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			Abstract | Jamu is a traditional Indonesian herbal drink that was officially recognized as an Intangible Cultural Heritage (ICH) by UNESCO on December 6, 2023. It has long been consumed for the prevention and treatment of various diseases and is composed of multiple herbal ingredients, including Curcuma longa, Curcuma xanthorrhiza, Zingiber officinale (ginger), and Kaempferia galanga. While these plants contain bioactive compounds with established pharmacological benefits, their complex combinations may also pose toxicological risks, particularly with long-term or improper use. To enhance the quality, safety, and global acceptance of jamu, rigorous toxicity evaluation comparable to modern pharmaceuticals is required. As direct toxicity testing in humans is ethically limited, preclinical testing using experimental animal models is essential. This review employs a structured narrative literature review approach to analyze existing studies on jamu toxicology, with particular emphasis on comparative animal models. Scientific articles were retrieved from PubMed, Scopus, and Google Scholar using predefined keywords related to jamu, herbal toxicology, and animal models, and were selected based on their relevance to safety, toxicity endpoints, and translational value. Special attention is given to non-human primates, particularly Macaca fascicularis, due to their close genetic, physiological, and biochemical similarities to humans. Compared to rodent models, this species offers improved translational relevance for assessing systemic toxicity, organ-specific effects, and potential efficacy. By aligning jamu safety assessment with internationally accepted preclinical standards, this review aims to support the scientific validation and broader national and international recognition of jamu. 
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			INTRODUCTION

			Indonesia has a very abundant biodiversity, especially with regard to plants. Many plants that grow in Indonesia are utilized by the local community, and are generally processed into herbal medicines such as jamu. Jamu is a traditional medicine consumed in developing countries, especially in Indonesia, for the treatment of various ailments. There is also a traditional medicine from another country, namely Ayurveda medicine from India. Ayurveda is an ancient Indian medical system that literally means knowledge of healthy longevity (Sebastian, 2022). It is a holistic approach to health that emphasizes the balance of body, mind, and soul that aims to treat disease and improve overall well-being and longevity. Ayurvedic treatment primarily uses herbal formulations, which are believed to have therapeutic properties. These formulations often include various plant materials, and in some cases, minerals and animal products are also added (Prakash et al., 2014). Herbs are not only used because of their efficacy as medicines, but also because of their ability to enhance the body’s natural healing processes. For example, the herbal combination known as Triphala, which includes Emblica officinalis, Terminalia chebula, and Terminalia bellirica, is widely known for its digestive and detoxifying benefits (Gordon et al., 2019). Despite its ancient roots, Ayurveda has gained renewed interest in modern times, especially as a complementary approach to conventional medicine. Several studies have shown that Ayurvedic practices can have beneficial effects on a variety of chronic conditions, such as diabetes, cardiovascular disease, and cognitive impairment (Kumar et al., 2016). One study highlighted the efficacy of integrated yoga and Ayurveda in improving cognitive function in elderly patients with mild cognitive impairment (Kumar et al., 2016; Chobe et al., 2022). In addition, there is the Traditional Chinese Medicine (TCM) originating from China, which plays a major role in maintaining health for the Chinese people. It was the only medical practice in China before the early nineteenth century in the Qing dynasty. TCM is characterized by its unique holistic multi-target efficacy against chronic or complex diseases (Chobe et al., 2022). The basic ingredients for making jamu are natural ingredients from Indonesian cultural heritage that have been passed down from generation to generation, aimed at improving health (Muliasari et al., 2019). Jamu formulations generally come from selected plants and their mixtures come from whole plants, cut plants, or fragmented plants. It offers ease of accessibility of products that can be purchased without the need to show a doctor’s prescription. Consumers can purchase jamu in drug stores, supermarkets, health stores, herbal medicine shops, and via the internet, making the number of jamu enthusiasts continue to increase and providing noticeable economic benefits (Suparmi et al., 2021). In 2023, jamu has officially been included in the intangible cultural heritage recognized by UNESCO (Waluyo, 2023). The benefits contained in jamu are increasing body immunity, antioxidants, helping the metabolism process, and curing inflammation (Kusumo et al., 2020). Jamu production is currently being developed on an industrial scale. The government, industry, and academics in Indonesia have realized that in order to advance the scientific development of jamu, research is needed to ensure the safety of jamu ingredients (Woerdenbag and Kayser, 2014).

			Jamu primarily focuses on maintaining health in healthy individuals with the aim of preventing disease and improving immune health. For example, turmeric and tamarind jamu, which is known for its anti-inflammatory and antioxidant benefits, is very popular for maintaining hormonal balance and improving the immune system. Jamu is an important tool in maintaining overall health, especially in the context of increasing awareness of healthy lifestyle among modern society today. This review examines the current state of knowledge on these hazards and risks based on case reports of adulteration and the actual detection of genotoxic and carcinogenic constituents of concern in jamu. It is important to distinguish between hazards arising from deliberate drug adulteration and those associated with the intrinsic toxicological properties of herbal constituents. Adulteration with synthetic pharmaceuticals represents a quality control and regulatory issue that cannot be directly identified through conventional animal toxicity testing. In contrast, preclinical toxicity studies are essential for evaluating the safety, dose-related effects, and organ-specific toxicity of authentic herbal formulations.. The potential hazards of exposure to APIs are mainly related to the presence of constituents that may cause liver damage, renal impairment, renal failure, steroid dependence, or genotoxicity and carcinogenicity (Suparmi et al., 2021; Tjen, 2024). The purpose of this review is to analyze and synthesize existing literature on the toxicological safety of jamu and to evaluate the scientific rationale for the use of Macaca fascicularis as a translational preclinical model for safety and risk assessment, rather than to present new experimental toxicity data.

