[image: image1]Efficacy and safety of ephedra-containing oral medications: a systematic review, meta-analysis, and exploratory dose–response analysis for weight reduction

		SYSTEMATIC REVIEW
published: 30 October 2024
doi: 10.3389/fphar.2024.1397247


[image: image2]
Efficacy and safety of ephedra-containing oral medications: a systematic review, meta-analysis, and exploratory dose–response analysis for weight reduction
Hyeongyu Cho1†, Jeewoo Oh1†, Hongmin Chu2*, Hanbit Jin1*‡ and Jungtae Leem1,3*
1College of Korean Medicine, Wonkwang University, Iksan, Republic of Korea
2Mapo Hongik Korean Medicine Clinic, Seoul, Republic of Korea
3Research Center of Traditional Korean Medicine, College of Korean Medicine, Wonkwang University, Iksan, Republic of Korea
Edited by:
Adolfo Andrade-Cetto, National Autonomous University of Mexico, Mexico
Reviewed by:
Soobin Jang, Daegu Haany University, Republic of Korea
Ishtiaq Jeelani, University of California, San Diego, United States
* Correspondence: Hongmin Chu, chhn2443@wku.ac.kr; Hanbit Jin, hanbitjin22@gmail.com; Jungtae Leem, julcho0908@wku.ac.kr
†These authors have contributed equally to this work and share first authorship
†Present address:
Hanbit Jin, Department of Preventive Medicine, College of Korean Medicine, Dongshin University, Naju, Republic of Korea
Received: 07 March 2024
Accepted: 10 October 2024
Published: 30 October 2024
Citation: Cho H, Oh J, Chu H, Jin H and Leem J (2024) Efficacy and safety of ephedra-containing oral medications: a systematic review, meta-analysis, and exploratory dose–response analysis for weight reduction. Front. Pharmacol. 15:1397247. doi: 10.3389/fphar.2024.1397247

Introduction: Despite the widespread use of ephedra in various forms, including food supplements and herbal prescriptions, comprehensive studies reviewing its efficacy and safety across different countries are lacking.Methods: We systematically searched 5 electronic databases and conducted a meta-analysis of 16 randomized controlled trials (RCTs) on ephedra-containing oral medications (EOMs), performing a dose–response analysis for weight loss.Results: The meta-analysis results revealed a statistically significant reduction in the body mass index (BMI) (MD: 1.5 kg/m2; 95% CI: −2.46 to −0.54) and secondary outcomes like body weight (BW) and waist circumference (WC). The dose–response analysis indicated a correlation between ephedra and weight reduction. The safety analysis showed no significant difference in adverse effects between the treatment and control groups (RR = 0.99, 95% CI = 0.80 ∼ 1.21, and p = 0.90).Discussion: In conclusion, EOMs demonstrated effectiveness in promoting weight loss, and the dose–response analysis indicated a correlation between ephedra and weight reduction. However, additional research is necessary due to the limited number of studies and inconsistent results among the assessment criteria. Moreover, if prescribed by traditional medicine physicians within the permissible daily ephedrine dosage range of 150 mg set by the Food and Drug Administration (FDA) and monitored by healthcare professionals, the risk of severe adverse events is likely to be minimal.Systematic Review Registration:: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=387895, identifier CRD42023387895.Keywords: ephedra, overweight, obesity, dose–response analysis, systematic review and meta-analysis
1 INTRODUCTION
In recent years, the number of obese people has increased significantly owing to sedentary lifestyles and high-calorie diets (Manson et al., 2004). The World Health Organization (WHO) defines being overweight as having a body mass index (BMI) of 25 or more and obesity as a BMI of 30 or more (WHO Regional Office for Europe, 2022). Globally, the population of overweight and obese adults has increased by 27.5% between 1980 and 2013 (Ng et al., 2014), representing 30% of the global population in 2015 (Bomberg et al., 2017). Obesity is a metabolic disorder characterized by the abnormal accumulation of excess adipose tissue in the body, extending beyond excess body weight (Engin et al., 2017). It can cause hemodynamic problems and abnormalities in the heart’s structure and function. Individuals with metabolic syndrome, including obesity, have a 40%–60% higher mortality rate from cardiovascular disease (Sundström et al., 2006; Powell-Wiley et al., 2021). Obesity is also a risk factor for increasing the prevalence of other diseases, such as metabolic syndrome, type 2 diabetes, hypertension, coronary artery disease, cancer, and stroke (Hasani-Ranjbar et al., 2009; Spiotta and Luma, 2008). According to a 2006 survey, individuals with obesity spend more than 42% more on healthcare annually than those with a healthy weight (Caroline and Apovian, 2016). Based on current trends, healthcare expenses related to obesity in the United States are expected to reach $48–66 billion annually by 2030 (Wang YC. et al., 2011). In conclusion, obesity has become a serious problem in modern society, reducing life expectancy and adding to social and economic burdens such as increased healthcare costs and decreased productivity (Wang YC. et al., 2011; Blackburn and Walker, 2005; Flegal et al., 2005; Kim et al., 2018).
