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Arginase (Arg) plays a pivotal role in numerous pathological processes, with its dysregulated expression being intricately associated with tumor progression and immune evasion. This review comprehensively examines the diversity, mechanisms, and clinical potential of natural Arg modulators, encompassing polyphenols, flavonoids, and terpenoids. These bioactive compounds exert their modulatory effects on Arg activity through multiple mechanisms, including direct enzyme interaction, regulation of signaling pathways, and modulation of cellular metabolism. The therapeutic potential of these metabolites spans across various medical domains, notably in cardiovascular diseases, oncology, neurological disorders, and inflammatory conditions. Specifically, polyphenol metabolites such as resveratrol and curcumin have demonstrated significant benefits in cardiovascular health and neuroprotection, while flavonoids including rutin and quercetin have shown promising effects on intracellular inflammatory factors and tumor cell proliferation. Similarly, terpenoids like perillyl alcohol and triptolide have been found to influence cell polarization processes. However, despite their substantial therapeutic potential demonstrated in experimental studies, the development of natural Arg modulators faces several significant challenges. These include complexities in drug design attributed to the intricate structure and multiple isoforms of Arg, difficulties in elucidating precise mechanisms due to Arg’s multifaceted roles in various metabolic pathways, and limitations in current drug delivery systems. To overcome these challenges, future research should focus on continuous optimization of experimental design paradigms, enhancement of experimental models and data quality, thorough evaluation of therapeutic efficacy, and strategic integration of natural Arg modulators with precision medicine approaches.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Arginase-centric metabolic modulation and cellular health. This review highlights the regulation of metabolic pathways by arginase and its impact on cell function, highlighting arginase’s interactions with natural modulators such as polyphenols, flavonoids, and terpenes, which are essential for the health of various cell types.
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1 INTRODUCTION
Arg, a pivotal enzyme with diverse roles across multiple tissues, is fundamental to arginine (Arg-L) metabolism. In the final stage of the urea cycle, Arg plays a key role in ammonia detoxification and polyamine (PA) synthesis by splitting Arg-L to form urea and L-ornithine, both of which are essential for cellular function and tissue repair (Pérez and Rius-Pérez, 2022). In addition, Arg is directly or indirectly involved in proline synthesis and fibrosis. In terms of proline synthesis, Arg indirectly influences proline production by regulating Arg-L metabolism (Li et al., 2021; Zhang et al., 2023). Proline, in turn, plays a significant role in cellular stress responses and collagen synthesis, being essential for tissue repair and fibrosis (Han et al., 2021; Liu et al., 2024). During the fibrosis process, the activity of Arg is closely related to collagen deposition and the expression of fibrosis markers. It influences the generation of nitric oxide (NO) and polyamines (PAs) by regulating the availability of Arg-L, thereby modulating fibrosis-related signaling pathways. Moreover, Arg exerts significant regulatory effects on the immune system by modulating the responses of T cells and macrophages to external stimuli. In tumor biology, Arg reduces the material basis of tumor cell growth by consuming Arg-L, significantly affecting tumor proliferation and immune evasion, providing novel insights into tumor cell metabolism regulation.
Given Arg’s complex roles in both physiological and pathological contexts, researchers are actively exploring strategies to effectively modulate its activity. Arg modulators have attracted considerable attention due to their potential therapeutic benefits and favorable safety profiles. Recent studies have highlighted the potential of Arg modulators in addressing intractable medical problems. For example, cancer treatment still faces many challenges. As reported by the NIH in 2022 (Bray et al., 2024), approximately 9.7 million people die from cancer, with colorectal cancer accounting for 9.3 percent of cancer deaths and breast cancer accounting for 6.9 percent of cancer deaths. Studies have shown that Arg modulators can indirectly affect Arg-L metabolism by regulating the concentration of inflammatory factors such as interleukin. This, in turn, modulates the urea cycle and PA synthesis pathways, ultimately influencing cell proliferation and apoptosis, thereby improving cancer-related outcomes. In addition, in response to the 2023 WHO report that 1.28 billion adults aged 30–79 years suffer from hypertension (World Health Organization, 2023), Arg modulators play a key role in physiological processes such as vasodilation and inflammatory response by regulating Arg-L metabolism and NO production. This provides new avenues for the treatment of hypertension and related cardiovascular conditions.
In this review, we provide a comprehensive overview of the biological activities, mechanisms of action, and potential applications of natural Arg modulators in disease treatment. Our analysis used key words such as “natural metabolites,” “arginase” and “regulation” to conduct a preliminary screening of the article. Subsequently, we further screened natural metabolites with therapeutic effects for specific diseases such as “hypertension,” “cancer,” “macrophage inflammatory,” “neurodegenerative diseases” and other keywords. In this review, we conducted a comprehensive review of current research and clinical trials using PubMed, Google Scholar, and SciFinder databases. All selected papers were published in peer-reviewed scientific journals. Experimental exclusion criteria include: effective dose is less than 1 g/kg/d, experimental model and method criteria are evaluated in strict accordance with the principles of “based on experiment, determination mechanism, pharmacological evidence, visual data.” In addition, all the regulatory effects of traditional drugs introduced in this paper are supported by scientific tests. By systematically examining the existing literature, we elucidate the current status and future trends in this field. Our analysis not only furnishes researchers with precise information and profound insights but also underscores the unique advantages and potential of natural Arg modulators. We anticipate that this review will foster deeper understanding and stimulate further exploration of this critical area, inspiring future research directions.
2 CLASSIFICATION AND SOURCES OF ARGINASE MODULATORS: FROM CHEMICAL SYNTHESIS TO NATURAL ORIGINS
2.1 Structural characteristics of arginase
Arg is a group of metalloenzymes that play pivotal roles in biological systems (Niu et al., 2022). Among these, the two isoforms (Figure 1), arginase 1 (Arg1) and arginase 2 (Arg2), each fulfill distinct biological functions. Arg 1, comprising 322 amino acid residues, is predominantly located in the cytoplasm and is highly expressed in the liver. Its coding gene resides on chromosome 6q23. In contrast, Arg 2 consists of 354 amino acid residues and is distributed across the kidney, prostate, small intestine, and lactating mammary gland, primarily functioning within mitochondria. The gene encoding Arg 2 is positioned on chromosome 14q24. The catalytic centers of these metalloenzymes contain two essential metal ions, typically manganese, that are essential for enzymatic activity. These catalytic sites enhance the precision of Arg binding to the substrate. Such structural insights not only clarify the precise catalysis by Arg but also hold significant potential for the development of small-molecule and natural modulators to modulate their activity, thereby impacting therapeutic strategies for specific disease conditions.
[image: Figure 1]FIGURE 1 | Structures of arginase and diverse modulators.
2.2 Relationship between arginase and disease
With its distinctive molecular structure, Arg serves as a pivotal enzyme in regulating Arg-L metabolism and NO production, profoundly influencing the pathogenesis of numerous diseases. Deficient Arg activity (Therrell et al., 2017; Scaglia and Lee, 2006; Schlune et al., 2015; Crombez and Cederbaum, 2005; Wiechert et al., 1989) can lead to hyperargininemia, characterized by progressive spastic paralysis (Tariq et al., 2017; McNutt et al., 2023; Sin et al., 2015), cognitive and motor dysfunction (Lin et al., 2023), seizures (Pavuluri et al., 2023), and growth and developmental abnormalities (McNutt et al., 2023). Conversely, excessive Arg activity impedes the synthesis of the vasodilator NO by inhibiting the interaction between Arg-L and endothelial nitric oxide synthase (eNOS). This can result in endothelial dysfunction (Gambardella et al., 2020) and aberrant blood pressure regulation, as observed in conditions such as pre-eclampsia (Haworth et al., 2021), erectile dysfunction (ED) (Lacchini et al., 2015), and myocardial ischemia/reperfusion (MI/R) injury (Tratsiakovich et al., 2013). In neurological disorders, Arg mitigates neurodegenerative changes (Moretto et al., 2019) induced by inflammation by curbing the overproduction of pro-inflammatory NO. In oncology, Arg suppresses tumor progression by depleting Arg-L, thereby obstructing its metabolic support for tumor cells. Additionally, as a biomarker of immune cell polarization (Rath et al., 2014), Arg offers novel insights into macrophages states and paves the way for innovative therapeutic strategies in treating immune-related diseases like asthma (Boonpiyathad et al., 2019) and intestinal inflammation (Huang et al., 2022). These multifaceted roles of Arg underscore its significance as a potential therapeutic target and provide a scientific foundation for developing novel therapeutic strategies across various diseases, heralding a potential transformation in clinical treatment paradigms.