			While non-human primates such as Macaca fascicularis offer improved translational relevance compared to rodent models, interspecies differences in metabolism, lifespan, and disease progression remain important limitations. Therefore, findings from non-human primate studies should be interpreted as supportive preclinical evidence rather than direct predictors of long-term human outcomes. Their primary value lies in bridging the gap between rodent data and carefully designed clinical and post-marketing surveillance studies.

			MATERIALS AND METHODS

			Literature review methodology

			This study employed a structured narrative literature review methodology with qualitative thematic synthesis. Literature searches were conducted using PubMed, Scopus, and Google Scholar up to November 7, 2024. Search terms included combinations of keywords related to jamu and herbal medicine (“jamu”, “Indonesian herbal medicine”), toxicology (“toxicity”, “safety”, “genotoxicity”, “organ toxicity”), and experimental models (“animal models”, “rodent”, “non-human primates”, “Macaca fascicularis”).

			Study selection was performed in two stages: Initial screening of titles and abstracts followed by full-text assessment. Inclusion criteria comprised peer-reviewed articles published in English that reported pharmacological, toxicological, or safety-related data on jamu or its major herbal constituents, including Curcuma longa, Zingiber officinale, and Kaempferia galanga. Both in vivo and relevant in vitro studies were considered, with emphasis placed on studies employing animal models for toxicity assessment. Studies focusing on chronic or subchronic exposure and reporting toxicological endpoints such as hematological parameters, blood biochemistry, and histopathological changes in major organ systems (including hepatic, renal, cardiovascular, and lymphoid organs) were prioritized.

			To reflect recent scientific developments while maintaining foundational context, the majority of included studies were published within the last five years. Older studies dating back to 2002 were included when they provided essential baseline toxicological data, historical relevance, or early evidence pertinent to long-term safety evaluation and translational modeling. Given the heterogeneity of study designs, no formal quantitative risk-of-bias assessment was applied. Instead, study quality was considered qualitatively based on clarity of experimental design, reporting of dosage and exposure duration, relevance of toxicological endpoints, and appropriateness of the animal model used. Data were synthesized using a qualitative thematic analysis approach. Studies were grouped according to (1) type of herbal constituent, (2) animal model employed, and (3) reported toxicological outcomes, allowing for comparative evaluation of translational relevance, limitations, and research gaps, particularly concerning the use of non-human primates.

			Research question and objectives

			This literature review was guided by the following primary research question:

			How appropriate are current preclinical animal models for assessing the safety and toxicology of Indonesian jamu, and what is the potential role of Macaca fascicularis as a translational model?

			The secondary objectives of this review were:

			1. To summarize the pharmacological benefits and toxicological risks of major jamu herbal constituents.

			2. To compare commonly used animal models in jamu toxicology studies.

			3. To evaluate the scientific rationale for the use of Macaca fascicularis in herbal safety assessment.

			4. To propose a framework for improving national and international safety standards for jamu.

			RESULTS

			Main composition of herbal medicine (JAMU)

			While the pharmacological benefits of jamu constituents have been widely reported, this section prioritizes toxicological findings relevant to safety assessment, including dose-related adverse effects, organ-specific toxicity, and potential implications for long-term use. Jamu formulations generally consist of combinations of spices such as ginger, turmeric, lemongrass, and palm sugar (Sidik et al., 1992). In addition, several plant species commonly used in jamu are traditionally consumed to support immune function, including turmeric, curcuma, and ginger.

			Curcuma xanthorrhiza Roxb. is an abundant Indonesian medicinal plant belonging to the Zingiberaceae family and is widely used as a raw material in traditional medicine (Rosidi et al., 2014; Nursuprianah et al., 2022). It contains a diverse range of chemical constituents, with starch representing the most abundant component (Sidik et al., 1992). The essential oil fraction of curcuma includes phellandrene, camphor, borneol, cineole, and xanthorrhizol, which have been associated with bile secretion, cholesterol reduction, and antimicrobial activity (Syamsuddin et al., 2019). Curcuma has traditionally been used for the management of hepatic disorders, digestive disturbances, vaginal discharge, and dermatological conditions (Ata et al., 2015). Experimental studies have reported antimicrobial and antiviral activities, including inhibition of Simian Retrovirus Serotype-2 (SRV-2) replication in vitro using combined Phyllanthus niruri and curcuma extracts at concentrations of 100–500 ppm in A549 cell cultures (Hernani and Raharjo, 2005). Given the broad tissue tropism of SRV-2 in macaques, these findings highlight the biological activity of curcuma-derived compounds but also underscore the importance of evaluating dose-dependent systemic effects and potential toxicity under prolonged exposure. Curcumin, the major curcuminoid in curcuma, exhibits antioxidant and detoxifying properties through modulation of glutathione S-transferase (GST) activity and inhibition of nitric oxide synthase in macrophages (Aldizal et al., 2019). Although these mechanisms may confer protective effects, their relevance to safety assessment depends on exposure level, duration of use, and potential interactions with hepatic and renal function.

