAS, LH, LH/FSH ratio, total cholesterol, LDL and triglycerides and increased HDL.
	Banaszewska et al. (2007)	Randomized crossover trial	Simvastatin (20 mg/day) + oral contraceptive pill for 12 weeks followed by oral contraceptive pills only for an additional 12 weeks, or vice versa	48	Reduced total T, free T, LH, LH/FSH, hirsutism, total cholesterol, LDL, hs-CRP and sVCAM-1. No side effects
	Duleba et al. (2006)	RCT	Simvastatin (20 mg/day) + oral contraceptive pill OR oral contraceptive pill only for 12 weeks	48	Reduced serum T, DHEAS, LH, LH/FSH, total cholesterol, LDL and hirsutism, and increased HDL. No side effects
	Trials comparing simvastatin to atorvastatin
	Kaya et al. (2010)	RCT	Simvastatin (20 mg/day) OR atorvastatin (20 mg/day) for 3 months	64	Both groups reduced total cholesterol and HDL-C. Simvastatin significantly reduced LH, FSHFAI, MDA, total T and hirsutism. Atorvastatin significantly reduced CRP, HOMA index, fasting insulin and LDL. No AEs
	Kaya et al. (2009)	RCT	Simvastatin (20 mg/day) OR atorvastatin (20 mg/day) for 12 weeks	52	Both drugs reduced serum homocysteine levels, free T and total T. Both groups increased B-12. Homeostatic model assessment index was significantly lower in atorvastatin. No AEs
	Observational studies of simvastatin
	Yang et al. (2016)	Prospective parallel groups matched by age	Simvastatin (20 mg/day) for 6 months compared to pre-treatment and healthy controls	42	Reduced cholesterol, triglyceride, LDL, HOMA-IR and markers of endothelial dysfunction
	Azargoon et al. (2013)	Quasi experimental study (no comparator)	Simvastatin (20 mg/day) for 2 months (no comparator)	25	No significant change in BMI. No side effects
	Quasi-experimental comparison of simvastatin to ezetimibe
	Krysiak et al. (2014)	Prospective parallel groups matched by age and weight	Simvastatin (40 mg/day) OR ezetimibe for 90 days	28	Significantly reduced total cholesterol, LDL, serum T, free T, androstenedione, and DHEAS. Modestly reduced LH/FSH ratio. No AEs


Key: AEs, adverse events; BMI, body mass index; CRP, c-reactive protein; DHEAS, dehydroepiandrosterone sulfate; FSH, follicle stimulating hormone; HDL, high density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; LDL, low density lipoprotein; LH, luteinizing hormone; RCT, randomized controlled trial; SHBG, sex hormone-binding globulin; sVCAM-1, soluble vascular cell adhesion molecule-1; T, testosterone.
3.2.3 Safety considerations
Review of the literature describing use of simvastatin or atorvastatin in treatment of women with PCOS indicates a safety profile comparable to that observed in the substantive evidence base on statin use in hyperlipidemia. A detailed extraction of these concordant safety findings from all identified studies on use of simvastatin (Rashidi et al., 2011; Seyam et al., 2018; Navali et al., 2011; Pourmatroud et al., 2015; Seyam and Hefzy, 2018; Karakas et al., 2013; Banaszewska et al., 2009; Banaszewska et al., 2011; Malik et al., 2018; Kazerooni et al., 2010; Mehrabian et al., 2016; Kaya et al., 2010; Kaya et al., 2009; Duleba et al., 2006; Azargoon et al., 2013; Krysiak et al., 2014; Yang et al., 2016; Banaszewska et al., 2007) are outlined in Table 3; similar data regarding safety findings with use of atorvastatin in PCOS(54–64) and rosuvastatin (Ghazeeri et al., 2015; Celik and Acbay, 2012) are also included for context (Table 4). Regarding possible side effects of simvastatin, there has been an association between statin use and dose dependent skeletal muscle damage including rare risk of rhabdomyolysis (Di Stasi et al., 2010; Skottheim et al., 2008; Thompson et al., 2003), although there is new evidence suggesting that overall these changes are mild and clinically insignificant in most patients (Re et al., 2022). Clinicians can use judgment on an individual case basis to determine if the benefits outweigh the risks of myalgia.