2.3 Research progress and challenges of synthetic arginase modulators
In terms of modulating Arg activity, chemically synthesized Arg modulators (Pudlo et al., 2017; Abdelkawy et al., 2017) have emerged as pivotal agents in the realm of Arg modulation. Their design strategies predominantly focused on emulating the substrate structure of Arg, leading to the development of diverse metabolites (Figure 1). Notably, α-amino acid derivatives, particularly Nω-hydroxy-L-arginine (NOHA) (1) (Bollenbach et al., 2019) and Nω-hydroxy-nor-L-arginine (nor-NOHA) (2) (Chauhan et al., 2024), are the first metabolites to exhibit micromolar modulatory effects by replacing the hydroxyl bridging ion of Arg with n-hydroxyl and have been widely used in laboratory settings. Furthermore, boronic acid derivatives, such as 2-amino-6-boronohexanoic acid (ABH) (3) (Golebiowski et al., 2013) and S-(2-boronoethyl)-L-cysteine (BEC) (4) (Kim et al., 2001), mimic transition-state analogs by forming hydrogen or ionic bonds with active sites, thereby playing crucial roles in laboratory research. Inspired by the significant effects of these modulators, researchers have endeavored to incorporate boronic acid groups into the side chains of α-amino acids and explore the bonding of various metal-binding groups, such as sulfonamides, imidazoles, and nitro groups, to the binuclear manganese clusters in Arg. This approach has demonstrated broad applicability in laboratory investigations. Additionally, reaction coordinate analogs—including amino acid aldehydes (Shin et al., 2004) and epoxides—as well as certain existing drugs like chloroquine (Bak et al., 2023) and antiretroviral agents (Lisi et al., 2014), have shown substantial utility in experimental studies due to their Arg modulatory properties. These strategies not only offer novel avenues for treating related diseases but also provide fresh perspectives for drug design and repurposing.
While chemically synthesized Arg modulators have demonstrated significant modulatory effects in laboratory settings, their transition to clinical applications is hindered by several challenges. These challenges are primarily related to pharmacokinetic properties (Abdelkawy et al., 2017), particularly concerning bioavailability and stability. For instance, ABH and certain derivatives exhibit oral bioavailability of less than 5%, coupled with a brief half-life in vivo of approximately 15–30 min. This results in rapid metabolism of these chemical metabolites within the body, causing a swift decline in effective concentrations, and making it difficult to sustain prolonged efficacy. Additionally, safety concerns—notably the toxic effects of boronic acid derivatives on cellular physiological functions—represent significant hurdles in the development of chemical modulators. These potential toxicity issues necessitate thorough evaluation and resolution through comprehensive toxicological studies. Consequently, for these synthetic Arg modulators to be viable in clinical settings, researchers must further refine the metabolite structures and enhance their pharmacokinetic profiles to ensure drug safety.
Advancing strategies to regulate Arg activity requires addressing the limitations of synthetic modulators by exploring the potential of natural counterparts. Synthetic and natural modulators exhibit profound multidimensional distinctions in origin, design, activity, mechanism, and pharmacokinetic properties. Synthetic modulators are the product of deliberate chemical engineering; for instance, ABH, a mimic of the Arg-L transition state, chelates manganese ions within Arg’s active site, while pyrrolidine analogs employ rigid cyclic structures to restrict conformational flexibility and enhance binding affinity (Pham et al., 2018). Conversely, natural modulators, primarily sourced from plant extracts, include polyphenols and flavonoids such as chlorogenic acid and pterostilbene, highlighting their intrinsic biological origins. In terms of activity, synthetic modulators offer superior potency and precision, with compounds such as OATD-02 displaying an IC50 of 20 nM against Arg-1 (Molaro et al., 2025)—markedly outperforming chlorogenic acid’s IC50 of 10.6 μM (Yacout et al., 2014). However, their mechanisms are often unidimensional, typically incapable of modulating Arg activity through multifaceted pathways. In contrast, natural modulators exhibit more intricate regulatory mechanisms, indirectly influencing Arg activity via antioxidant properties or nitric oxide (NO) pathway modulation. Pharmacokinetically, synthetic modulators frequently encounter challenges, including low bioavailability—evident in early boronic acid derivatives requiring prodrug optimization—and chemical instability, which may elevate toxicity risks. Natural modulators, due to their biological derivation, demonstrate higher safety profiles, faster metabolic elimination, and reduced toxicity. For example, CAPA’s activity decreases tenfold in humans (Pham et al., 2016), underscoring its inherent safety advantages in clinical applications. Nonetheless, synthetic modulators such as Numidargistat have progressed to clinical trials in solid tumors, whereas natural modulators largely remain confined to in vitro investigations.Looking forward, the integration of precision synthetic design with the structural and functional diversity of natural modulators holds promise for developing efficient, low-toxicity Arg-regulation strategies. The complementary strengths of these modulators could unlock novel therapeutic avenues for complex pathological conditions, thereby addressing unmet clinical needs with enhanced safety and efficacy.
2.4 Research and application of natural arginase modulators
In contrast to synthetic modulators, natural Arg modulators (Girard-Thernier et al., 2015) exhibit significant potential for development and application due to their naturally complex structures (Figure 1) and superior biocompatibility. These natural metabolites—including polyphenols, flavonoids, and terpenoids—demonstrate both direct and indirect mechanisms in modulating Arg activity, offering promising therapeutic avenues for cardiovascular diseases, cancer (Chen et al., 2021), cell polarization and neurodegenerative disorders. Additionally, other natural metabolites such as emodin, caffeine, and salvianolic acid B have been identified to exert substantial regulatory effects on Arg activity, partially filling the gap in the treatment of inflammatory diseases.
Pharmacological studies have further elucidated the multipath regulatory effects and double-sided regulation of natural Arg modulators across various diseases. In cardiovascular conditions, these modulators effectively mitigate inflammation-induced vascular endothelial dysfunction (Caldwell et al., 2010; Johnson et al., 2010; Johnson et al., 2013; Krause et al., 2015; Bhatta et al., 2017), such as hypertension, by reducing Arg activity and its competition with eNOS, thereby enhancing vasodilator NO synthesis. On the contrary, in neurological disorders (Lange et al., 2004; Eren et al., 2024), Arg modulators enhance the competition with inducible nitric oxide synthase (iNOS) by increasing Arg activity, thus preventing excessive synthesis of pro-inflammatory NO and ultimately combating inflammation-induced neurodegeneration. In oncology, Arg modulators impede tumor cell proliferation and metastasis by inhibiting Arg activity and reducing PA synthesis. Furthermore, by modulating immune cell polarization (Rath et al., 2014), Arg activity inhibition can avert inappropriate immune responses, offering new therapeutic opportunities for respiratory diseases such as asthma.
We will further elaborate on the functional performance of these natural metabolites in experimental studies and their potential clinical applications. Through comprehensive analysis of the biological activities and mechanisms of these natural Arg modulators, we aim to provide a robust scientific foundation for future drug development and clinical applications.
3 MECHANISMS OF NATURAL ARGINASE MODULATORS
3.1 Polyphenols: selective effect on competitive reaction between arginase and nitric oxide synthase
Polyphenolic metabolites, a diverse group of plant secondary metabolites, are renowned not only for their antioxidant properties but also for their multifaceted potential in modulating Arg activity within the biomedical domain. They play a role in maintaining the normal basic function of cells, primarily through changing the competitive binding force of Arg in the metabolic reaction of Arg-L, thus regulating the synthesis amount of NO. This section delves into specific polyphenolic metabolites, elucidating their mechanisms (Figure 2)—both direct and indirect—in regulating Arg activity (Table 1) and highlighting their prospective applications in the treatment of inflammatory diseases, mainly cardiovascular diseases.
[image: Figure 2]FIGURE 2 | Mechanism of action of natural arginase modulators of polyphenols.
TABLE 1 | Effects of natural arginase modulators.
[image: Table 1]3.1.1 Resveratrol
Resveratrol (5), a natural polyphenolic metabolite derived from the leaves of Japanese knotweed and grapevines, is gaining considerable attention as a potential Arg inhibitor in vascular diseases (Chudzinska et al., 2021). In studies on preeclampsia (Bueno-Pereira et al., 2022), researchers observed that resveratrol treatment effectively doubled plasma Arg-L levels in patients and significantly reduced plasma Arg activity to about half of pre-treatment levels. This enhancement was attributed to resveratrol’s ability to inhibit Arg (EC 3.5.3.1), improve the binding of Arg-L to eNOS (EC 1.14.13.39), and promote the production of the vasodilator—NO. Consequently, this mechanism significantly alleviates hypertension in pregnant women. Furthermore, resveratrol influences enzymatic interconversions and signal transduction pathways. Specifically, in pulmonary hypertension (Chen et al., 2014), resveratrol inhibits Arg transcription through suppression of the phosphatidylinositol 3-kinase-protein kinase B signal pathway (PI3K-Akt) signaling pathway, curbing the hypoxia-induced proliferation of human pulmonary artery smooth muscle cells (hPASMCs). Besides, reduced Arg activity enhances Arg-L’s interaction with eNOS, restoring NO levels and decreasing Ca2+/calmodulin-dependent protein kinase II (CaMKII) expression (Choi et al., 2019), which counteracts natural low-density lipoprotein (nLDL)-induced Rat smooth muscle cells (RASMCs) proliferation (Trieu Dieu Linh et al., 2016).