			The rhizome of Boesenbergia rotunda is another traditional medicinal plant widely used in Indonesian herbal preparations (Handayani et al., 2018). Bioactive compounds identified in this species include boesenbergin, cardamonin, pinostrobin, pinocembrin, panduratin A, and 4-hydroxypanduratin A, which have been reported to possess antioxidant, antibacterial, antifungal, anti-inflammatory, and anticancer activities (Erlyn, 2016). Fingerroot has been extensively studied for its antibacterial properties, particularly against Streptococcus mutans, a primary etiological agent of dental caries (Yanti et al., 2009; Handayani et al., 2018). Flavonoid-rich extracts from fingerroot have demonstrated inhibitory effects on S. mutans growth, supporting its traditional use in oral health applications (Yuan and Iskandar, 2018). However, the widespread use of antibacterial herbal agents also necessitates toxicological evaluation, as inappropriate dosing or prolonged exposure may contribute to unintended tissue effects or microbial imbalance.

			Zingiber officinale is one of the most commonly used herbal ingredients in jamu formulations. Ginger contains essential oils and bioactive compounds such as gingerol, beta-carotene, capsaicin, caffeic acid, curcumin, and salicylates, which are primarily associated with anti-inflammatory and antioxidant activities (Ballester et al., 2022). While these properties contribute to its therapeutic popularity, the presence of multiple active compounds highlights the need for safety assessment, particularly with respect to dose-dependent gastrointestinal effects and potential interactions during chronic consumption (Ballester et al., 2022).
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			Figure 1: Inflammation, ginger action, and its relationship to disease etiology and symptoms (Aryanta, 2019)

			Turmeric (Curcuma longa L) contains curcumin, which has antioxidant, antibacterial, anti-inflammatory, and antiviral properties. It is highly suitable for improving the immune system (Srivastava and Srimal, 1985). The Food and Drug Supervisory Agency in Indonesia has classified it as a priority plant for medicinal use as a treatment for headaches, nausea, vomiting, influenza, coughs, and vertigo. Curcumin is a powerful anti-inflammatory agent effective in treating acute and chronic inflammation (Antony et al., 1999). Curcumin encapsulated by liposomes has been shown to increase the total number of white blood cells and the number of bone marrow cells. This is associated with the production of cytokines that regulate the proliferation and differentiation of bone marrow cells or directly work on these cells. Treatment with curcumin significantly increased leukocyte esterase positive cells, which showed its effect on stem cell proliferation. Administration of curcumin increases humoral immunity as seen from the increase in antibody titers and antibody-forming cells. Macrophage phagocytosis activity also increases when given treatment with curcumin (Widowati, 2008). This means that the body’s response to infection or inflammation will be faster and more effective, particularly in dealing with pathogens or foreign objects entering the body. 

			Available evidence suggests that curcumin is generally well tolerated at low to moderate doses; however, adverse effects have been reported, particularly at high doses or during prolonged use. Curcumin has been shown to inhibit platelet aggregation and may potentiate the effects of anticoagulant and antiplatelet drugs, thereby increasing the risk of bleeding (Vaughn et al., 2016). In addition, curcumin can stimulate gallbladder contraction, which may exacerbate symptoms in individuals with gallstones or biliary obstruction (Majeed et al., 1995). These findings indicate clinically relevant herb–drug and herb–disease interactions that should be considered in jamu safety assessment. From a toxicokinetic perspective, curcumin exhibits poor oral bioavailability due to rapid metabolism and systemic elimination, resulting in low plasma concentrations following oral administration (Devassy et al., 2015). Consequently, many reported pharmacological effects particularly anticancer activities are derived from in vitro studies employing concentrations that are unlikely to be achieved through traditional jamu consumption. This discrepancy between experimental exposure levels and achievable systemic concentrations raises an important safety concern, as consumers may increase dosage or frequency in an attempt to obtain perceived therapeutic benefits, thereby increasing the risk of adverse effects and drug interactions (Chainani-Wu, 2003).

			Animal studies evaluating curcumin toxicity have generally reported no severe acute hepatotoxicity at conventional doses; however, alterations in liver enzyme activity and modulation of drug-metabolizing enzymes have been observed at higher doses (Shah et al., 1999). Curcumin has also been reported to influence cytochrome P450 enzyme activity, suggesting a potential for interaction with concomitantly administered drugs that undergo hepatic metabolism. Animal studies evaluating curcumin toxicity have generally reported no severe acute hepatotoxicity at conventional doses; however, alterations in liver enzyme activity and modulation of drug-metabolizing enzymes have been observed at higher doses. Curcumin has also been reported to influence cytochrome P450 enzyme activity, suggesting a potential for interaction with concomitantly administered drugs that undergo hepatic metabolism (Deogade and Ghate, 2015)

			Although curcumin demonstrates extensive biological activity in vitro, its oral bioavailability in humans is low due to rapid metabolism and elimination. This discrepancy between experimental concentrations and achievable systemic exposure raises a potential safety concern, as consumers may increase dosage or frequency to obtain perceived therapeutic effects, thereby increasing the risk of adverse reactions and herb–drug interactions, particularly with anticoagulants.

			Kaempferia galanga

			Jamu formulations containing Kaempferia galanga commonly consist of rice and sand ginger rhizomes, which are rich in phenolic compounds known to exert antioxidant activity. Polyphenolic compounds can mitigate cellular damage by scavenging free radicals, reducing oxidative stress, and downregulating tumor necrosis factor-α (TNF-α), a mediator associated with inflammatory and oxidative tissue injury (Latifah, 2014). Experimental evidence suggests that the antioxidant content of Kaempferia galanga jamu may attenuate chemically induced abnormalities in the islets of Langerhans, indicating potential effects on pancreatic tissue integrity (Melliani et al., 2011).