TABLE 4 | Clinical studies evaluating other statin-containing regimens in polycystic ovary syndrome (atorvastatin, rosuvastatin).	Author, year	Design	Statin or comparator	Total N	Finding(s)
	Atorvastatin trials
	Shawish et al. (2021)	Meta-analysis	Atorvastatin (6)	6 RCTs
265	Reduced total T, FAI, androstenedione and DHEAS
	Chen and Zheng (2021)	Meta-analysis	Atorvastatin (9)	9 RCTs
406	Decreased fasting insulin; Lower HOMA-IR value; No significant effect on fasting glucose or BMI
	(Sathyapalan et al., 2009; Sathyapalan et al., 2010a; Sathyapalan et al., 2010b; Sathyapalan et al., 2012a; Sathyapalan et al., 2012b; Sathyapalan et al., 2017; Sathyapalan et al., 2019)	RCT	Atorvastatin (20 mg/day) or placebo for 3 months	40	Reduced total cholesterol, LDL cholesterol, triglycerides, CRP, free androgen index, testosterone and insulin resistance per HOMA-IR. Atorvastatin increased SHBG.
	(Puurunen et al., 2013; Luotola et al., 2018)	RCT	Atorvastatin (20 mg/day) or non-statin placebo for 6 months	28	Reduced serum levels of DHEA, CRP, total cholesterol, LDL cholesterol, triglycerides. No change in serum T
	Krysiak and Okopien (2014)	RCT	Atorvastatin (40 mg daily) or atorvastatin (20 mg daily) plus ezetimibe (10 mg daily)	23	Both dosages decreased total and LDL cholesterol. High-dose reduced total T, free T and androstenedione
	Raja-Khan et al. (2011)	RCT	Atorvastatin (40 mg) or placebo once daily for 6 weeks	20	Reduced systolic and diastolic blood pressure, LDL cholesterol, triglycerides, androstenedione and DHEAS.
	Rosuvastatin trials
	Ghazeeri et al. (2015)	Double-blind RCT	All patients received rosuvastatin 10 mg/day for 3 months after starting the study
Then randomized to either rosuvastatin (10 mg/day) + metformin (850 mg twice daily after meals) or rosuvastatin (10 mg/day) + placebo	37	Reduced cholesterol
	Celik and Acbay (2012)	RCT	Rosuvastatin (10 mg/day) + lifestyle changes + metformin or lifestyle changes + metformin only	38	Reduced hsCRP, triglyceride, total cholesterol, and LDL cholesterol


Key: BMI, body mass index; CRP, c-reactive protein; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; FAI, free androgen index; HOMA-IR, homostatic model assessment of insulin resistance; hsCRP, high-sensitivity c-reactive protein; LDL, low density lipoprotein; RCT, randomized controlled trial; SHBG, sex hormone-binding globulin; T, testosterone.
3.2.3.1 Caution regarding risks to fetus
Of particular import within the PCOS population, women who are pregnant or attempting to conceive should not use a statin due to risk of fetal harm and miscarriage (Vahedian-Azimi et al., 2021; Zarek and Koren, 2014).
3.2.4 Dosing and treatment approach
The studies describing use of simvastatin in PCOS typically employed an orally administered dose of 20 mg per day, within the range used to treat hyperlipidemia (ZOCOR, 1991). While doses of up to 40–80 mg per day are employed in hyperlipidemia, only one study identified in the current evidence synthesis used a simvastatin dose greater than 20 mg day; this small prospective observational study used a dose of 40 mg/day and observed outcomes similar to the studies that employed the 20 mg/day dose (Krysiak et al., 2014). Monitoring of lipids and other metabolic parameters (e.g., blood glucose, liver function tests) should be pursued when clinically indicated, as per usual care in this condition.