Pharmacological, surgical, and lifestyle interventions are commonly used to treat obesity (Kissane and Pratt, 2011). Sibutramine, which is frequently prescribed and approved for long-term use, may lead to elevated blood pressure and cause side effects such as insomnia and nausea (Tziomalos et al., 2009). Orlistat causes gastrointestinal upset, and rimonabant is known to increase the incidence of mental conditions, such as depression and anxiety (Rucker et al., 2007). Furthermore, the use of phentermine–topiramate is contraindicated in individuals with cardiovascular disease, thereby limiting its application to specific patient populations (Hasani-Ranjbar et al., 2009; Ioannides-Demos et al., 2006). Surgical therapies are more invasive, require a long recovery period, and may lead to long-term metabolic complications such as osteoporosis, hypoglycemia, and nutrient imbalances (Jammah, 2015). Behavioral modifications, such as regular exercise, dietary adjustments, and low-energy diets, augment energy expenditure compared to physical inactivity or limited calorie consumption (Wadden et al., 2020). Although effective in achieving sustained weight loss while minimizing adverse effects and weight regain, lifestyle interventions are challenging to uphold during and after treatment because of issues with personal adherence (Hasani-Ranjbar et al., 2009; Leibel et al., 1995). The usage of dietary supplements, alongside lifestyle interventions, is steadily increasing. However, there is a significant lack of clinical evidence regarding their effectiveness and safety (Poddar et al., 2011).
Therefore, the demand for East Asian traditional medicines (EATMs) is growing among the general public (Davis et al., 2011; Ojukwu et al., 2015). Herbal medicine is gaining popularity as a treatment option for obesity management in individuals seeking EATMs (Park et al., 2012). Herbal medicine treats obesity through various mechanisms, including augmentation of metabolic rates, carbohydrate metabolism modulation, fat absorption inhibition, appetite suppression, and serotonin modulation (He et al., 2020). Comparing clinical trials of herbal medicine and lifestyle interventions for obesity treatment showed that the combined utilization of herbal medicine and lifestyle interventions demonstrated a more substantial weight loss effect than other interventions (Park et al., 2012).
Among other herbal medicines, ephedra has gained popularity as a treatment for obesity in the United States and other countries, particularly since the 1972 report of its weight-loss effects with caffeine. However, concerns surrounding the adverse effects of ephedra prompted the Food and Drug Administration (FDA) to ban its use in foods in 2004 (Miao et al., 2020; Mehendale et al., 2004). Although adverse events associated with ephedra have decreased following its use after the FDA ban (Zell-Kanter et al., 2015), it is still used in traditional medicine for weight loss and other therapeutic purposes in Asian countries, such as China, Republic of Korea, and Japan, often in combination with other herbs (EBM-based Obesity KMCPG Development Committee, 2016; Uneda et al., 2022; Lee et al., 2020). Ephedra contains alkaloids, flavonoids, and tannins, with the primary bioactive compounds being alkaloids, i.e., 1-ephedrine, 1-methyl-ephedrine, and 1-norephedrine (Miao et al., 2020). Ephedra exerts its effects by stimulating the sympathetic nervous system, inducing energy expenditure, and modifying the gut microbiota in obese individuals (Miao et al., 2020; Alraei, 2010; Kim et al., 2014).
The weight-loss effects and mechanisms of ephedra are well known, leading to their widespread use in clinical practice. Despite the widespread use of ephedra in various forms, including food supplements and herbal prescriptions, comprehensive studies reviewing its efficacy and safety in different countries still need to be performed. Further investigation is necessary to evaluate the effectiveness and safety of ephedra in clinical practice. This study performed a systematic review and meta-analysis to comprehensively evaluate randomized controlled trials (RCTs) of ephedra-containing oral medications (EOMs) for weight loss and obesity treatment, regardless of the formulation or country. This meta-analysis assessed the effectiveness and safety of EOMs in terms of BMI, body weight (BW), and waist circumference (WC). Moreover, considering the insufficient amount of research on the dosage and effects of ephedra, we aimed to explore the dose–response relationship of ephedra using both quantitative and qualitative methodologies.
2 METHODS
This systematic review and meta-analysis were conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement (Mj et al., 2021) and the recommendations of the Cochrane Handbook for Systematic Reviews of Interventions (Higgins et al., 2019). The study protocol was registered in PROSPERO (crd42023387895).
2.1 Search strategy
The initial search was conducted on 10 August 2022 using the electronic databases PubMed, Excerpta Medica Database (Embase), Cochrane Central Register of Controlled Trials (CENTRAL), Allied and Complementary Medicine Database (AMED), and Cumulative Index of Nursing and Allied Health Literature (CINAHL). The second search was performed on 15 December 2023. The search terms used were “obesity,” “EATM,” “natural products,” “ephedra,” and “RCT” (Supplementary Table S1). These three categories were combined using the AND Boolean operator with keywords appropriate for each database. In addition, clinical practice guidelines and literature reviews on herbal treatments for obesity were examined. Only articles that met the inclusion criteria were selected for review.
2.2 Inclusion and exclusion criteria
2.2.1 Study design
Our study included only RCTs involving human participants. Pilot studies that did not report these results were also excluded. There were no restrictions on the blinding used in the RCTs; however, crossover studies were excluded if the necessary information could not be extracted during data analysis.
2.2.2 Participant characteristics
We included studies of overweight and obese patients with a BMI of 25 or more according to WHO criteria, regardless of sex and age (WHO Regional Office for Europe, 2022). Underlying condition were not restricted; however, individuals who used EOMs for growth or weight gain were excluded from the study.
2.2.3 Types of interventions in the treatment and control groups
The treatment group included all interventions involving ephedra, regardless of whether they were combined with herbal prescriptions, single agents, or food supplements. However, we excluded interventions that contained only a partial component of ephedra, such as ephedrine, and cases where the prescription composition was not presented, making it unclear whether ephedra was included.
We only included study designs that used the same lifestyle interventions, such as exercise and diet, in the treatment and control groups. There were no restrictions on the use of other medications.
2.2.4 Outcome measures
The primary outcome was the BMI, calculated as weight divided by the square of height. Secondary outcome variables were weight (kg) and waist circumference (cm) (Delpino and Figueiredo, 2021). Studies that focused solely on blood test values, including serum leptin concentration, were excluded. The frequency and types of adverse events were also assessed.