Importantly, resveratrol modulates Arg expression during inflammatory cell polarization (Djaldetti, 2024). As an NAD-dependent deacetylase sirtuin-1 (SIRT1) agonist (Wang et al., 2022), resveratrol boosts anti-inflammatory cytokine interleukin-10 (IL-10) production and promotes alternatively activated macrophage (M2) polarization by restoring SIRT1 pathways in rheumatoid arthritis (RA), thereby elevating Arg activity. In bacterial lipopolysaccharide (LPS)-induced classic activated macrophages (M1) polarization of RAW264.7 cells (Fan et al., 2021), resveratrol significantly increased Arg and CD206 mRNA expression while downregulating protein and mRNA levels linked to the toll-like receptor 4 (TLR4) pathway, facilitating the shift from M1 to M2 macrophages. Notably, in experimental autoimmune encephalomyelitis (EAE) models (Wang et al., 2016), doses of 25 and 50 mg/kg of resveratrol suppressed the overexpression of pro-inflammatory transcripts like iNOS and interleukin-1β (IL-1β) and significantly increased Arg expression in the brain. This regulatory action reduces inflammatory mediator production, attenuates local inflammation, diminishes paralysis symptoms, and prevents Evans blue (EB) leakage caused by EAE, thereby safeguarding blood-brain barrier (BBB) integrity. These findings underscore resveratrol’s potential to modulate Arg activity directly and offer novel therapeutic insights into inflammation and vascular health.
3.1.2 Curcumin
Curcumin (6), a polyphenolic metabolite derived from the rhizomes of Curcuma longa L., possesses promising therapeutic potential as an Arg inhibitor in medicine and has garnered considerable interest within the food industry due to its significant renal protective effect (Trujillo et al., 2013). Notably, curcumin exhibits inhibitory effects on cadmium-exposed renal adenosine deaminase (ADA) levels and Arg activity (Akinyemi et al., 2017), which can inhibit the binding process of Arg and Arg-L, and reduce the amount of urea production in the urea cycle (Wu and Morris, 1998; Morris, 2002). Therefore, changes in urea production (control: 63.1 ± 6.1 mg/dL; Cd: 91.2 ± 4.1 mg/dL; Cd + curcumin 12.5 mg/kg: 70.1 ± 8.1 mg/dL; Cd + curcumin 25 mg/kg: 69.1 ± 6.9 mg/dL) were used as evidence of the regulatory effect of curcumin on Arg. Curcumin’s inhibitory effect on Arg enhances the collective antioxidant status and NO levels, reduces cadmium accumulation, and alleviates kidney injury. Additionally, curcumin mitigates oxidative stress-induced kidney injury caused by NaNO2 by regulating ADA and Arg activities (Adewale et al., 2021). Its effectiveness is also demonstrated through changes in urea production (control: 6.76 ± 1.65 mg/dL; NaNO2: 13.93 ± 2.45 mg/dL; curcumin: 8.93 ± 1.22 mg/dL; curcumin + NaNO2: 7.67 ± 1.17 mg/dL). In a KBrO3-induced kidney injury model (Akomolafe et al., 2021), curcumin protects renal function by decreasing Arg activity and increasing NO levels, ameliorating oxidative stress, and reducing creatinine, blood urea, and electrolyte levels. Similarly, changes in urea production were used to verify curcumin’s ability to regulate Arg (control: 6.76 ± 1.65 mg/dL; KBrO3: 17.17 ± 2.85 mg/dL; curcumin: 8.93 ± 1.22 mg/dL; KBrO3 + curcumin: 7.67 ± 0.95 mg/dL). These researches lay a scientific foundation for further exploration of curcumin’s clinical applications in treating nephrotoxicity. Furthermore, curcumin mitigates the cyclophosphamide-induced increase in Arg activity (Akomolafe et al., 2020), demonstrating neuroprotective effects validated through cognitive function tests and enzyme assays.
Beyond its renal protective effect, curcumin demonstrates diverse capabilities in regulating biological pathways. Studies on white adipose tissue (WAT) inflammation (Islam et al., 2021) reveal that curcumin intake significantly reduces WAT adiposity and total macrophage infiltration in mice. This effect is attributed to curcumin’s capacity to maintain intestinal barrier integrity by modifying gut microbiota composition, subsequently reducing LPS leakage, inhibiting the signal transducer and activator of transcription 6 (STAT6) pathway, and suppressing Arg expression, which was specifically manifested as a decrease (about 1.5 times) in the WAT protein level of mice in the HFC group by immunohistochemical staining. In the Lewis lung carcinoma syngeneic tumor model (Liu et al., 2016), curcumin significantly lowers interleukin-6 (IL-6) levels in tumor tissues and serum by modulating IL-6-producing cells. This action reduces downstream signaling activation and decreases Arg transcription and expression in myeloid-derived suppressor cells (MDSCs) (Veglia et al., 2021; Wu et al., 2022), ultimately diminishing their immunosuppressive capacity and contributing to an antitumor effect. In 1,2-dimethylhydrazine (DMH)-induced colon cancer experiments (Bounaama et al., 2012), curcumin attenuates Arg activity by restoring glutathione (GSH) levels and upregulating the mRNA levels of tumor-suppressive proteins such as transforming growth factor-β1 (TGF-β1) and Hes Family BHLH Transcription Factor 1 (HES-1). Compared with the DMH group, Arg activity was reduced by approximately 73%, thereby inhibiting arginine-mediated hydrolysis. This effect leads to decreased levels of L-ornithine and reduced synthesis of PAs such as spermine and spermidine, which mediate tumor cell proliferation, thereby arresting tumor growth.
3.1.3 Epigallocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG-3-gallate) (7) (Landis-Piwowar et al., 2013), a catechin derived from green tea, exerts its effects not only on Arg but also on other constitutive proteins. Matheus et al. elucidated a dual mechanism of action wherein EGCG-3-gallate acts as a mixed-type inhibitor (Goncalves dos Reis et al., 2013). It effectively impedes the reproductive differentiation of Leishmania by forming hydrogen bonds with Arg active sites or by interacting with the enzyme-substrate complex, thereby reducing Arg activity (IC50 = 3.8 μM). This indicates that EGCG has a strong inhibitory capacity. In subsequent studies by Nicola et al., the inhibition process of EGCG was further elucidated through in vitro experiments and molecular docking studies (Carter et al., 2021). The researchers pointed out that EGCG reduces the production of ornithine by inhibiting Arg, thereby affecting the synthesis of PAs and thiamine. This, in turn, impairs the parasite’s ability to survive and infect. In breast cancer cells (Xu et al., 2020), EGCG-3-gallate demonstrates a more adaptable regulatory mode by decreasing Arg mRNA levels and protein activity through interference with nuclear factor kappa B (NF-κB) and signal transducer and activator of transcription 3 (STAT3) signaling pathways. This regulation diminishes Arg expression, reduces intracellular Arg-L consumption, enhances cellular Arg-L availability, increases the CD4+/CD8+ T-cell ratio (Yang et al., 2023), weakens the immunosuppressive capacity of tumor cells, and enhances immune-mediated tumor attack. These mechanisms illustrate that EGCG-3-gallate not only modulates the intracellular environment by directly inhibiting Arg activity but also impacts immune responses and tumor growth by influencing cellular signaling pathways, highlighting its potential in cancer therapy.
Polyphenolic natural Arg modulators, owing to their exceptional vascular protective and anti-inflammatory effects (Minozzo et al., 2018), hold promise as specialized treatments for vascular diseases. However, clinical studies are sparse regarding the appropriate dosage of these modulators, and the dose-response relationship remains unclear. Consequently, future research must concentrate on defining safe clinical dosage ranges to optimize precision medicine.
3.2 Flavonoids: regulatory effect on inflammatory factors
Flavonoids, a diverse class of naturally occurring organic metabolites prevalent in the plant kingdom, have garnered significant attention due to their multifaceted pharmacological properties, including antioxidant, anti-inflammatory, anticancer, and antithrombotic effects. In modulating Arg activity, flavonoids exhibit unique diversity and bidirectionality. By influencing the Arg activity, flavonoids regulate the signaling pathway related to inflammatory factors, which helps maintain the healthy development of cells. This is crucial for hypertension (Ellwood et al., 2019), neuroprotection, tumor suppression, and other physiological processes. This section delves into how specific flavonoids—rutin, its aglycone quercetin, luteolin, and naringin—modulate Arg activity (Table 1) through distinct regulatory mechanisms, contributing to the treatment of related diseases (Figure 3).