			Several bioactive constituents in Kaempferia galanga jamu including saponins, flavonoids, phenolics, terpenoids, and polysaccharides (amylose) have been associated with antihyperglycemic activity. Saponins have been reported to lower blood glucose levels by inhibiting intestinal glucose transport and stimulating insulin secretion in pancreatic β-cells (Pinent et al., 2008). Flavonoid compounds such as kaempferol and apigenin, as well as phenolic constituents, may enhance insulin secretion and increase glucose uptake in peripheral tissues (Hsiech et al., 2010). Additional mechanisms include inhibition of glucose absorption through competitive inhibition of α-glucosidase, β-glucosidase, and α-mannosidase in the digestive tract, as well as reduced glucose reabsorption in the renal proximal tubule (Arjita et al., 2002). These compounds have also been reported to improve glucose tolerance, inhibit gluconeogenesis (Coskun et al., 2005), and protect pancreatic β-cells from oxidative damage induced by free radicals (Lakshmanan et al., 2011). Furthermore, polysaccharides derived from rice components in the formulation exhibit antihyperglycemic effects by increasing serum insulin levels, reducing blood glucose concentrations, and enhancing glucose tolerance.

			Beyond metabolic effects, active components of Kaempferia galanga have demonstrated inhibitory activity against various tumor types, including gastric, colorectal, oral cancers, and multiple myeloma. Isolated constituents such as trans- and cis-ethyl-p-methoxycinnamate have shown anticarcinogenic activity in Epstein–Barr virus (EBV) assays, with reported IC₅₀ values of 5.5 and 9.5 μM, respectively (Xue and Chen, 2002). Trans-p-methoxycinnamic acid has also been reported to suppress colon carcinogenesis in induced rat models by modulating pathways related to invasion, proliferation, apoptosis, and inflammation (Gunasekaran et al., 2019). While these findings highlight biological activity, many such effects are derived from experimental models employing defined concentrations, underscoring the need to contextualize these data within safety and exposure assessments. Kaempferia galanga also exhibits anti-inflammatory properties relevant to traditional use in the treatment of stomachache and toothache associated with inflammatory conditions. Trans-ethyl-p-methoxycinnamate has been reported to inhibit granuloma formation in mice and suppress the release of pro-inflammatory cytokines, including IL-1 and TNF-α. In vitro studies using HMC-1 mast cells stimulated with lipopolysaccharide (LPS) demonstrated that Kaempferia galanga extracts significantly reduced the release of IL-6, IL-8, IL-1β, and TNF-α at a concentration of 40 μmol/L, as assessed by MTT assay (Zhou et al., 2015). These findings indicate anti-inflammatory potential while also emphasizing the importance of dose-dependent evaluation for toxicological safety.

			[image: ]

			Figure 2: Chemical structure of Kaempferia galanga (Wardani et al., 2023).

			Chemical composition of herbal formulations

			Experimental studies have demonstrated various pharmacological properties of ginger (Zingiber officinale), particularly its anti-inflammatory activity. Shogaol compounds derived from ginger have been reported to inhibit cyclooxygenase and lipoxygenase enzymes, which play central roles in the metabolism of prostaglandin E₂ and leukotriene B₄ key mediators of inflammatory responses. In addition, ginger exerts anti-inflammatory effects through inhibition of thromboxane synthase, increased prostacyclin levels, and suppression of nitric oxide release (Shandy et al., 2023). These mechanisms contribute to the reported efficacy of ginger in alleviating nausea, vomiting, inflammation, and pain associated with conditions such as arthritis and muscle pain. The anti-inflammatory properties of ginger are primarily attributed to gingerol, the main bioactive compound found in fresh ginger rhizomes (Anggraeni et al., 2024). Gingerol inhibits the synthesis of prostaglandins and leukotrienes, thereby reducing inflammatory signaling. Gingerol and shogaol have also been reported to inhibit cancer cell growth and induce apoptosis, supporting their investigation as complementary agents in cancer therapy (Nagabhushan et al., 1987; Semwal et al., 2015). In addition, ginger exhibits antimicrobial activity, with ginger essential oil demonstrating efficacy against bacteria, fungi, and viruses, contributing to immune modulation and potential benefits in oral health and periodontal disease prevention.

			From a toxicological perspective, adverse effects associated with ginger consumption have been reported, particularly at high doses. Oral intake of approximately 35 g of ginger has been associated with heartburn, while doses exceeding 6 g may cause gastric irritation. Inhalation of ginger powder has also been reported to induce IgE-mediated allergic reactions (Muliaty et al., 2018). However, developmental toxicity studies administering ginger at a dose of 1000 mg/kg body weight to pregnant mice during the organogenesis period did not reveal maternal toxicity or developmental abnormalities (Santos et al., 2017), suggesting a relatively wide safety margin under controlled exposure conditions. Pharmacokinetic studies have shown that gingerol undergoes enzymatic metabolism to gingerdiol in rat liver cells. Investigations administering ginger at doses ranging from 100 mg to 2 g reported no detectable levels of gingerol or shogaol in rat serum, although conjugated metabolites were detected in the bile of mice following oral administration (Zick et al., 2008, cited in Semwal et al., 2015). Gingerol derived from natural ginger extracts has been shown to exhibit higher bioavailability and greater stability compared to synthetic gingerol mixtures, with only 30% degradation after 21 days of incubation, compared to approximately 80% degradation of shogaol. During drying or thermal processing, gingerol due to its thermolabile β-hydroxy group may undergo dehydration to form shogaol or degradation via retro-aldol reactions to produce zingerone and corresponding aldehydes (Ding et al., 1991).