2.3 Study selection and data extraction
2.3.1 Study selection
Two independent reviewers, HC and JO, initially screened the abstracts and titles to identify potentially eligible articles, which were further evaluated by reviewing the full text. No language restrictions were imposed. Disagreements between the two reviewers (HC and JO) were discussed with a third independent reviewer (JL) to reach a consensus.
2.3.2 Data extraction
HC and JO, summarized the basic information (author, year, and country), blinding, number of participants included (randomized/completed), number of patients by sex, interventions implemented in the treatment and control groups, treatment period, and primary outcome measures. The composition of the intervention, the daily dose, and the pharmaceutical company are described in detail. If necessary data were missing or errors were identified, we contacted the original authors. We also documented the type and number of adverse events, the number of dropouts, and the reasons for dropping out. If any of these details were not explicitly reported in the article, we indicated them as “NR” (not reported).
2.4 Assessment of risk of bias
Two reviewers, HC and JO, independently assessed the risk of bias (ROB) according to the RoB 2 tool published by the Cochrane Collaboration (Jac et al., 2019). The tool assesses the risk of bias in five areas: randomization process, deviations from the intended interventions, missing outcome data, measurement of the outcome, and selection of the reported results. Each of the five areas and the risk of bias were rated as low, of some concern, or high. In accordance with the methodology for systematic reviews of interventions (Higgins et al., 2019), if the two reviewers could not reach an agreement on the assessment of ROB, the disagreement was discussed with a third independent reviewer (JL) to reach a consensus.
2.5 Data analysis and quantitative synthesis
Statistical analyses were performed using RevMan 5.4 software (Cochrane Training, London, United Kingdom) and R software (version 4.2.1; R Foundation for Statistical Computing, Vienna, Austria).
2.5.1 Assessment of the overall effect size
Each study was evaluated for the total effect size of BMI, BW, and WC changes. A random-effects model accounted for intervention composition, dose, and duration variations between studies. Continuous outcomes of change are presented as mean differences (MDs) with 95% confidence intervals (CIs), and dichotomous outcomes are presented as risk ratios (RRs) with 95% confidence intervals. When standard deviations (SDs) were not reported, they were estimated from confidence intervals, and statistical results were obtained directly from the original authors by acquiring raw data. A random-effects model was also used to assess the number of participants with adverse events and dropouts for the total effect size. Statistical significance was set at p < 0.05.
2.5.2 Assessment of heterogeneity and meta-regression analysis
To evaluate the presence of heterogeneity among the included studies, we used the chi-square test and I2 statistic. Statistically significant heterogeneity was defined as p < 0.10 for the chi-square test. Additionally, an I2 value >50% indicated substantial heterogeneity in the study sample (Higgins et al., 2003). Furthermore, we performed meta-regression analyses to investigate potential associations between study-level covariates and the observed statistical heterogeneity (Sg and Jp, 2002). We conducted univariate meta-regression analyses on selected covariates, including daily ephedrine dose, treatment period, baseline BMI, BW, and WC. The analysis used the DerSimonian–Laird methodology (DerSimonian and Laird, 1986; DerSimonian and Laird, 2015), and Wald-type tests were applied for statistical evaluation. The ephedrine dose of ephedra was not reported in the study and was estimated to be 5.25 mg/g, based on the minimum dose specified in the Korean Pharmacopoeia (Jang et al., 2007).
2.5.3 Bubble plot
Two bubble plots were generated to visually depict the relationship between the covariates and changes in the outcome measures. A four-dimensional graph was plotted, in which the x-axis represents the outcome at baseline, the y-axis represents the daily ephedrine dose, the bubble color denotes the treatment period, and the bubble size corresponds to the magnitude of the outcome reduction. In addition, a three-dimensional graph was plotted to represent the relationship between ephedra intake and efficacy. The x-axis in this graph represents the outcome measure at baseline, the y-axis represents the total ephedrine dose, and the bubble size represents the reduction in the outcome measure.
2.5.4 Assessment of publication bias
Publication bias was assessed for outcome variables, including the 10 studies in the meta-analysis (Sterne et al., 2011). To determine the potential for publication bias, we presented contour-enhanced funnel plots of the included studies for each outcome (BMI and BW) (Peters et al., 2008). Publication bias was assessed by performing Egger’s test on the observed asymmetry in the funnel plot (Egger et al., 1997).
3 RESULTS
Following the previous search strategy, we searched five electronic databases and identified 3,149 articles, excluding duplicates and retractions. These were reviewed with articles from other sources, resulting in the selection of 16 articles that met the predetermined inclusion criteria (Figure 1).
[image: Figure 1]FIGURE 1 | PRISMA flowchart of the study selection.
3.1 General characteristics of the included studies
Seven of the 16 studies analyzed were conducted in the Republic of Korea, 5 in the United States, 2 in Japan, and 2 in China, with 1,460 participants (748 in the treatment group and 712 in the control group). Cheon et al. (2020) and Hioki et al. (2004) studied only women, whereas the others neither restricted sex nor reported sex-based criteria. The mean age of the patients in each study ranged from 30.8 to 60 years.
Regarding the intervention of the treatment group, only Kim et al. (2008) used a ephedra as a single herb as the intervention. At the same time, the remaining studies used a combination of ephedra and other ingredients and herbs in forms such as EATM prescriptions or dietary supplements. In addition, all studies used a placebo as a control, except for Hackman et al. [50], who used a multi-nutrient supplement without ephedra or caffeine as a control. Azushima et al. (2015) used conventional therapy for hypertension in both groups, whereas Cheon et al. (2020), Hackman et al. (2006), Coffey et al. (2004), and Feng-Hao et al. (2012) did not use or mention combination therapy. The remaining studies used the usual care for obesity in both the treatment and control groups. The group that received 5% of the treatment group’s dosage was considered the placebo group.