As noted above, simvastatin should not be used in women who are pregnant or attempting to conceive, due to risk of fetal harm and miscarriage.
4 DISCUSSION
4.1 Implications of PheWAS results
Our PheWAS results, combined with the literature evidence summarized here supporting its safety and efficacy in PCOS, suggest that the use of simvastatin could be expanded to include treatment of patients affected by polycystic ovary syndrome, although a large-scale clinical trial would be valuable in confirming this. Given its safety profile and the lack of other therapies, we propose that simvastatin is a potentially viable treatment option for patients suffering with PCOS. However, simvastatin is contraindicated in women who are pregnant or attempting to conceive, due to associated risk for the fetus. It will be important to monitor the supporting evidence base, particularly the trial literature, for guiding strength of evidence and recommendations for statins in PCOS as the literature evolves.
4.2 Evidence for simvastatin in PCOS
An excess in androgen levels is responsible for many of the physical symptoms of PCOS, including hirsutism, acne, and hair loss, and the cumulative evidence presented here indicates statin therapy can significantly reduce both free and total testosterone levels as well as DHEAS and androstenedione (Rashidi et al., 2011; Seyam et al., 2018; Pourmatroud et al., 2015; Seyam and Hefzy, 2018; Kazerooni et al., 2010; Kaya et al., 2010; Kaya et al., 2009; Duleba et al., 2006; Krysiak et al., 2014; Banaszewska et al., 2007). While a reduction in hormone levels may not always translate to a reduction in symptoms, most studies that reported such outcomes included positive results, most commonly reduced hirsutism, but also notable improvements in acne, menstrual regularity, and obesity measures (Seyam et al., 2018; Navali et al., 2011; Pourmatroud et al., 2015; Mehrabian et al., 2016; Kaya et al., 2010; Duleba et al., 2006; Seyam and Hefzy, 2018). Dyslipidemia is a common complication in PCOS patients, affecting an estimated 70% and usually manifesting as an elevation in LDL, total cholesterol, and triglycerides and a reduction in HDL levels, correlating with increased risk in cardiovascular disease (Legro et al., 2001; Liu et al., 2019). As statins are well known to reduce levels of harmful lipids by interfering with cholesterol production, it is reassuring that many studies of simvastatin use in PCOS patients also reported significant improvements in lipid profiles, an effect that is generally beneficial for overall health outcomes (Rashidi et al., 2011; Seyam et al., 2018; Navali et al., 2011; Pourmatroud et al., 2015; Karakas et al., 2013; Mehrabian et al., 2016; Kaya et al., 2010; Kazerooni et al., 2010; Duleba et al., 2006; Krysiak et al., 2014; Yang et al., 2016; Banaszewska et al., 2007; Seyam and Hefzy, 2018). The polycystic nature and size of the ovaries in these patients can only be identified via ultrasonography, with transvaginal ultrasound the most reliable, but most statin studies published so far did not assess the effects on ovarian morphology. The only exceptions are the two RCT’s published by Seyam et al., in 2018, which both determined a decrease in ovarian volume after statin treatment (Seyam et al., 2018; Seyam and Hefzy, 2018). Given that large and/or numerous ovarian cysts can induce significant pelvic pain and impact fertility, any reductions in ovarian volume are presumably beneficial for a patient’s quality of life.