			At the cellular level, ginger extracts rich in gingerol or shogaol have demonstrated strong inhibitory effects on lipopolysaccharide (LPS)-induced prostaglandin E₂ production through suppression of cyclooxygenase-2 (COX-2) expression in U937 cells (Mohd, 2016). Similar inhibitory effects on prostaglandin and leukotriene synthesis have been observed in RBL-1 cells (Kiuchi et al., 1982) and intact human leukocytes in vitro, where ginger extracts exhibited mechanisms comparable to nonsteroidal anti-inflammatory drugs (NSAIDs) (Flynn et al., 1968). While these findings underscore the biological activity of ginger constituents, they also highlight the importance of dose-dependent evaluation and consideration of metabolic and toxicological profiles when assessing long-term safety.
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			Figure 3: Ginger active compounds (Rahmat et al., 2021).

			Turmenic (Curcuma longa) is a spice with a strong yellow pigment that has been used for cosmetics, dye, and for medical remedies in all over the world. Curcumin is the active component of Turmenic and was first isolated and characterized in 1910. Since then, it has been shown to exhibit antiinflammatory, antimucrobial, antioxidant, antineoplastic properties, and even potential to improve mental illnesses (Vaughn et al., 2016). Curcuma contains antioxidants that work synergistically in capturing free radicals by inhibiting oxidation reactions. Aerobic metabolism in humans can produce free radicals (nitric oxide, superoxide, and hydroxyl radicals). Free radical reactions can cause dangerous degenerative diseases, such as dementia, asthma, diabetes, atherosclerosis, cancer, and inflammation. The antioxidant ability of curcuma has been proven and evaluated using various methods (Chainani-Wu, 2003). The curcumin content in turmeric has been proven safe and does not cause significant side effects in high doses (Shah et al., 1999). Curcumin has inhibitory effects on platelet aggregation and can interact with anticoagulant and antiplatelet drugs (Rasyid and Lelo, 1999). The compounds contained in turmeric include 69.4% carbohydrates, 5.1% fat, 6.3% protein, 3.5% minerals, and 13.1% water (Prasad et al., 2014). Dried turmeric root extract also contains curcuminoids, which include the component curcumin. Curcuminoids consist of 77% curcumin, 17% demethoxycurcumin, and 3% bidemethoxycurcumin. Other components of turmeric, including curcuminoids, have biological activity. The chemical notation for curcumin is 1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5-dione or diferuloylmethane (Deogade and Ghate, 2015). The body cannot absorb curcumin completely due to its high metabolic rate and rapid elimination from the body, resulting in limited bioavailability of curcumin in the body. The low bioavailability of curcumin significantly limits its therapeutic effects (Devassy et al., 2015). In ancient times, curcumin was used in Ayurvedic medicine in India to treat injuries, skin diseases, eye infections, burns, and acne (Hatcher et al., 2008). Over the past 30 years, curcumin has been shown to have therapeutic effects in the treatment of cancer, metabolic disorders, autoimmune diseases, neurological diseases, cardiovascular diseases, respiratory diseases, liver diseases, and various other inflammatory diseases (Kannappan et al., 2011). Curcumin may have an inhibitory effect on platelet aggregation and could interact with anticoagulation and antiplatelet medications. Curcumin can stimulate gallbladder contractions, exacerbating symptoms in patiens gallstones (Vaughn et al., 2016).
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			Figure 4: Curcuminoid chemical structure (Nawawi et al., 1999).

			Methanol extracts of plants used in herbal medicine, such as A. paniculata, Swietinia mahagoni, and C. Aeruginosa have shown anti-HIV activity by inhibiting HIV-protease activity in MT4 cells infected with HIV-I . Methanol extract of Melaleuca leucadendron fruit significantly prolonged the development of herpes-related skin lesions in HSV-1 infection tests in mice and also reduced mortality caused by this herpes virus (Calabrese et al., 2000). A. Paniculata has also been clinically tested for its antiviral activity. In a phase I clinical trial of andrographolide isolated from A. Paniculata, it was tested on 13 HIV-positive patients and five healthy volunteers who were not infected with HIV. The results obtained were that andrographolide could inhibit cell cycle deregulation induced by HIV which causes an increase in CD 4 (+) lymphocyte levels in HIV-1 infected individuals (Calabrase et al., 2000). Curcumin can also stimulate gallbladder contractions, worsening symptoms in patients with gallstones (Majeed et al., 1995). 

			Goodarzi et al. (2019) reported promising hepatoprotective activity, as indicated by as indicated by a decrease in AST (aspartate aminotransferase) and ALT (alanine aminotransferase) enzyme levels (Goodarzi et al., 2019). Studies have been conducted on the hepatoprotective activity of curcumin in relation with nonalcoholic fatty liver disease (NAPLD), which is a cause of liver-related morbidity. They stated that curcumin significantly reduces body mass index (BMI) and waist circumference (WC) (Baziar et al., 2020; Akaberi et al., 2021).

			Toxicology study process

			International regulations related to human health require that all traditional medicines undergo toxicity tests on animals before being distributed to the public. acute and subchronic toxicity tests can provide preliminary information about the toxic properties of ingredients contained in traditional medicine formulations that previously had no information (Sasmito et al., 2015). Toxicity testing is carried out to estimate the degree of damage caused by a compound contained in herbal medicine to biological and non-biological materials. Toxicity testing is intended to determine the unwanted effects of a drug. This test is carried out by giving a single dose to test animals (rodents and non-rodents). The herbal medicine to be tested is given in different doses to the test animals and then observed for 14 days, after which end-point is carried out. Testing is conducted morphologically, biochemically, pathologically, and histopathologically (Sundari et al., 2015). Acute toxicity testing is carried out to determine the acute toxicity value (LD50), which will provide an idea of the toxicity level of a herbal drink. The smaller the LD50 value, the greater the toxicity of the substance. Subchronic toxicity testing is carried out to assess blood chemistry by measuring the number of red blood cells, white blood cells, hemoglobin levels, hematocrit, and also the biochemical overview of the blood by measuring the levels of SGPT, SGOT, creatinine, urea, and seeing the shape of the organs using histopathology methods (Winarno, 2015). While the majority of existing toxicological studies on jamu rely on rodent models, these studies primarily serve as a comparative foundation. The inclusion of multiple animal models in this review is intentional, as it highlights the translational limitations of rodents and provides a scientific basis for proposing Macaca fascicularis as a more predictive preclinical model for human safety assessment.
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			Figure 5: Herbal medicine toxicity tests on Macaca fascicularis.