[image: Figure 3]FIGURE 3 | Mechanism of action of natural arginase modulators of flavonoids.
3.2.1 Rutin and quercetin
Rutin (8) (Sharma et al., 2013), a flavonoid found in various plants, and its aglycone form quercetin (9), possess significant pharmacological activities. Both metabolites effectively reduce Arg activity by inhibiting its enzymatic function or mRNA expression, thereby influencing NO metabolism. In a rat model of ED (Adefegha et al., 2018), researchers observed increased Arg activity in paroxetine-induced ED rats. Treatment with rutin and quercetin not only significantly reduced this activity, but also enhanced NO availability and improved the relaxation function of smooth muscle of the corpus cavernosum. Additionally, these flavonoids impact other key enzymes such as phosphodiesterase-5 (PDE-5), acetylcholinesterase (AChE), and angiotensin-converting enzyme (ACE), demonstrating potential in ED prevention and management. This mechanism provides a novel molecular target for ED treatment. Furthermore, the inhibitory effects of rutin and quercetin have been demonstrated in glioma treatment (da Silva et al., 2020). Investigators found that these metabolites reduced Arg mRNA expression levels when glioma C6 cells were co-cultured with microglia or indirectly contacted via conditioned medium. This regulatory effect may alter Arg-L metabolism in the tumor microenvironment, subsequently affecting tumor cell proliferation and migration. Additionally, rutin and quercetin modulate the expression of other inflammatory and growth factors, such as tumor necrosis factor (TNF), IL-6, IL-10, transforming growth factor-β (TGF-β), and insulin-like growth factor (IGF). These regulatory effects suggest that rutin and quercetin may indirectly inhibit glioma cell proliferation and migration by altering the inflammatory and immunomodulatory state within the tumor microenvironment.
On the other hand, rutin and quercetin also exhibit complex effects on Arg activation. In an immunofluorescence staining experiment (Lang et al., 2021), quercetin (50 μg/mL) pretreatment significantly increased the expression level of Arg in BV-2 cells and promoted the transformation of microglia from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype. M2 microglia protects neurons by secreting anti-inflammatory components and neurotrophic factors. Moreover, quercetin further restricts the release of inflammatory factors in LPS-induced BV-2 cells by inhibiting the TLR4/NF-κB signaling pathway, providing stronger evidence for its potential as a neuroinflammatory therapeutic agent. These mechanisms have important implications for the treatment of neurodegenerative diseases such as Parkinson’s and Alzheimer’s.
3.2.2 Luteolin
Luteolin (10), a naturally occurring flavonoid prevalent in vegetables, fruits, botanical drugs, and other foods (Kar et al., 2024), has garnered significant attention for its medical potential as an Arg inhibitor. Exhibiting more than 50% inhibitory activity against Arg, luteolin displays substantial promise in medical applications. The study by Leticia Correa Manjolin et al. not only validated the efficacy of luteolin in treating leishmaniasis but also elucidated the mechanism by which luteolin interacts with Arg (Manjolin et al., 2013). Molecular docking studies have further revealed the interactions between luteolin and the amino acid residues involved in the formation of Mn2+-Mn2+ metal bridges at the active site of Arg. These interactions facilitate the binding and inhibition of luteolin at the enzyme’s active site (IC50 = 9 ± 1 μM), thereby inhibiting Arg activity and interfering with PA synthesis in Leishmania. This ultimately increases oxidative stress in parasite cells, achieving the effect of infection control.
Laboratory in vitro experiments have revealed that luteolin and its glucoside derivatives, particularly luteolin 7-diglucoside and luteolin 7-glucoside (Arraki et al., 2020), substantially inhibit Arg, achieving inhibition rates of 54%–83% at a concentration of 100 µM. Notably, luteolin 7-diglucoside (IC50 = 95.3 ± 9.5 μM) effectively counteracts the inhibitory effect of N-nitro-L-arginine-methyl ester hydrochloride (L-NAME), a nitric oxide synthase (NOS) inhibitor, on acetylcholine-induced vasodilation in isolated aortic rings, suggesting a direct enhancement of NOS activity.
However, luteolin’s action is versatile. In a gastric ulcer model (Antonisamy et al., 2016), the derivative luteolin 7-O-glucoside (LUT7G) demonstrated an opposing effect by promoting Arg activity. LUT7G facilitates the conversion of Arg-L to PAs by activating Arg. These PAs are critical for cell proliferation and tissue repair, vital for maintaining and restoring gastric mucosal health. In ethanol-induced ulcers, pretreatment with LUT7G significantly elevated Arg activity, increased competition for Arg-L between Arg and iNOS, and effectively downregulated the overproduction of NO, the product of iNOS, mitigating NO-induced damage to gastric mucosal cells. Consequently, this promoted healing and protection of the gastric mucosa. Additionally, LUT7G enhanced its protective effect on the gastric mucosa through anti-secretory, anti-inflammatory, antioxidative, and anti-apoptotic activities, while stimulating the synthesis of prostaglandin E2 (PGE2), mucus, and heat shock protein 70 (HSP-70).
3.2.3 Naringin
Naringin (11), a natural flavonoid prevalent in grapefruit and other citrus fruits, holds significant potential for regulating Arg activity and promoting health, particularly in the management of hypertension complications. Notably, naringin exhibits a broad inhibitory effect on Arg. Studies investigating the impact of hypertension and purine metabolism defects on hippocampal damage in rats (Akintunde et al., 2022) have revealed that alterations in Arg activity profoundly affect hippocampal integrity. Naringin treatment inhibits Arg activity, modulates the nitric oxide/cyclic guanosine monophosphate (NO/cGMP) and cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) signaling pathways, supports vascular endothelial function, and preserves cell signaling, thereby protecting the hippocampus from hypertension-induced damage.
Moreover, in hypertensive rat models, exposure to L-NAME, a NOS inhibitor, and the environmental toxin bisphenol A (BPA) elevates Arg activity and decreases NO levels, contributing to ED and cataract formation. In ED (Akintunde et al., 2020a), naringin enhances erectile function by suppressing Arg activity, increasing Arg-L availability, promoting NO synthesis, and activating the NOS/cGMP/protein kinase G (PKG) signaling pathway. Concurrently, naringin regulates key enzymes implicated in ED, such as ACE, PDE-5, and AChE, which are essential for erectile function regulation. In cataract disease models (Akintunde et al., 2020b), naringin mitigates oxidative damage through its antioxidant properties and stabilizes the lipid bilayer of cell membranes. Furthermore, naringin enhances NO bioavailability, improves vascular endothelial function, and reduces the risk of hypertension-induced ocular lesions. During recovery from ischemia/reperfusion (I/R) injury (Cerkezkayabekir et al., 2017), administration of 50 mg/kg of naringin significantly reduces Arg activity in the small intestine and lungs, fostering NO production by eNOS, which prevents excessive generation of NO free radicals and associated tissue degeneration. This also reduces oxidative stress and aids tissue recovery post-I/R injury.
Additionally, naringin modulates Arg activity through diverse regulatory pathways. In NH4Cl-induced hyperammonemia rat models (Arumugam and Natesan, 2017), naringin enhances Arg activity, facilitates the hydrolysis of Arg-L to urea, boosts urea production, lowers blood ammonia levels, and alleviates ammonia-induced neurotoxicity. Naringin also influences M2 microglia via the Janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) signaling pathway (Li et al., 2022a), enhancing Arg expression—an M2 microglia marker—reducing inflammatory factors such as IL-1β, IL-6, and tumor necrosis factor-α (TNF-α), while promoting anti-inflammatory factors IL-10 and insulin-like growth factor-1 (IGF-1), thereby maintaining immune homeostasis. In the oxaliplatin (OXL)-induced peripheral neuropathy model (Semis et al., 2022), naringin’s role extends further. By counteracting OXL-induced oxidative stress, naringin increases intracellular Arg expression, restricts iNOS binding to Arg-L, and prevents excessive NO production, thus exerting anti-inflammatory effects and enhancing nerve blood flow and conduction. This unveils new strategies for neuroprotective and anti-inflammatory therapies.
Flavonoid Arg modulators offer significant advantages due to their multifaceted biological activities, including antioxidant, anti-inflammatory, and antitumor properties, demonstrating therapeutic potential across various diseases. The diverse chemical structures of these flavonoids enable them to exhibit varying degrees of modulation on different enzymes. However, the precise structural mechanisms by which flavonoid Arg modulators bind to Arg remain unclear. Addressing this challenge requires researchers to delve deeper into the structural characteristics of flavonoid modulators, develop comprehensive chemical structure models, and accurately select or design metabolites with high selectivity. This approach aims to facilitate more precise and reliable therapeutic applications while minimizing non-specific modulation of other enzymes or biomolecules.