The treatment period varied from 4 to 24 weeks, and the main outcome measures included BMI, BW, and WC, which were also the selection criteria for this study. Additionally, various metabolic and drug toxicity markers were assessed, including serum lipids, blood glucose, aspartate transaminase (AST), alanine transaminase (ALT), and blood urea nitrogen (BUN). The daily dose of ephedra varied from 0.6 to 14 g. The details of each study are summarized in Table 1, and the composition and dosage of the interventions are summarized in Supplementary Table S2.
TABLE 1 | Summary of RCTs.
[image: Table 1]3.2 Results of the risk of bias assessment
None of the analyzed studies demonstrated a low overall risk of bias, whereas all studies had some concerns or a high overall risk of bias. The risk of bias for the outcome measurement was low because the outcome measure in all studies was an objective metric. Except for two studies (Boozer et al., 2001; Boozer et al., 2002) that reported measurements of height and weight without reporting BMI as an outcome, all other studies reported all outcomes described in the Methods. Therefore, the risk of bias in the selection of reported results was mostly low. However, in some studies (C et al., 2004; Azushima et al., 2015; Feng-Hao et al., 2012; MA et al., 2014), a third party did not perform the randomization process or was not properly blinded, raising concerns about the potential for bias in the randomization process. In addition, the risk of bias was high for deviations from the intended interventions and missing outcome data owing to the occurrence of adverse effects that could be inferred from the intervention, and a high number of dropouts for unclear reasons (Figure 2).
[image: Figure 2]FIGURE 2 | Risk of bias summary for the randomized controlled trials included in this study.
3.3 Meta-analysis of intervention effects
A meta-analysis was conducted to examine the effectiveness of EOMs in reducing BMI, BW, and WC. First, 11 studies reported the change in the BMI as an outcome measure, of which 5 reported the amount of change and SD value, while 6 reported the final value and SD value. Forest plots were generated to present each subgroup’s changes and final values, and the overall effects were pooled. The study by Hackman et al. (2006) was excluded because the SD values and raw data were not available. The meta-analysis revealed that EOMs resulted in a statistically significant additional reduction in the BMI compared to the control group (MD = −0.38 kg/m2; 95% CI= −0.68 to −0.09) (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) Forest plot showing the effect of ephedra on BMI; (B) forest plot showing the effect of ephedra on BW; and (C) Forest plot showing the effect of ephedra on WC.
In addition, 13 studies reported changes in BW as an outcome measure, of which 8 reported changes and SD values, while 5 reported final values and SD values. The study by Hackman et al. (2006) was excluded for the same reason. The meta-analysis showed that EOMs resulted in a statistically significant additional reduction in BW compared to the control group (MD = −1.5 kg; 95% CI= −2.46 to −0.54) (Figure 3B).
Nine studies reported changes in WC as an outcome measure, of which six reported change and SD values and three reported final and SD values. The meta-analysis presented that EOMs resulted in a statistically significant additional reduction in WC compared to the control group (MD = −1.13 cm; 95% CI= −2.05 to −0.20) (Figure 3C).
3.4 Adverse events reported
The studies by Kim et al. (2008), Coffey et al. (2004), Boozer et al. (2002), and Feng-Hao et al. (2012), which did not report the number of adverse events in the treatment groups, were excluded, the remaining 12 studies were examined. Adverse events were classified into several categories: cardiac, gastrointestinal, serum hepatic enzyme levels, headache/neuropsychiatric, autonomic hyperactivity, gynecological, and dermatological symptoms. The types and numbers of adverse events are summarized in Table 2. The number of dropouts due to these adverse effects was also included. The most frequently reported adverse events were headache and neuropsychiatric symptoms, with headache being the most common. Additionally, the number of adverse events, participants who experienced adverse events, dropouts, and reasons for dropouts in both the treatment and control groups for all 16 studies are summarized in Table 3.
TABLE 2 | Summary of adverse events in the treatment group.
[image: Table 2]TABLE 3 | Summary of adverse effects and dropouts.
[image: Table 3]A meta-analysis was performed using data from five studies that reported the number of participants who experienced adverse events. There was no statistically significant difference between the treatment and control groups (RR = 0.99; 95% CI = 0.80–1.21) (Figure 4A). A meta-analysis of the number of dropouts across all selected studies showed no statistically significant differences between the treatment and control groups (RR = 0.99; 95% CI = 0.83–1.17) (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) Forest plot for participants who experienced adverse effects and (B) Forest plot for dropouts.
3.5 Meta-regression and bubble plot results
In the meta-analysis of post-treatment changes in the BMI, BW, and WC, the chi2 test yielded a value of p < 0.10, and the I2 values were 62, 87, and 50%, respectively, indicating high heterogeneity among the studies. Therefore, a univariate meta-regression analysis explored the relationship between heterogeneity and covariates. For change in BMI, both the daily dose of ephedrine (QM = 18.5143, p < 0.001, tau2 = 0, I2 = 0%, and R2 = 100%) and duration (QM = 4.4590, p = 0.0347, tau2 = 0.0313, I2 = 29.34%, and R2 = 69.50%) explained the heterogeneity but not the initial BMI (QM = 1.0719, p = 0.3005, tau2 = 0.0625, I2 = 44.22%, and R2 = 39.20%). For changes in BW, the daily dose of ephedrine (QM = 14.0831, p = 0.0002, tau2 = 0.3087, I2 = 37.74%, and R2 = 85.93%) explained the heterogeneity, but the period (QM = 2.3635, p = 0.1242, tau2 = 1.5880, I2 = 83.14%, and R2 = 27.62%) and initial BW (QM = 3.4327, p = 0.0639, tau2 = 1.4732, I2 = 81.47%, and R2 = 32.85%) did not explain the heterogeneity. Finally, for changes in WC, the period (QM = 9.8250, p = 0.0017, tau2 = 0, I2 = 0%, and R2 = 100%) explained heterogeneity as a variable, but the daily dose of ephedrine (QM = 2.7709, p = 0.0960, tau2 = 0.4313, I2 = 33.55%, and R2 = 48.71%) and initial WC (QM = 0.0012, p = 0.9724, tau2 = 1.1167, I2 = 55.66%, and R2 = 0%) did not explain the heterogeneity (Table 4). The results of the meta-regression analysis are visualized using bubble plots (Supplementary Figure S1).