			Table 1: The animal models that have been widely used for toxicity study.

			
				
					
					
					
					
					
					
				
				
					
							
							Model animal

						
							
							Toxicity test

						
							
							Major compound[s]

						
							
							Dose

						
							
							Key toxicological findings

						
							
							Target Organ

						
					

					
							
							Rat

						
							
							Acute

						
							
							Herbal medicine for hyperuricemia: Catappa leaves, sappan wood, Stelechocarpus burahol leaves, curcuma rhizome, turmeric rhizome, and leafflower (total 19 g) Herbal

						
							
							~54,720 mg/kg BW

						
							
							No mortality; LD₅₀ > 54,720 mg/kg BW

						
							
					

					
							
							Acute

						
							
							hypertension medicine: celery herb, gotu kola (centella) herb, cat's whiskers, curcuma temulawa rhizome, turmeric rhizome, leafflower (total 22g)

						
							
							~50,190 mg/kg BW.

						
							
							No mortality; LD₅₀ > 54,720 mg/kg BW

						
							
					

					
							
							Sub-chronic

						
							
							Herbal medicine for hyperuricemia

						
							
							~15,390 mg/kg BW.

						
							
							No abnormalities in blood, liver, or kidney

						
							
							Liver, kidney

						
					

					
							
							Sub-chronic

						
							
							Herbal medicine for hypertension

						
							
							~17,820 mg/kg BW

						
							
							No abnormalities in blood, liver, or kidney (Saryanto and Ardiyanto, 2017)

						
							
							Liver, kidney

						
					

					
							
							Rat

						
							
							Acute and sub-chronic

						
							
							Zedoary rhizome, benzoin tea leaves, mango ginger rhizome, Strychnine tree tuber

						
							
							>5,000 mg/kg BW

						
							
							No significant changes in SGOT, urea, creatinine (p>0.05) (Huda et al., 2017).

						
							
							Liver, kidney

						
					

					
							
							Mice

						
							
							Sub-chronic

						
							
							Zingiber officinale, Piper nigrum, Orthosiphon stamineus, Cinnamomum sintoc, Abrus precatorius, and Massoia aromatica

						
							
							800 mg/kg BW

						
							
							Lymphocytic infiltration in portal vein

						
							
							Liver

						
					

					
							
							Cinnamomum sintoc

						
							
							1,000 mg/kg BW

						
							
							Fatty liver changes, disrupted hepatocyte architecture (Esti and Novita, 2002).

						
							
							Liver

						
					

					
							
							Mice

						
							
							Sub-chronic

						
							
							Noni fruit extract (Morinda citrifolia Linn)

						
							
							0,2 ml; 0,4 ml; 0,6 ml; and 0,8 ml

						
							
							No toxic effects observed (Rahmawati and Hulukiti, 2016).

						
							
							Pancreas

						
					

					
							
							Artemia salina Shrimp larvae

						
							
							Acute

						
							
							Zingiberis rhizomeyang, Phyllanthus niruri L, Achilleae folium, Piperis nigri Fructus, Curcuma domesticeae Rhizoma. Ginger-based menstrual stimulant herbs

						
							
							2,000–6,000 ppm

						
							
							LC₅₀ = 3,131 ppm; low acute toxicity (Pehlivanovic et al., 2019)

						
							
					

				
			

			Across the rodent studies summarized in Table 1, most multi-component jamu formulations exhibited a relatively wide safety margin in acute and sub-chronic exposure, with no mortality or clinically relevant changes in hepatic or renal biomarkers at doses exceeding 5,000 mg/kg BW. However, herb-specific toxicological signals were consistently observed at lower doses in certain plant constituents. Notably, sub-chronic administration of Abrus precatorius at 800 mg/kg BW was associated with lymphocytic infiltration in the hepatic portal area, indicating inflammatory liver injury. Similarly, Cinnamomum sintoc at 1,000 mg/kg BW produced histopathological alterations consistent with fatty liver degeneration and disrupted hepatocyte architecture. These findings identify the liver as the primary target organ of toxicity across rodent models.

			Based on available evidence, the lowest observed adverse effect level (LOAEL) among jamu-related components in rodent studies appears to occur in the range of 800–1,000 mg/kg BW, particularly for formulations containing Abrus precatorius and Cinnamomum sintoc. In contrast, ginger-based formulations and several commonly used jamu components (Zingiber officinale, Piper nigrum, Orthosiphon stamineus) demonstrated comparatively cleaner safety profiles within the tested dose ranges. This qualitative synthesis highlights that while many jamu formulations show low acute toxicity, component-specific risks exist, emphasizing the need for ingredient-level safety evaluation rather than reliance on formulation-level outcomes alone.