3.3 Terpenoids: promoting effect on macrophage polarization
Terpenoids, a diverse group of natural products widely found in the biological world, are pivotal in pharmacological research due to their unique chemical structures and varied biological activities. Beyond their established antibacterial, anti-inflammatory, and antioxidant effects, terpenoids also exhibit the ability to regulate Arg activity, notably by inducing the direction of cell polarization. This section will focus on the improvement of the disease model by regulating Arg activity (Table 1) through oridonin, triptolide and perillyl alcohol under different environmental conditions (Figure 4).
[image: Figure 4]FIGURE 4 | Mechanism of action of natural arginase modulators of terpenoids and other metabolites.
3.3.1 Oridonin
Oridonin (12), an active diterpenoid isolated from the genus Isodon of the Lamiaceae family, demonstrates significant potential in treating heart diseases, attributed to its high accumulation in cellular mitochondria. Within mitochondria, oridonin modulates NO bioavailability by inhibiting Arg activity, an enzyme prevalent in cardiac mitochondria. In a rat model of MI/R injury (Zhang et al., 2019), oridonin administration markedly increased Arg-L levels in heart tissue, facilitating its binding to eNOS to produce NO, thereby effectively mitigating cardiac injury during I/R, as evidenced by a substantial reduction in infarct size. Moreover, the effects of oridonin extend beyond Arg inhibition, encompassing the regulation of glycolysis, branched-chain amino acid metabolism, tryptophan and kynurenine metabolism, and bile acid metabolism. The modulation of these metabolic pathways is intricately linked to enhanced cardiac energy metabolism, reduced oxidative stress in cardiomyocytes, and suppressed inflammatory responses. Consequently, oridonin’s cardioprotective effects are multifaceted, with Arg regulation serving as a crucial mechanism among its diverse actions. This discovery not only offers novel strategies for treating MI/R injury but also identifies valuable targets for developing new cardioprotective drugs.
3.3.2 Triptolide
Triptolide (13), an epoxy diterpene lactone metabolite derived from the traditional Chinese medicinal plant Tripterygium wilfordii Hook. f., stands as one of its principal active metabolites. Triptolide exhibits substantial anti-inflammatory and antitumor properties, particularly through the modulation of tumor-associated macrophages. In experimental models using RAW264.7 macrophages (Li et al., 2020), triptolide treatment effectively inhibited the differentiation of these cells into the M2 phenotype (IC50 = 25.7 nM). Real-time polymerase chain reaction (PCR) analysis revealed a marked reduction in mRNA and protein levels of Arg, an M2 macrophage marker, implying that triptolide can alter macrophage polarization by inhibiting markers like Arg. Moreover, through the assessment of T helper 2 (Th2)-type cytokine secretion, researchers observed that triptolide modulates marker expression, including Arg, by downregulating Th2 cytokines such as interleukin-4 (IL-4) and IL-10. This cytokine downregulation diminishes the immunosuppressive function of M2 macrophages, influences the metabolic context of Arg, reverses its activity and expression, thereby modulating cell polarization.
In RA patients and mouse models with arthritis (Zhao et al., 2024), researchers identified another example of triptolide modulating cellular inflammatory polarization. Triptolide treatment significantly reduced the proportion of MDSCs in peripheral blood mononuclear cells (PBMCs) of RA patients, inhibited the differentiation of MDSCs—especially the mononuclear MDSCs (M-MDSCs) subpopulation—and significantly reduced Arg protein expression in a dose-dependent manner. This effect weakened the ability of MDSCs to induce Th17 cell polarization and slowed disease progression. Additionally, triptolide treatment reduced serum IL-17 levels and the infiltration of Ly6C+ and IL-17+ cells in joint synovial tissue in ALA-induced mouse models, further confirming the immunotherapeutic effect of triptolide on arthritis.
Furthermore, in the context of anti-inflammatory and tissue repair processes during cerebral ischemia/reperfusion injury (CIRI) (Zhou et al., 2024), triptolide facilitates the polarization of microglia towards the anti-inflammatory M2 type by reducing the expression of iNOS, a marker of pro-inflammatory M1 microglia, and enhancing the expression of Arg. Concurrently, triptolide inhibits the activation of the cathepsin S/fractalkine/C-X3-C motif chemokine receptor 1 (CTSS/Fractalkine/CX3CR1) signaling pathway, thereby decreasing M1 microglia polarization and preventing apoptosis in mouse hippocampal neurons (HT-22). These two pathways demonstrate the protective effect of triptolide on neuronal cells, providing a new therapeutic strategy and potential for the prevention and treatment of CIRI.
3.3.3 Perillyl alcohol
Perillyl alcohol (14), a terpenoid metabolite found in the essential oils of plants such as ginger, lemon, Perilla, and lavender, has garnered attention for its potent antibacterial properties. In the context (Alves Figueiredo et al., 2020) of periodontal and other inflammatory diseases, perillyl alcohol has demonstrated significant in vitro antibacterial activity against two major Gram-negative bacteria, Porphyromonas gingivalis and Fusobacterium nucleatum. At a concentration of 100 μM, perillyl alcohol exhibited excellent cytocompatibility in the RAW 264.7 mouse macrophage cell line, showing no apparent cytotoxicity. Furthermore, it significantly inhibited the production of reactive oxygen species (ROS) induced by LPS, indicating its potential regulatory effect on the oxidative stress response of macrophages. At the molecular level, perillyl alcohol also reduces the expression of Arg in M2 macrophages, as shown by RT-qPCR, suggesting that it may modulate the STAT6 signaling pathway to influence macrophage polarization and promote the activation of M1 (pro-inflammatory) macrophages. These immunomodulatory properties of perillyl alcohol not only offer new therapeutic strategies for controlling inflammatory processes but also provide a novel perspective for the clinical treatment of inflammatory diseases such as periodontal disease. Future studies will focus on investigating the specific effects of perillyl alcohol on the progression of periodontal disease in vivo and its long-term regulatory impact on macrophage polarization, aiming to elucidate its molecular mechanisms and clinical application potential in treating inflammatory diseases.
The efficacy of terpenoid Arg modulators is intricately linked to the drug environment, necessitating specific conditions to regulate Arg effectively. As a result, the application of these modulators is relatively narrow and subject to significant constraints, requiring careful consideration of the interaction between terpenoid modulators and their environment. Conversely, drugs that act under specific conditions may enhance the diagnosis and treatment of particular conditions, serving as a template for precision medicine. Based on existing research, it is suggested that researchers develop diverse models to expand the application of terpenoid modulators.
3.4 Other metabolites
In addition to the three primary classes of natural Arg modulators previously discussed, researchers have identified additional bioactive metabolites—emodin, caffeine, and salvianolic acid B—that exhibit Arg modulatory effects (Table 1), influencing vascular health, airway inflammation, brain function, and kidney function, among others (Figure 4). These findings provide novel insights and targets for disease treatment, filling the gap in the medicinal application of natural modulators.
3.4.1 Emodin
Emodin (15), a naturally occurring anthraquinone derivative abundant in the rhizomes of Polygonaceae species such as Rheum palmatum L. and Rheum officinale Baill., has biological activities closely linked to the regulation of cell polarization. In a mouse model of asthma induced by a mixture of dust mites, ragweed, and Aspergillus fungi (DRA) (Song et al., 2018), emodin significantly mitigated airway inflammation by reducing eosinophil and lymphocyte infiltration in bronchoalveolar lavage fluid, decreasing mucus secretion, and lowering serum immunoglobulin E (IgE) production. Notably, in lung tissue, emodin markedly decreased the expression levels of Arg, Ym-1 (chitinase-like protein 3), and Fizz-1 (found in inflammatory zone 1), all of which are associated with the activation of alternatively activated macrophages (AAMs). In vitro studies further confirmed that emodin modulates AAM polarization by inhibiting IL-4-induced polarization and STAT6 phosphorylation, and by reducing Krüppel-like factor 4 (KLF4) expression in a dose-dependent manner.
In an LPS-induced acute liver injury (ALI) model (Ding et al., 2018), emodin significantly increased the expression of M2 macrophage markers Arg and Mannose Receptor (CD206) in mouse liver, demonstrating its potential to combat liver inflammation and alleviate liver injury by promoting M2 macrophage activation. Immunofluorescence analysis revealed increased Arg expression in emodin-treated mice, indicating healthier liver tissue and reduced inflammatory cell infiltration. The promotion of Arg expression by emodin correlated with dosage, highlighting a dose-dependent effect. Furthermore, emodin decreased the expression of pro-inflammatory factors TNF-α and IL-6 by inhibiting the TLR4 signaling pathway, presenting a potential therapeutic strategy for ALI prevention and treatment, as evidenced by the reduction of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels.