TABLE 4 | Meta-regression analysis (univariate).
[image: Table 4]We also generated bubble plots for 10 studies reporting changes in BMI, 12 studies reporting changes in BW, and 9 studies reporting changes in WC, all of which reported the daily doses of ephedra or ephedrine. We developed a four-dimensional graph with the x-axis indicating the baseline measurement of the outcome variable, the y-axis indicating the daily dose of ephedrine, the color of the bubble indicating the study period, and the size of the bubble representing the reduction in the outcome measure (Figures 5A–C). In the same study, we developed another type of bubble plot for each outcome measure. The x-axis represents the outcome measure at baseline, the y-axis represents the total ephedrine dose, and the bubble size represents a reduction in the outcome measure (Supplementary Figure S2).
[image: Figure 5]FIGURE 5 | (A) Bubble plot for body mass index change; (B) bubble plot for body weight change; and (C) bubble plot for waist circumference change.
3.6 Assessment of publication bias results
We assessed the potential for publication bias in the outcome variables, BMI and BW, using 10 or more studies included in the meta-analysis. Contour-enhanced funnel plots showed asymmetry in all outcome measures, confirming the possibility of publication bias (Figures 6A, B). Egger’s test was used to assess publication bias. There was no statistically significant publication bias for BW (p = 0.3361); however, there was a possibility of publication bias for BMI (p = 0.0300).
[image: Figure 6]FIGURE 6 | (A) Contour-enhanced funnel plot for BMI. (B) Contour-enhanced funnel plot for BW.
4 DISCUSSION
4.1 Summary of findings
This study aimed to determine the efficacy and safety of EOMs in overweight and obese individuals. The 16 RCTs that included ephedra in interventions for individuals with a BMI of 25 or greater were identified, and their characteristics, interventions, and adverse effects were summarized. A meta-analysis was performed on the outcome measures of BMI, BW, and WC to determine the statistical significance of these effects. The results showed a statistically significant reduction in all outcome measures in the treatment group compared with the control group. A meta-analysis was also performed on adverse events and dropouts and showed no statistically significant difference between the treatment and control groups. Furthermore, a meta-regression analysis was conducted to explore the relationship between heterogeneity in the meta-analysis of effects and covariates. The results indicated that the daily dose of ephedrine and treatment period explained the heterogeneity in BMI change, a daily dose of ephedrine explained the heterogeneity in BW change, and the treatment period explained the heterogeneity in WC change. Additionally, bubble plots were used to visually demonstrate that the covariates were proportionally associated with reductions in the outcome measures (BMI, BW, and WC).
4.1.1 Debate: the efficacy of ephedra on obesity
With the growing popularity of EATM, herbal medicine has received considerable attention as a treatment for obesity. Ephedra is one of the preferred herbal medications for the treatment of obesity, as identified in the Korean Medicine Clinical Practice Guideline for Obesity, which lists several herbal formulas, including Fangfeng Tong Sheng San, Taeumjowitang, Euiiyin-tang, and Chegamuiiyin-tang (Wooltorton and Sibbald, 2002). These formulas have been extensively studied in the Republic of Korea and reported to have clinical effects (Hwang et al., 2007). Previous clinical trials using ephedra have shown that they effectively reduce obesity-related markers such as BW and WC (Boozer et al., 2002). In addition, several systematic reviews have reported statistically significant weight-loss effects in the majority of interventions containing ephedra, further supporting its efficacy as a medication for obesity treatment (Hasani-Ranjbar et al., 2009; Maunder et al., 2020). The results of this systematic review, which synthesized existing studies, support ephedra’s previously reported weight-loss effects. Furthermore, the daily dose of ephedra and the treatment period may have a dose–response relationship, which requires further investigation in additional studies. Moreover, there was a weak association with baseline body weight, suggesting that ephedra may be used for individuals with a BMI of 25 or higher, irrespective of their initial weight status.
The best-known mechanism for the weight-loss effects of ephedra is through the modulation of the sympathetic nervous system to increase metabolism and exercise capacity. In addition, Park et al. (Park SJ. et al., 2022; Park WY. et al., 2022) showed that ephedra plays a dual role in energy metabolism, inhibiting lipogenesis and promoting thermogenesis through browning in the mature state. It has also been reported to exhibit anti-obesity effects by affecting the gut microbiota associated with fat accumulation (Kim et al., 2014). As such, ephedra is a promising drug for treating obesity as it may act not only through sympathetic nervous system stimulation but also other various mechanisms. Research based on the network pharmacology of EOMs is increasingly being conducted. Based on these studies, it is predicted that new mechanisms for the treatment of obesity will be further elucidated that have not been previously predicted and that involve ephedra and other traditional herbal prescriptions, (Jang et al., 2021).