			Studies employing macaques as experimental models for herbal medicine research remain relatively limited but demonstrate important scientific value. Available investigations involving Macaca fascicularis and other macaque species have examined the effects of plant-derived compounds on lipid metabolism, bile acid balance, antiparasitic activity, and antiviral properties, highlighting the physiological relevance of non-human primates in evaluating complex herbal formulations. Although the number of toxicological studies on jamu specifically using Macaca fascicularis is still scarce, the existing non-human primate data provide critical insights that are not readily attainable through rodent models. These include closer similarities to humans in hepatic metabolism, cytochrome

			Table 2: Macaques as model animals for herbal medicine study.

			
				
					
					
					
				
				
					
							
							Model animal

						
							
							Study of herbal medicine

						
							
							Relevance to jamu toxicology 

						
					

					
							
							Macaca fascicularis

						
							
							Cholesterol and Bile Acid Balance in Macaca fascicularis Effects of Alfalfa Saponins (Malinow et al., 1981)

						
							
							Demonstrates similarity to humans in hepatic and bile acid regulation

						
					

					
							
							Macaca fuscata yakui

						
							
							Antiprotozoal and antihelminthic properties of plants ingested by wild Japanese macaques [Macaca fuscata yakui] in Yakushima Island (Tasdemir et al., 2019)

						
							
							Illustrates physiological tolerance and metabolic handling of plant secondary metabolites

						
					

				
			

			Table 3: In vitro studies relevant to jamu toxicology

			
				
					
					
					
				
				
					
							
							Cell line/ In vitro system

						
							
							Study of herbal medicine

						
							
							Relevance to jamu toxicology 

						
					

					
							
							A549 cells

						
							
							Phyllanthus niruri and curcuma extracts at concentrations of 100 ppm, 250 ppm, and 500 ppm can inhibit the growth of SRV-2 virus grown on A549 cells (human lung cancer cells) (Hernani and Rahardjo, 2005)

						
							
							Indicates biological responsiveness to jamu-related compounds, though not in vivo toxicity

						
					

				
			

			P450 enzyme profiles, endocrine regulation, and long-term toxicity responses. Importantly, the limited availability of primate-based studies should not be interpreted as a lack of scientific relevance; rather, it underscores the need for ethically designed, hypothesis-driven, and targeted non-human primate research to strengthen the translational assessment of jamu safety and efficacy.

			DISCUSION

			Laboratory animals are widely used as experimental models in biomedical research, including drug development, toxicity assessment, and pharmacokinetic studies. Commonly used experimental animals include mice, rats, ferrets, and non-human primates. The selection of appropriate animal models is a critical step in preclinical testing, as these models serve as the primary biological systems for evaluating therapeutic efficacy and safety prior to human exposure (Mukherjee et al., 2022). Beyond drug development, animal models also play essential roles in the preclinical evaluation of medical devices and tissue engineering applications intended for human use (Stone et al., 1987). 

			In herbal toxicology studies, commonly used in vivo models include mice (Mus musculus) and rats (Rattus norvegicus), which offer advantages in terms of cost, availability, and ethical feasibility. However, these models may not fully capture complex human-relevant biological processes. In contrast, the long-tailed macaque (Macaca fascicularis) has been proposed as a potentially more translationally relevant model due to its closer genetic, physiological, and behavioral similarities to humans. Immunological studies have demonstrated that M. fascicularis exhibits standardized immune parameters relevant to toxicity research, supporting its value in studies where immune-mediated effects are a concern (Ignatova et al., 2014). Furthermore, the genome of M. fascicularis has been fully sequenced, revealing a high degree of similarity to human transcripts, which enhances its relevance for studying drug metabolism and toxicological responses compared to rodents, which exhibit greater genetic divergence (Mutai et al., 2018; Amato et al., 2022). Despite these advantages, the use of non-human primates in research is highly constrained. Primate studies account for less than 1% of all laboratory animal use due to stringent ethical oversight, high financial costs, limited availability, and societal concern (Ernita et al., 2021). Consequently, M. fascicularis cannot be justified as a routine model for jamu safety screening. Instead, its potential role should be considered selectively, particularly for addressing complex toxicological questions that cannot be adequately resolved using rodent models or emerging human-relevant in vitro systems.

			The growing global consumption of jamu has prompted increased interest in its safety and biological effects in animal models, including non-human primates. Jamu formulations typically contain multiple plant extracts rich in bioactive compounds, such as those derived from the Zingiberaceae family, which are known to contain essential oils and oleoresins with anti-inflammatory, antioxidant, and immunomodulatory properties (Phillips et al., 2014). Experimental evidence suggests that combinations of ginger, turmeric, and temulawak (Curcuma xanthorrhiza Roxb) can improve growth performance and health parameters in broiler chickens, indicating potential biological activity that may also be relevant in higher-order species (Widyowati and Agil, 2018). However, extrapolation of such benefits to primates or humans requires careful toxicological evaluation. Curcumin, one of the most extensively studied constituents of jamu, has been reported to interfere with multiple stages of cancer development by suppressing angiogenesis, metastasis, and tumor cell proliferation through diverse molecular pathways, including cyclin D1, c-myc, Bcl-2 family proteins, caspase activation, p53 signaling, and death receptor pathways (Ravindran et al., 2009). These mechanisms underpin its reported efficacy against multiple cancer types, including multiple myeloma, colon, breast, prostate, lung, and pancreatic cancers (Anand et al., 2008). Nevertheless, the translation of such findings to safety assessment remains challenging, particularly given the low bioavailability of curcumin and the risk of dose escalation during long-term consumption (Kocaadam and Sanlier, 2017).