Additionally, piceatannol-3-O-β-D-glucopyranoside (PG) (Kim and Ma, 2019), isolated from rhubarb, also demonstrates Arg inhibitory capacity. In a high-cholesterol diet-induced vascular disease model, PG enhanced NO production by inhibiting Arg activity and facilitating the binding of Arg-L to eNOS in vascular endothelial cells. This promotion of vasodilation and improved blood flow significantly reduced fatty streak formation induced by a high-cholesterol diet, underscoring its vital role in vascular health.
3.4.2 Caffeine and caffeic acid
Caffeine (16) and caffeic acid (17) are two bioactive metabolites prevalent in various plants, notably in coffee beans, tea leaves, and cocoa beans. These metabolites function as central nervous system stimulants with potential beneficial effects on brain function. Particularly noteworthy is their modulatory impact on Arg, an enzyme integral to brain health and function. Study (Oboh et al., 2021) has demonstrated that both caffeine and caffeic acid independently reduce Arg activity in the rat brain and cortex, with their combination amplifying this inhibitory effect. This mechanism increases the availability of Arg-L for the NOS pathway, thereby enhancing NO production, which is crucial for memory and cognitive function improvement.
Moreover, the antioxidant properties of caffeine and caffeic acid, along with their inhibitory effects on AChE and ADA activities (Akomolafe, 2017), underscore their potential to enhance brain function. In the L-NAME-induced hypertensive rat model, pretreatment with these metabolites significantly reduced Arg and ACE activities, while also providing cardiovascular protection by mitigating oxidative stress. This was achieved by increasing the bioavailability of nitric oxide and its derivatives (NOx) and reducing malondialdehyde (MDA) content. In addition, Odunayo et al. identified another mechanism by which caffeic acid relieves hypertension in cyclosporin-induced hypertensive rats (Agunloye et al., 2019). Caffeic acid not only increases NO bioavailability by decreasing Arg activity but also significantly reduces MDA levels while increasing the activity of catalase (CAT) and GSH. These actions contribute to its strong antioxidant effects and role in reducing hypertension. These studies provide evidence for the use of caffeine and caffeic acid to influence brain function and improve cognitive health through the pathway of regulating Arg activity.
Norhan et al. further verified the effects of caffeic acid on hyperglycemia, hyperlipidemia, cognitive dysfunction, and anxiety-like behavior induced by a high-fat diet (El-Sayed et al., 2024). In behavioral tests, rats treated with caffeic acid exhibited better spatial learning and memory in the Morris water maze test and reduced anxiety-like behavior in the light-dark box test. Biochemical analysis showed that caffeic acid significantly reduced oxidative stress markers (such as MDA and NO), increased antioxidant enzyme activity (such as GSH, superoxide dismutase (SOD), and glutathione S-transferase (GST)), and decreased inflammatory markers (such as IL-1β, IL-2, TNF-α, and IFN-γ). This suggests that caffeic acid reduces inflammation-related brain damage. Histological examination revealed that caffeic acid activated the Wnt/β-catenin pathway and inhibited the activity of glycogen synthase kinase-3β (GSK-3β), thereby promoting brain-derived neurotrophic factor (BDNF) expression and improving cognitive function.
Caffeic acid also shows promise in treating hepatic leishmaniasis. Andreza et al. investigated the biochemical properties of leishmanial Arg and found that caffeic acid could serve as a potential therapeutic strategy to reduce parasite growth and infectivity by inhibiting Arg (Garcia et al., 2019). The results showed that caffeic acid had a strong inhibitory effect on Arg activity between 37°C and 55°C (56.98% and 71.48%, respectively) and significantly increased NO production in infected macrophages. In vivo experiments demonstrated that caffeic acid was effective and highly selective against both the promastigote and intracellular amastigote forms of Leishmania. This provides a novel approach for treating leishmaniasis using caffeic acid as a natural phenolic compound.
3.4.3 Salvianolic acid B
Salvianolic acid B (18) is a water-soluble metabolite extracted from the roots and rhizomes of Salvia miltiorrhiza Bunge, commonly known as Danshen. Renowned for its potent antioxidant properties, it ranks among the most powerful natural antioxidants known. The regulatory effects of salvianolic acid B on Arg activity are tissue-specific, varying with sites of action. In RAW 264.7 macrophage cells (Joe et al., 2012), salvianolic acid B exhibits anti-inflammatory effects by inhibiting LPS-induced TNF-α production and enhancing heme oxygenase-1 (HO-1) activity in a dose-dependent manner. This results in the inhibition of NOS expression and an increase in Arg activity. Conversely, salvianolic acid B inhibits Arg activity in the liver (IC50 = 1.44 mg/L), kidney, and vascular tissues of mice (Abdelkawy et al., 2017), leading to elevate NO production in the mouse aorta, which is closely associated with endothelium-dependent vasodilation. The experiment not only demonstrated the ability of salvianolic acid B to regulate Arg, but also emphasized the decisive influence of tissue environmental conditions on Arg function, providing new thinking for the selection of tissue models for subsequent studies.
However, pharmacokinetic studies reveal that salvianolic acid B exhibits low bioavailability across various animal models, necessitating further research to enhance its bioavailability and efficacy. Additionally, the impact of salvianolic acid B on the cytochrome P450 enzyme system remains contentious, warranting further investigation. In conclusion, salvianolic acid B, as an Arg modulator, not only plays a role in regulating Arg-L metabolism but may also protect vascular health through multiple mechanisms. Future studies should focus on optimizing its pharmacokinetic properties and evaluating its potential for clinical application.
4 EVALUATION OF PHARMACOKINETIC CHARACTERISTICS OF NATURAL METABOLITES
To fully realize the therapeutic potential of natural Arg modulators in clinical applications, a comprehensive understanding of their pharmacokinetic properties (Table 2) is crucial to ensure optimal absorption, distribution, and safe elimination in the human body. Studies employing both human and rat models have consistently revealed significant variations among different natural metabolites in key pharmacokinetic parameters, including bioavailability, retention time, and tissue distribution profiles. These observed differences in pharmacokinetic behavior not only directly impact their efficacy as therapeutic agents but also highlight the distinct challenges inherent in transforming natural metabolites into clinically viable pharmaceuticals.
TABLE 2 | Pharmacokinetic data of natural metabolites.
[image: Table 2]To comprehensively illustrate the challenges associated with natural metabolites in drug metabolism, three representative case studies are presented based on the completeness of their pharmacokinetic data and the significance of the issues they highlight. The first case involves rutin (Graefe et al., 2001), whose pharmacokinetic profile demonstrates a low maximum plasma concentration (Cmax = 0.3 ± 0.3 μg/mL) and a prolonged time to reach peak concentration (Tmax = 7.0 ± 2.9 h), indicating slow absorption and delayed onset of action. However, its relatively high systemic exposure, as evidenced by the area under the concentration-time curve from 0 to 24 h (AUC0-24 = 2.5 ± 2.2 μg h/mL), coupled with a long half-life (Thalf = 11.8 ± 3.1 h), suggests potential for sustained regulatory effects. Future research should focus on optimizing administration methods and enhancing drug transport mechanisms to improve rutin’s bioavailability in clinical applications. Another notable example is salvianolic acid B (Cheng et al., 2023). Under intravenous injection conditions, its pharmacokinetic profile is characterized by high Cmax (75 mg: 3,431 ± 781 ng/mL, 150 mg: 8,646 ± 2,580 ng/mL, 300 mg: 15,925 ± 6,082 ng/mL) and AUC0-∞ (75 mg: 3,660 ± 995 ng·h/mL, 150 mg: 10,404 ± 4,025 ng·h/mL, 300 mg: 17,095 ± 8,113 ng·h/mL), as well as short Tmax (75 mg: 0.95 ± 0.12 h, 150 mg: 0.97 ± 0.09 h, 300 mg: 0.95 ± 0.12 h) and Thalf (75 mg: 0.67 ± 0.27 h, 150 mg: 1.45 ± 0.50 h, 300 mg: 2.13 ± 0.73 h). These attributes suggest that salvianolic acid B possesses a rapid onset of action, making it advantageous for therapeutic scenarios that require immediate efficacy. However, its rapid clearance rate raises concerns regarding the potential for frequent dosing-related toxicity in long-term treatment regimens. Future research should focus on developing strategies to mitigate these challenges while preserving its therapeutic efficacy. Moreover, differences in tissue distribution represent a critical area for improvement in drug development. For example, the pharmacokinetic profile of oridonin (Gao et al., 2008) demonstrates varying AUC0-12 in plasma (26.01 mg·h/L), heart (97.78 mg·h/L), and liver (58.66 mg·h/L), indicating significant differences in tissue exposure levels. This highlights the need for targeted drug delivery systems to ensure that therapeutic agents achieve optimal concentrations at the site of action while minimizing off-target effects. Future research should prioritize the development of tissue-specific carriers tailored to the unique characteristics of human tissue environments, thereby enhancing the targeting efficiency of drug molecules and preserving the homeostasis of non-target tissues.