4.1.2 Debate: the safety of ephedra
Ephedra is an herbal medicine that has been the subject of ongoing safety concerns (Bent et al., 2003). Despite these concerns, prior to the 2004 FDA ban, ephedra remained unregulated as a food product in the United States, leading to its widespread misuse. Continued reports of adverse effects eventually prompted the FDA to prohibit the sale of dietary supplements containing ephedra (Palamar, 2011). Similarly, the European Union (EU), Canada, and Australia imposed bans on ephedra-containing food products for the same reasons. Furthermore, the European Food Safety Authority (EFSA) concluded that the variability in ephedrine alkaloid content and distribution across Ephedra species makes it difficult to establish a safe daily intake as a food (EFSA Panel on Food Additives and Nutrient Sources added to Food ANS, 2013).
Ephedra is prohibited by global sports organizations such as the International Olympic Committee (IOC) and the National Collegiate Athletic Association (NCAA) due to its performance-enhancing effects and associated health risks (Powers, 2001; Keisler and Hosey, 2005). Additionally, the World Anti-Doping Agency (WADA) includes ephedrine, the active compound in ephedra, on its list of banned substances (WADA, 2023).
In contrast, ephedra continues to be used in East Asian countries for medicinal purposes, where it is listed in the pharmacopeias of each nation and regulated as a pharmaceutical product under specific standards. Its use is controlled through prescriptions by medical professionals (Tang et al., 2023; WADA, 2023; The Minister of Health and Labour and Welfare, 2016; Kim and Oh, 2020). In the Republic of Korea, the Ministry of Food and Drug Safety (MFDS) has prohibited the distribution of ephedra as a food product and has strictly regulated it as a pharmaceutical product (Kim et al., 2006). While this does not guarantee safety from all potential risks, some reports suggest that using ephedra under medical supervision results in fewer side effects than self-administration of dietary supplements containing ephedra (Lee et al., 2020; Mehendale et al., 2004; Lin et al., 2012).
Before the FDA ban on ephedra, there were reports that dietary supplements containing ephedra caused serious adverse events, including death (Haller and Benowitz, 2000), which led to an FDA ban on the sale of such supplements in 2004 (Miao et al., 2020; Mehendale et al., 2004). Approximately half of the adverse effects of ephedra reported to the FDA are cardiovascular, including coronary artery constriction, vasospasm, arrhythmias, and diseases secondary to hypertension due to the overactivation of the sympathetic nervous system (Wooltorton and Sibbald, 2002). Naik and Freudenberger (2004) clinically demonstrated that coronary artery constriction and vasospasm through sympathomimetic effects have the potential to cause myocarditis. This safety concern has resulted in restrictions on its use based on patient characteristics such as heart disease, hypertension, diabetes, anxiety, and glaucoma (Hsing et al., 2006).
These adverse effects are thought to be due to the toxicity of the alkaloids present in ephedra (Tang et al., 2023). Odaguchi et al. (2019) found that alkaloid-free ephedra extracts may contribute to a lower incidence of adverse effects, suggesting that attention should be paid to alkaloids for their safe use. In addition, endogenous catecholamines released by ephedrine directly or indirectly stimulate the sympathetic nervous system, resulting in central nervous system symptoms, such as mental excitement, insomnia, and wakefulness (Maglione et al., 2005). However, the non-alkaloidal components of ephedra have been used to treat obesity, asthma, and pain through antioxidant, anti-inflammatory, and immunosuppressive mechanisms, suggesting their potential for use in various diseases (Powell-Wiley et al., 2021). Nevertheless, the lack of clarity regarding safety issues may account for the recent reduced use of ephedra.
In this study, we reviewed adverse events in RCTs and found no evidence that the treatment group had a significantly higher dropout rate or adverse events. Although this suggests that its use in a controlled environment, such as a clinical trial, does not result in a higher rate of adverse events, further research is required to assess its safety in the real world. However, when prescribed within the FDA-approved daily ephedrine dose range of 150 mg (Kim et al., 2007), as in this study, the risk of severe adverse events from ephedra is considered to be relatively low, as is the case of herbal medicines with medical monitoring.
Among the studies included in this review, Hackman et al. (2006) reported the highest adverse effects, including decreased appetite and increased energy. However, these are common mechanisms for treating obesity (Christoffersen et al., 2022; Shim et al., 2017), and Miao et al. (2020) and Alraei (2010) reported an increase in energy metabolism as a major mechanism for weight loss. Therefore, depending on how adverse effects are defined, it may be possible to overestimate ephedra’s adverse effects. Further consensus among clinicians and researchers is required to determine which symptoms should be considered adverse effects.
4.1.3 Debate: existing studies on EATM dosage and the dose–response relationship of ephedra in the treatment of obesity
Statistical approaches have been used to determine the optimal dose that maximizes the efficacy of EATM treatments. For instance, various studies have explored dose–response relationships in acupuncture. Qin et al. (2019) explored the dose–response relationship between the number of acupuncture treatments and their effectiveness in chronic prostatitis and pelvic pain syndrome, while Xu et al. (2022) used meta-regression to explore the dose–response relationship in major depressive disorders. Similar attempts have been made for EATM. For example, Tai et al. (2022) utilized real-world data from patients with heart failure to demonstrate the dose–response relationship of the Fuzi (Radix Aconiti Lateralis Preparata) dose with the occurrence of composite cardiovascular events and the association of timing with prognosis.
However, no studies have explored the dose–response relationship between herbal medicines and acupuncture in obesity. This need is particularly pronounced in the case of ephedra, given the significant concerns regarding side effects. Therefore, it is important to determine the optimal dose of ephedra that can safely produce therapeutic effects. Our study found an association between the duration or daily dose of ephedra and treatment outcomes; however, owing to the small number of studies and inconsistent results between endpoints, further research is needed.