			Safety concerns associated with herbal medicine use must therefore be carefully evaluated, especially in non-human primates. Certain herbal formulations have been reported to alter plasma uric acid levels and induce histopathological changes in animal models, raising concerns regarding chronic exposure (Xiang et al., 2023). Additionally, the adulteration of herbal products with synthetic pharmaceuticals has been associated with severe adverse effects, including seizures and coma, underscoring the need for rigorous quality control and regulatory oversight (Mustika et al., 2022). These issues are particularly relevant for M. fascicularis, as its physiological responses may differ substantially from those of rodents. Examples of non-human primate research involving purified compounds, such as triptonide and Shi-Bi-Man, further illustrate both the strengths and limitations of primate models. Studies on triptonide derived from Tripterygium wilfordii F demonstrated its efficacy as a reversible, non-hormonal male contraceptive in mice and cynomolgus monkeys by selectively disrupting sperm motility without systemic toxicity (Chang et al., 2021; Diarti et al., 2020). Similarly, Shi-Bi-Man was shown to promote hair follicle stem cell activation through metabolic modulation in cynomolgus monkeys (Du et al., 2023). While these studies highlight the translational relevance of primate models for targeted pharmaceutical development, they do not directly address the safety evaluation of complex, multi-herb jamu formulations, where synergistic or antagonistic interactions may further complicate interpretation.

			Advances in alternative research technologies, including in vitro systems and computational modeling, offer promising complementary approaches to animal experimentation. Nevertheless, for certain high-priority toxicological questions such as chronic low-dose exposure, immune endocrine interactions, and complex metabolic responses animal models remain indispensable (Mikail et al., 2023). In this context, the value of Macaca fascicularis lies not in routine testing, but as a targeted, confirmatory model applied selectively when rodent and in vitro data are insufficient to address critical human-relevant safety concerns.

			CONCLUSION

			Long-term evaluation is essential for assessing the chronic toxicity and pharmacokinetic behavior of herbal medicines, particularly due to the complex interactions among multiple bioactive constituents and host metabolic pathways. Herbal formulations typically consist of heterogeneous compounds that may influence drug-metabolizing enzymes and transporters, thereby altering bioavailability and systemic exposure. Interactions between herbal medicines and conventional drugs have been shown to modify metabolic profiles and, in some cases, increase the risk of adverse effects. Consequently, a detailed understanding of herb–metabolism interactions is critical for robust safety assessment. In principle, non-human primates such as Macaca fascicularis offer advantages for pharmacokinetic and long-term toxicity studies because of their closer physiological, genetic, and metabolic similarity to humans. Long-duration studies in primates may provide insights into compound accumulation, delayed toxicity, and regulatory-system effects that are not readily detectable in short-term studies or in rodent models. However, the feasibility of such studies must be carefully weighed against substantial ethical, financial, and logistical constraints. As discussed earlier, these considerations largely explain the very limited proportion of primate use in toxicological research and preclude their routine application for broadly consumed traditional medicines.

			Accordingly, the sustainability of herbal medicine safety assessment should primarily rely on rodent-based in vivo studies using mice (Mus musculus) and rats (Rattus norvegicus), complemented by advanced analytical approaches to characterize dose–response relationships, organ-specific toxicity, and metabolic pathways. Non-rodent species, including Macaca fascicularis, should be considered only at a later stage and for specific, high-priority questions particularly when rodent and human-relevant in vitro systems yield inconclusive results due to interspecies metabolic differences. In contrast, the use of phylogenetically distant organisms such as Artemia salina shrimp larvae should be interpreted cautiously, as their genetic, biochemical, and physiological dissimilarities from humans limit their translational relevance beyond preliminary toxicity screening. The application of the 3R principles replacement, reduction, and refinement is therefore central to any proposed use of Macaca fascicularis in herbal toxicology. Rather than justifying increased primate use, adherence to the 3Rs necessitates that primate studies be hypothesis-driven, minimized in number, and employed only when alternative models cannot adequately address critical safety concerns. Implemented in this manner, the 3R framework not only reduces animal use but also promotes the development of complementary non-animal methodologies and more refined experimental designs. This balanced approach supports ethical responsibility while ensuring that toxicity assessments generate reliable and human-relevant data for the long-term safety evaluation of herbal medicines. 
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Abstract | Jamu is a traditional Indonesian herbal drink that was officially recognized as an Intangible Cultural
Heritage (ICH) by UNESCO on December 6, 2023. It has long been consumed for the prevention and treatment
of various diseases and is composed of multiple herbal ingredients, including Curcuma longa, Curcuma xanthorrhiza,
Zingiber officinale (ginger), and Kaempferia galanga. While these plants contain bioactive compounds with established
pharmacological benefits, their complex combinations may also pose toxicological risks, particularly with long-term or
improper use. To enhance the quality, safety, and global acceptance of jamu, rigorous toxicity evaluation comparable to
modern pharmaceuticals is required. As direct toxicity testing in humans is ethically limited, preclinical testing using
experimental animal models is essential. This review employs a structured narrative literature review approach to analyze
existing studies on jamu toxicology, with particular emphasis on comparative animal models. Scientific articles were
retrieved from PubMed, Scopus, and Google Scholar using predefined keywords related to jamu, herbal toxicology, and
animal models, and were selected based on their relevance to safety, toxicity endpoints, and translational value. Special
attention is given to non-human primates, particularly Macaca fascicularis, due to their close genetic, physiological, and
biochemical similarities to humans. Compared to rodent models, this species offers improved translational relevance
for assessing systemic toxicity, organ-specific effects, and potential efficacy. By aligning jamu safety assessment with
internationally accepted preclinical standards, this review aims to support the scientific validation and broader national
and international recognition of jamu.
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