4.3 Global health context and accessibility
The WHO has identified the health of women and girls a particular concern given that sociocultural factors can impact the quality and timeliness of healthcare services they have access to (World Health Organization, 2035). Most estimates suggest 70% of the world’s poor are female, and this income disadvantage places a higher burden on female health due to malnutrition, greater exposure to environmental health risks, and reduced access to care (Sicchia and Maclean, 2006). The WHO’s model EML is one strategy attempting to increase access to the most beneficial and cost-effective medications for those in need. For example, treatments for PCOS can improve overall health and the quality of life for women worldwide. The presence of statins on the EML points to the fact that they are more available in countries with various resource levels. Although there is some evidence supporting the use of simvastatin as a treatment response to PCOS and evidence that simvastatin can improve biochemical markers in this condition, the burden of evidence has not yet risen to the threshold required by the EML and providers considering use of statins in PCOS will continue to evaluate potential risk and benefit on a case by case basis in the absence of practice guidelines. Repurposing widely available medications so that they can be reliably used in multiple conditions is one way to tackle key global health challenges in a resource-sensitive manner and we continue to seek these opportunities.
4.4 Limitations
Our PheWAS findings are based on data from a single institution and leverage phenotypic effects of a variant with limited functional information; it would be premature to consider this variant to be a pharmacogenomic signal, and rather presents data on the hypothesis generation end of the research continuum. Our approach also employed PheWAS as a hypothesis generation mechanism and did not use a multiple correction threshold, relying on the primary literature for further triangulation regarding whether statins may play a role in treatment of PCOS. While the lipid-related phenotypes revealed by PheWAS suggest that this variant has impact and the clinical trial literature indicates a role for statin therapy in PCOS, it will be important to replicate this work in larger datasets. Given that the clinical trial literature is relatively small and heterogeneous, additional studies to confirm these associations and further elucidate the role that statin therapy can play within the therapeutic landscape for PCOS will be an important endeavor for future research.
5 CONCLUSION
Our review evaluated evidence for simvastatin in PCOS management. Our findings suggest simvastatin has potential as an affordable, globally accessible treatment for PCOS with promising effects on lipid profiles, hormone regulation, and symptom improvement. However, we highlight the need for further research, including large-scale trials, to address evidence gaps and resource-specific challenges for global applicability. We anticipate that novel methods such as our Project Remedi, which employs cutting edge technology for scientific breakthroughs in drug repurposing to identify new therapeutic targets for medications commonly used within the EML, will inform repurposing strategies in the future and further enrich the global treatment landscape for unmet medical needs.
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Seyam et al. (2018) Double-blind RCT Simvastatin (20 mg/day) OR placebo for 6 months 200 Reduced T, LH/FSH ratio, total cholesterol, LDL,
triglycerides, DHEAS and FSH. Increased HDL.
Improved menstrual regularity. Decreased
hirsutism, acne, ovarian volume, BMI and waist/
hip ratio. No adverse events
Rashidi et al. (2011) Double-blind RCT Simvastatin (20 mg/day) OR placebo for 8 weeks 61 Reduced total T, total serum cholesterol and LDL
but increased systemic inflammatory markers.
No AEs
Simvastatin trials including use of metformin, oral contraceptives, and/or flutamide
Seyam and Hefzy (2018) | Double-blind RCT Simvastatin (20 mg/day) OR metformin (500 mg/ 200 Improved spontaneous menses per 6 months,
day) OR simvastatin + metformin for 12 months ovulation, volume of both ovaries, waist/hip ratio,