4.2 Strengths and limitations
This study has several strengths. Although previous reviews have examined herbal prescriptions for obesity, as well as single agents like ephedra and ephedrine (Park et al., 2012; Shekelle et al., 2003; Sui et al., 2012), no review has focused solely on ephedra. Hence, this systematic review is the first to comprehensively examine the use of ephedra, including single agents, mixed herbal formulas, and food supplements, for weight loss and treating obesity. Moreover, the selection of studies from diverse countries, formulations, and treatment periods allowed us to extensively evaluate their characteristics, therapeutic effects, and adverse effects. Notably, we summarized the types and frequencies of adverse events reported in the included studies to help identify possible trends in adverse events.
Additionally, dosage, duration, and patient baseline are important considerations in clinical practice. This study used meta-regression and bubble plots to explore the relationship between these factors and treatment effects. The results of the meta-regression analysis showed that the daily dose of ephedrine and the treatment period explained a significant amount of heterogeneity in the therapeutic effect. The bubble plot also illustrates the potential relationship between these factors and their therapeutic effects. These findings may provide a basis for further research into the dose–response relationship between treatment period and ephedra dose in treating obesity.
However, this study should be interpreted with caution due to the following limitations. First, the majority of the interventions included in the studies encompassed ephedra and other herbs or chemicals that may have contributed to the treatment effect. Therefore, it cannot be concluded that the results of this meta-analysis are solely attributable to ephedra. In order to evaluate ephedra in combination formulations, further pharmacokinetic and pharmacodynamic studies are required, considering drug interactions between herbal ingredients (Luo et al., 2020). Currently, various studies, including network pharmacology analyses and pharmacokinetic experiments, are being conducted (Miao et al., 2020; Song et al., 2015; Wei et al., 2014). It is deemed necessary to carry out additional research on the synergistic effects of ephedra in order to establish safe guidelines for its clinical use. However, it is noteworthy that EOMs have been reviewed and found to be effective. In clinical studies of EATM, it is impractical to administer ephedra as the sole agent. Therefore, to obtain data on human subjects, an alternative approach would be to analyze studies on EOMs.
Among the various active compounds in ephedra, ephedrine is recognized for its significant role in weight reduction (Miao et al., 2020). To explore the dose effect, this study assumed that ephedra formulations contained the same amount of ephedrine, 5.25 mg/g, the minimum content threshold suggested by the Korean Pharmacopoeia. However, ephedra formulations comprise natural, unprocessed products, and their ephedrine content varies depending on the origin and time of harvest (Matsumoto et al., 2015). There are also variations in the chemical composition of different species of ephedra, and little is known about the clinical differences caused by different alkaloids (Ibragic and Sofić, 2015). Therefore, the results of this study cannot be directly extrapolated to clinical practice. Given the variability due to individual differences between species, along with the effects and interactions when combined with other herbs and prescriptions, further research is necessary, as previously mentioned.
During the study selection process, several limitations were identified in the selection of outcome measures. First, we focused solely on whether the outcome measures included BMI, body weight, and waist circumference without imposing additional criteria. Consequently, the studies we included did not uniformly address the same liver function tests and metabolic markers, such as AST, ALT, BUN, leptin, and adiponectin, with some studies omitting these as outcome measures. As a result, we were unable to comprehensively evaluate the effects of ephedra on metabolic markers and liver function. Second, BMI, which considers only weight and height, is a measure that does not account for other factors, such as muscle mass. Specifically, in older populations, BMI is not an accurate predictor of obesity as it may underestimate obesity due to decreased muscle mass and increased body fat with age (Batsis et al., 2016).
Meta-regression analyses are deemed more meaningful when the number of studies is large, and it is recommended that at least 10 studies should be included (Higgins et al., 2019). However, this study was an exploratory attempt with few studies, especially for WC, and only nine studies met the recommended criteria. Therefore, only univariate meta-regression analyses were performed, and there were differences in significant covariates depending on the outcome measure. Furthermore, Egger’s test for publication bias recommends 10 or more studies in which the WC does not meet the criteria. In addition, bubble plots are solely visual graphs and do not offer conclusive evidence suggesting causality. Owing to the limitations mentioned above (variable ephedrine content of ephedra, insufficient number of studies, and limitations of bubble plots), we limited our meta-regression and bubble plots to exploratory attempts at determining dose–response relationships of ephedra. Nevertheless, as mentioned in the strengths section, these preliminary attempts provide a foundation for further research.
Finally, although we selected the daily dose of ephedrine as a key covariate, this does not mean that we considered the weight-loss effects of ephedra solely dependent on ephedrine. As mentioned earlier, ephedra is a multicomponent herb, and many different mechanisms explain its effects, with non-alkaloidal components contributing to its effects. However, several selected studies reported only the ephedrine dose rather than the ephedra dose. Therefore, we chose ephedrine as the baseline metric to compare the ephedra doses across studies.
4.3 Implications for further research and clinical practice
Adverse effects may be expected to increase with higher doses of ephedra; however, this analysis was limited by the small sample size, which needed to be increased for statistical power. As more high-quality RCTs that include pharmacokinetic studies are conducted, a dose–response analysis of ephedra’s efficacy and adverse effects may suggest a safe and appropriate dose of ephedra using methods such as the restricted cubic spline method (Cj et al., 2022).
However, due to unclear herbal constituents, many RCTs were excluded during the selection process. Even among the selected studies, some did not specify the dose of ephedra. High-quality RCTs that clearly describe the study methods, including constituent herbs and the dose of ephedra, are required to draw useful statistical conclusions in clinical practice. Additionally, there needs to be more uniformity in the presentation of drug ingredients and doses, such as ephedrine or ephedra doses. Thus, an international consensus on labeling standards for intervention composition and dose is needed for RCTs on natural products and herbal medicines.