Beyond their inherent pharmacokinetic attributes, the administration routes of natural flavonoids profoundly shape their pharmacokinetics and ultimately influence their pharmacodynamic outcomes. For example, luteolin-7-O-glucoside was found to exhibit a limited bioavailability of just 10% ± 2% when administered orally at a dose of 1 g/kg (Lin et al., 2015). In stark contrast, intravenous administration of the same compound (10 mg/kg) bypassed gastrointestinal processing and facilitated its direct entry into systemic circulation, notably without the generation of the metabolite luteolin. Conversely, oral administration of luteolin (100 mg/kg) achieved a higher bioavailability of 26% ± 6%, characterized by a biphasic pharmacokinetic pattern, indicative of enterohepatic recirculation. Interestingly, luteolin-7-O-glucoside undergoes hydrolysis via β-glucosidase in the gastrointestinal tract before absorption, which contributes to its notably high conversion efficiency to luteolin, as reflected by a conversion rate of 48.78% ± 0.12% (AUC metabolite/parent drug ratio) in plasma. This differential metabolic processing significantly influences the systemic exposure of the parent flavonoid and its metabolites, while also potentially altering its antioxidant and anti-inflammatory activities. These findings highlight the pivotal role of administration routes in modulating therapeutic outcomes and optimizing the efficacy of natural flavonoid-based interventions.
In summary, to bridge the existing knowledge gaps in natural metabolite-based drug development, future research should prioritize the comprehensive elucidation of pharmacokinetic profiles in human models. Through systematic investigation and comparative analysis of these pharmacokinetic characteristics, researchers will be able to establish more precise and targeted research frameworks. Such methodological advancements will significantly contribute to the development of safer, more effective, and tissue-specific therapeutic agents derived from natural sources, thereby accelerating the clinical translation of natural Arg modulators and enhancing their therapeutic potential.
5 CONCLUSION AND PROSPECTS
5.1 Advances in natural arginase modulators
In recent years, Arg modulators have garnered significant attention due to their diverse regulatory mechanisms. By specifically targeting Arg, these agents interfere with its physiological role in the urea cycle and modulate Arg-induced tumor growth and immunosuppression under pathological conditions. Natural Arg modulators, in particular, have demonstrated superior biocompatibility (Canali et al., 2010; Bygd et al., 2017) and a lower risk of side effects (Kumari and Bansal, 2021; Erens et al., 2023; Bunch et al., 2022) compared to chemically synthesized modulators in experimental studies. Categorized into three groups based on their molecular structures—polyphenols, flavonoids, and terpenoids—these modulators have exhibited remarkable therapeutic effects in treating inflammatory diseases such as hypertension and its associated complications, cancer and mental disorders.
For instance, resveratrol can effectively occupy and block the active site of Arg-L through signaling pathways such as PI3K-Akt (Chen et al., 2014) and CaMKII (Trieu Dieu Linh et al., 2016) by forming hydrogen bonds with Arg-L amino acid residues and regulate the expression level of Arg-L. This action positively impacts vasodilation and inhibits vascular cell proliferation, offering a novel perspective for treating hypertension and its complications. Furthermore, natural Arg modulators have demonstrated significant anti-inflammatory effects concerning neuroprotection and intestinal health. Naringin (Li et al., 2022a), for example, facilitates the transition of M1 macrophages to M2 macrophages via the JAK/STAT3 signaling pathway, which enhances the expression of Arg as a marker of M2 macrophages, and mitigates the pro-inflammatory traits of M1 macrophages, thereby conferring neuroprotective benefits. Additionally, Curcumin (Islam et al., 2021) addresses WAT inflammation by modulating intestinal flora composition, preserving intestinal barrier integrity, inhibiting the STAT6 signaling pathway, and reducing Arg expression. Researchers have also identified that certain natural Arg modulators can reverse Arg activity and expression by altering the reaction environment. As proof, triptolide (Li et al., 2020) downregulates Th2-type cytokines such as IL-4 and IL-10, diminishes the immunosuppressive function of M2 macrophages, and alters the metabolic context of Arg-L, achieving precise regulation of cell polarization. These discoveries not only deepen our understanding of the regulatory effects of natural Arg modulators but also furnish more precise strategies for disease treatment.
5.2 Challenges in researching natural arginase modulators
Despite notable advancements in the research of plant-based Arg modulators, challenges persist due to their diverse sources and intricate molecular structures, which complicate the comprehensive elucidation of their mechanisms of action and the innovation of drug delivery systems. These difficulties constrain the effectiveness and specificity of drug design. To address these challenges, a range of strategies has been implemented, including precise experimental design, molecular structure optimization, and delivery system innovation. In understanding their mechanisms of action, detailed analyses of the molecular recognition processes (Azizian et al., 2010; Wang et al., 2018) of natural Arg modulators offer a robust theoretical basis for drug design. Such refined studies are crucial for molecular docking analyses of modulators and enzymes. However, existing research often disproportionately emphasizes the pharmacological performance of natural metabolites like rutin and quercetin while neglecting the intricate details of their binding mechanisms with targets. This bias hinders the accurate understanding of modulator–Arg interactions, affecting the precision and efficacy of drug design. In addition, the shortcomings of the current research design of natural modulators also limit the in-depth understanding of the mechanism of action. For example, many studies rely on animal models with relatively small sample sizes, and there is a distinct lack of clinical sample validation in humans, which may render experiments insufficiently representative of the wide range of physiological responses observed in the population, meaning that the translational potential of these findings for human medicine remains uncertain. Especially for salvianolic acid B (Joe et al., 2012) with a small number of cases, the lack of human clinical samples leads to a great gap in its medicinal value. At the same time, the duration of most of the trials was short, such as the EGCG treatment of leishmaniasis experiment (Goncalves dos Reis et al., 2013; Abdelkawy et al., 2017), the inhibitor and substrate reaction lasted only 15 min. Although inhibition of Arg by EGCG can be verified by urea analysis, this experiment cannot accurately assess long-term effects and potential chronic toxicity. The pharmacokinetics of some natural Arg-L modulators, such as perillyl alcohol and caffeine and caffeic acid, in humans are significantly less than those of synthetic modulators (Blaszczyk et al., 2020), especially in the detailed data of Arg activity and its regulation over time. This knowledge gap prevents a full understanding of how these modulators behave in the body and their overall therapeutic potential. These limitations due to experimental design need to be addressed through more targeted and in-depth studies.
To address these challenges, researchers can employ computational chemistry (da Silva et al., 2019a; da Silva et al., 2019b; Lisi et al., 2017) and bioinformatics (Siavelis et al., 2016; Buscher et al., 2017; Hemmat et al., 2020) to conduct thorough analyses of structural features, accurately predicting high-resolution three-dimensional structures of Arg binding sites and simulating dynamic binding processes. This methodology enhances the design of more targeted and effective drug molecules. In advancing drug delivery systems, enhancing bioavailability and minimizing side effects are paramount. Given the significant biochemical disparities between cellular, tissue homogenate, and human environments, the design of natural Arg modulators must be adapted to align with actual drug effects during delivery. For instance, EGCG-3-gallate’s in vivo uptake and distribution are limited due to its molecular characteristics, such as high molecular weight and phenolic groups. When administered orally, the plasma concentration of EGCG-3-gallate in humans is significantly lower than levels demonstrating antitumor activity in vitro, indicating low bioavailability and reduced efficacy. To mitigate this, cationic chitosan nanoparticles and dipolyelectrolyte cation–anion nanoparticles have been employed as carriers, successfully increasing EGCG-3-gallate’s serum bioavailability by up to threefold. Moreover, utilizing gold and silver inorganic nanoparticles (Lan et al., 2024; Jackson and Dietrich, 2024; Zhang et al., 2024; Wu et al., 2024; Peng et al., 2024) as carriers not only protects EGCG-3-gallate from degradation but also enhances its absorption. These strategies improve the efficacy and safety of natural Arg modulators and furnish novel methodologies for future drug design and delivery. Moreover, addressing knowledge gaps in drug combination therapies remains a critical priority for researchers. The strategic combination of drugs offers the potential to overcome the limitations posed by the weak or incomplete therapeutic effects of natural metabolites when used independently. For instance, a recent study demonstrated that combining an Arg inhibitor (L-Norvaline) with ADI-PEG 20 (Ye et al., 2023) significantly enhanced tumor-infiltrating CD8+ T cells and CCR7+ dendritic cells, thereby potentiating robust anti-cancer immune responses. This example underscores the potential of leveraging natural metabolism modulators in tandem with established therapeutics to achieve synergistic, higher-order therapeutic outcomes. Future exploration into such combinatorial strategies could unlock new opportunities for precision medicine.