hirsutism score, acne, total T, free T, DHEAS,
SHBG, LH/FSH ratio, prolactin, total cholesterol,
LDL, HDL and triglycerides. No AEs
Malik et al. (2018) RCT Simvastatin plus metformin OR metformin only 108 Improved LH/FSH ratio
for over 3 months
Mehrabian et al. (2016) | Single-blind clinical trial | Simvastatin (20 mg/day) OR metformin OR 102 Reduced waist circumference, triglycerides,
flutamide + low dose oral contraceptives for fasting blood glucose, CRP and BMI. No AEs
6 months
Pourmatroud et al. Double-blind RCT Simvastatin (20 mg/day) OR metformin 40 Reduced hirsutism, T, FSH, LH, total cholesterol,
(2015) administered for 8 weeks before starting ICSI and LDL. Increased HDL. No AEs
cycle (both groups on daily low dose oral
contraceptive pills for 8 weeks)
Karakas et al. (2013) RCT Simvastatin (20 mg/day) OR metformin OR 62 Decreased total cholesterol, LDL, CRP,
simvastatin + metformin for 3 months triglycerides and fasting insulin. Increased insulin
sensitivity. No AEs
Navali et al. (2011) Double-blind RCT Simvastatin 20 mg/day OR metformin 500 mg3x 400 Decreased percent of abnormal periods, acne,
day for 3 months positive CRP, hyperinsulinemia, mean serum total
cholesterol, LDL and DHEAS. Mean serum HDL
increased. No side effects
(Banaszewska etal,, 2011; | RCT Simvastatin (20 mg daily) OR metformin OR 97 Simvastatin was superior to metformin in
Banaszewska et al., 2009) simvastatin (20 mg daily) plus metformin (850 mg improving markers of systemic inflammation and
twice daily) for 6 months endothelial function (i.e., reduction in hs-CRP
and sVCAM)
Kazerooni et al. (2010)  Double-blind RCT Simvastatin (20 mg/day) plus metformin OR 84 Significantly reduced serum T levels, DHEAS, LH,
metformin plus placebo for 12 weeks LH/FSH ratio, total cholesterol, LDL and
triglycerides and increased HDL.
Banaszewska et al. (2007) | Randomized crossover | Simvastatin (20 mg/day) + oral contraceptive pill 48 Reduced total T, free T, LH, LH/FSH, hirsutism,
trial for 12 weeks followed by oral contraceptive pills total cholesterol, LDL, hs-CRP and sVCAM-1. No
only for an additional 12 weeks, or vice versa side effects
Duleba et al. (2006) RCT Simvastatin (20 mg/day) + oral contraceptive pill 48 Reduced serum T, DHEAS, LH, LH/FSH, total
OR oral contraceptive pill only for 12 weeks cholesterol, LDL and hirsutism, and increased
HDL. No side effects
Trials comparing simvastatin to atorvastatin
Kaya et al. (2010) RCT Simvastatin (20 mg/day) OR atorvastatin (20 mg/ 64 Both groups reduced total cholesterol and HDL-
day) for 3 months C. Simvastatin significantly reduced LH, FSHFAI,
MDA, total T and hirsutism. Atorvastatin
significantly reduced CRP, HOMA index, fasting
insulin and LDL. No AEs
Kaya et al. (2009) RCT Simvastatin (20 mg/day) OR atorvastatin (20 mg/ 52 Both drugs reduced serum homocysteine levels,
day) for 12 weeks free T and total T. Both groups increased B-12.
Homeostatic model assessment index was
significantly lower in atorvastatin. No AEs
Observational studies of simvastatin
Yang et al. (2016) Prospective parallel Simvastatin (20 mg/day) for 6 months compared 42 Reduced cholesterol, triglyceride, LDL, HOMA-
groups matched by age | to pre-treatment and healthy controls IR and markers of endothelial dysfunction
Azargoon et al. (2013) | Quasi experimental study | Simvastatin (20 mg/day) for 2 months (no 25 No significant change in BMI. No side effects
(no comparator) comparator)
Quasi-experimental comparison of simvastatin to ezetimibe
Krysiak et al. (2014) Prospective parallel Simvastatin (40 mg/day) OR ezetimibe for 90 days 28 Significantly reduced total cholesterol, LDL,

groups matched by age
and weight

serum T, free T, androstenedione, and DHEAS.
Modestly reduced LH/FSH ratio. No AEs

Key: AEs, adverse events; BMI, body mass index; CRP, c-reactive protein; DHEAS, dehydroepiandrosterone sulfate; FSH, follicle stimulating hormone; HDL, high density lipoprotein; HOMA-
IR, homeostatic model assessment of insulin resistance; LDL, low density lipoprotein; LH, luteinizing hormone; RCT, randomized controlled trial; SHBG, sex hormone-binding globulin;

sVCAM-1. soluble vascular cell adhesion molecule-

T, testosterone.
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