However, the same drug may elicit different responses. For example, the optimal dosage of warfarin may be influenced by CYP2C9 and VKORC1 genotypes, and leveraging this genetic information in prescribing may mitigate adverse effects (Wang L. et al., 2011). Furthermore, recent studies have attempted to use genetics to predict drug responses, such as detecting drug resistance using gene chips (Yin et al., 2020). In addition, inhibiting and modulating certain genes at the fetal and neonatal stages can lead to a phenotype susceptible to cardiac ischemia (Zhang et al., 2021; Patterson et al., 2010; Lawrence et al., 2011). Integrating these genomic studies with the sensitivity to the effects and adverse reactions of ephedra could eventually lead to the determination of its indications and contraindications through genomic testing.
Exploring the impact of ephedra on different population groups would be valuable as this could offer clinicians a more comprehensive understanding of its use. For example, the effects and pharmacokinetic properties of a drug may vary based on factors such as sex and age (Schwartz, 2003; Davis et al., 2012; Busetto et al., 2009). However, in this study, no restrictions were placed on the population to allow for a more comprehensive analysis. Furthermore, given that our study is a secondary analysis (systematic review) based on a prospective RCT, it does not allow for the detailed assessment of effects across different population groups as we cannot acquire individual patient data. The studies we included aimed to balance the baseline characteristics between treatment and control groups through randomization. Furthermore, our review of existing studies revealed that many had conflicting results or involved small sample sizes, reducing their reliability (Haller and Benowitz, 2000; Samenuk et al., 2002; Gurley et al., 1998). However, as more RCTs incorporate diverse population groups in their designs, or as retrospective studies based on individual patient medical records on ephedra increase, it is anticipated that these avenues will provide broader insights into the effects and use of ephedra.
Metabolic markers such as leptin and adiponectin could serve as alternative indicators of the effect of ephedra on weight reduction or the treatment of metabolic disorders (Klempel and Varady, 2011; Yoon et al., 2011). Conversely, to evaluate safety, several cases have reported that ephedra has the potential to elevate liver enzymes and influence kidney function due to its diuretic effects (Saeed et al., 2019). Therefore, to accurately determine the weight-loss efficacy and safety of ephedra, it is essential to establish guidelines specifying which markers should be included as outcome measures. Incorporating these markers into study designs will contribute to higher-quality research in the future.
In conclusion, this study suggests that EOMs may effectively treat overweight and obesity with higher daily doses or longer treatment periods, possibly resulting in greater efficacy. However, because this may increase the risk of adverse events, clinicians must weigh the tradeoff between effectiveness and adverse effects before prescribing these drugs. We anticipate that further research will contribute to the development of professional and standardized guidelines, ensuring the safe use of ephedra in clinical practice. The necessity to mandate the precise specification of the amounts of ephedra and ephedrine used in clinical research should be thoroughly discussed.
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Heart symptoms Heartburn/chest pain 8 1 8
Gastrointestinal symptoms Constipation 2 - 52
Diarrhea 2 )
Gastrointestinal 2 -
Dyspepsia and epigastric pain i 1
Gastric iitation 1 =
Nausea and vomiting 13 1
Serum hepatic enzyme level Elevation of serum hepatic enzyme level 3 - 1
Headache/neuropsychiatric symptoms Headache 30 - 85
Dull head =} =
Insomnia 20 3
Diziness 8 1
Nervousness 19 1
Iritability $ 3
Poor concentration 2 -
Neuropsychiatric 1 -
Autonomic hyperactivity Palpitations 2 8 73
Decreased appetite 2 -
Dry mouth 2 -
Gynecological symptoms Delayed menstrual period - - -
Dermatological Herpes zoster 1 - 4
Allergic dermatitis 1 -
Hair loss 1 -
Skin problems 1 -
Urticaria and multiple premature ventricular - 3
contractions
Oral symptoms Oral 1 - £
Difficulty concentrating - -
Other type of pain 1 -
Blurred vision 1 -
Fatigue 7 =
Energy increased 19 -
Cold - .
Tonsilitis - -
Otitis media - -
Soreness - 1
Urticaria - -
Cholelithiasis 1 -

These data are derived from the PRISMA flowchart or from the dropout information listed in each paper. This shows the number of participants who experienced adverse events and dropped out.
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Covariate Coefficient SE 95% ClI
BMI
Daily ephedrine dose* 150705 35025 -43028 <0001 219353 to ~8.2058
Treatment period* ~0.0953 00451 -2.116 00347 ~0.1837 to ~0.0068
Initial BMI ~0.0541 00523 -1.0353 03005 ~0.1566 to 0.0483
BW
Daily ephedrine dose* 349725 93192 -37527 0.0002 ~53.2378 to ~167072
Treatment period -0.1415 00920 -15374 01242 03219 to 0.0389
Initial BW -0.1065 0.0575 -1.8528 0.0639 ~0.2192 to 0.0062
wcC

[ Daily ephedrine dose -38.0242 228427 ~1.6646 00960 ~82.7952 to 6.7467
Treatment period* ~0.2211 00705 -3.1345 00017 ~0.3594 to ~0.0829
Initial WC -0.0038 0.1098 00346 09724 02189 to 02113

* Covariate demonstrated a statistically significant association with observed heterogeneity (p-value < 0.05).

Unit used for analysis: body mass index (kg/m); body weight (kg); daily ephedrine dose (g); treatment period (weeks); waist circumference (cm).
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