5.3 Future directions for arginase modulator research
To further explore the potential of natural Arg modulators, future research should focus on elucidating their molecular mechanisms and conducting comprehensive preclinical and clinical studies to validate their therapeutic potential. Researchers are encouraged to design diverse experimental conditions to fully understand how different environmental factors (Zanier et al., 2014) influence activity variations and contribute to study outcomes. For instance, in studies on periodontal pathogens, perillyl alcohol did not affect Arg expression in macrophages polarized without stimulatory factors. However, when macrophages were stimulated with IL-4 and transitioned to M2 polarization, perillyl alcohol significantly reduced Arg expression, potentially by inhibiting the STAT6 signaling pathway, thereby affecting macrophage polarization and exerting its regulatory role. Based on this, we highlight the concern about the different mechanisms of action that Arg modulators may exhibit in different situations, emphasizing the need for diversified research to refine the therapeutic application of natural Arg modulators.
Further clinical investigations are essential to establish a robust scientific foundation for validating the therapeutic efficacy of these modulators. A critical aspect of this process involves precise dose optimization, where accurately defining the therapeutic window is paramount to achieving an optimal balance between efficacy and safety (Dedkova and Blatter, 2009). For instance, while triptolide demonstrates therapeutic potential, its hepatic metabolism generates electrophilic groups, free radicals, and ROS, potentially leading to hepatotoxicity and narrowing its therapeutic safety window. To address these challenges, researchers must implement stringent dosage controls and pursue chemical structure optimization strategies to eliminate or modify functional groups that interact with hepatotoxic targets, thereby mitigating toxicity risks and enhancing therapeutic precision. Moreover, it is imperative for researchers to thoroughly understand the physiological (Kararli, 1995; Glanz et al., 2018; Zimmerman et al., 2021) and metabolic (Lubinski and Thompson, 1993; Sanoh and Ohta, 2014; Glanz et al., 2018) differences between animal models and human systems. When conducting clinical trials under ethical guidelines, careful consideration must be given to potential variations in efficacy, dosage requirements, and toxicity profiles (Brent, 2004; Vahter et al., 2007; Li et al., 2022a) resulting from the complex human internal environment. As the toxicological database for human models continues to expand and improve, researchers will gain deeper insights into the therapeutic advantages of natural metabolites. This growing knowledge base will further elucidate the safety profile and clinical feasibility of natural metabolite-based treatments, ultimately advancing their application in human medicine.
Additionally, identifying natural Arg modulators (Pudlo et al., 2017; Girard-Thernier et al., 2015; Muller et al., 2022) remains a significant research direction. When evaluating novel extracts or metabolites, researchers can systematically compare natural modulators with chemically synthesized ones by constructing biological network models to verify the potential advantages of natural-origin modulators. This comparison should encompass IC50 and inhibition constant (Ki) values of the extract or pure metabolite, comparing them with those of standard reference modulators. Concurrently, researchers should screen for Arg modulators with isoform selectivity, aiming to identify metabolites (Pudlo et al., 2017) that distinguish between the two Arg isoforms, Arg 1 and Arg 2, to aid in developing new drugs with specific biological activities and therapeutic potential.
In conclusion, while our preliminary studies underscore the potential of natural Arg modulators in disease treatment, a comprehensive understanding of their mechanisms of action and long-term safety remains imperative. As the diversity and clinical applications of these modulators expand, there is a justified expectation that they will assume a more pivotal role in the realms of precision and personalized medicine.
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GLOSSARY
Arg Arginase
Arg-L Arginine
Arg1 arginase 1
Arg2 arginase 2
eNOS endothelial Nitric Oxide Synthase
iNOS inducible Nitric Oxide Synthase
ED Erectile Dysfunction
CaMKII Ca2+/Calmodulin-Dependent Protein Kinase II
PI3K-AKT Phosphatidylinositol 3-Kinase - Protein Kinase B Signal Pathway
hPASMC Human Pulmonary Artery Smooth Muscle Cells
nLDL Natural Low-Density Lipoprotein
SIRT1 NAD-dependent deacetylase sirtuin-1
RA Rheumatoid Arthritis
LPS Lipopolysaccharides
M1 Classic Activated Macrophages
M2 Alternatively Activated Macrophages
EAE Experimental Autoimmune Encephalomyelitis
EB Evans Blue
BBB Blood-Brain Barrier
IL-1β Interleukin-1β
ADA Adenosine Deaminase
WAT White Adipose Tissue
IL-6 Interleukin-6
MDSCs Myeloid-Derived Suppressor Cells
DMH 1,2-Dimethylhydrazine
GSH Glutathione
TGF-β1 Transforming Growth Factor-β1
HES-1 Hes Family BHLH Transcription Factor 1
PA Polyamine
PAs Polyamines
PDE-5 Phosphodiesterase-5
AChE Acetylcholinesterase
ACE Angiotensin-converting enzyme
TNF Tumor Necrosis Factor
IL-10 Interleukin-10
TGF-β Transforming Growth Factor-β
ROS Reactive Oxygen Species
IGF Insulin-like Growth Factor
PGE2 Prostaglandin E2
HSP-70 Heat Shock Protein 70
NO/cGMP Nitric Oxide/cyclic Guanosine Monophosphate
cAMP/PKA cyclic Adenosine Monophosphate/Protein Kinase A
L-NAME N-Nitro-L-Arginine-Methyl Ester hydrochloride
BPA Environmental toxin Bisphenol A
NOS/cGMP/PKG Nitric Oxide Synthase/ cyclic Guanosine Monophosphate/ Protein Kinase G
I/R Ischemia/Reperfusion
STAT3 Signal Transducer and Activator of Transcription 3
JAK/STAT3 Janus kinase/signal transducer and activator of transcription 3
TNF-α Tumor Necrosis Factor-α
IGF-1 Insulin-like Growth Factor-1
OXL Oxaliplatin
MI/R Myocardial Ischemia/Reperfusion
PCR Polymerase Chain Reaction
Th2 T helper 2 cell
IL-4 Interleukin-4
CIRI Cerebral Ischemia/Reperfusion Injury
CTSS/Fractalkine/CX3CR1 Cathepsin S/ Fractalkine/ Recombinant Chemokine C-X3-C-Motif Receptor 1
HT-22 Mouse Hippocampal Neurons
STAT6 Signal Transducer and Activator of Transcription 6
DRA A mixture of Dust mites, Ragweed, and Aspergillus fung
IgE Immunoglobulin E
AAMs Alternatively Activated Macrophages
KLF4 Krüppel-Like Factor 4
ALI Acute Liver Injury
CD206 Mannose Receptor
TLR4 Toll-Like Receptor 4
ALT Alanine Aminotransferase
AST Aspartate Aminotransferase
MDA malondialdehyde
NOS nitric oxide synthase
NF-κB nuclear factor kappa B
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Resveratrol Colon cancer | — Oral 5gdfor 8 days 1942 ng/ml  — 15-2h - Patra
patient administration etal.
(2021)
Curcumin Pancreatic — Oral Oral pills every | 7 nM — 6h — Patra
cancer administration | day for 8 weeks etal.
patients (2021)
EGCG-3-gallate Healthy - Oral 73 mg (single- | 0.71 M - 15-25h | 49-55h  Chow
volunteers administration | dose) and
Hakim
(2011)
Rutin Healthy - Oral 00mg/don | 03+ 25+22pgh/ | 70£29h | 118% Graefe
volunteers administration Days 4, 6, 0.3 pg/mL. mL (AUCo-24 1) 31h etal.
8and 10 (2001)
Luteolin Adult male | — Intravenous 10 mg/kg 747 £ 261+ 5 min 78 Lin et al.
Sprague- injection (single-dose) | 3.78 pg/mL 33 pgmin/mL 14 min (2015)
Dawley rat
Luteolin Adult male | — Oral 100 mg/kg 307 £ 611+ 5 min 132+ Lin et al.
Sprague- administration | (single-dose) | 0.72 ug/mL 89 pgmin/mL 12 min (2015)
Dawley rat
Naringin Healthy 55-80kg | Oral 135 mg (single- |~ 2009.51 ng/ 942452 ngh/  367h 231h Kanaze
volunteers administration | dose) mL mL etal.
(2007)
Oridonin Kunming 25+2g | Intravenous 20 mg/kg — AUCo.12 v - 174 h Gao et al.
mice injection via the | (single-dose) 2601 mgh/L (2008)
tail vein (plasma)
97.78 mgh/L
(heart)
58.66 mgh/L
(liver)
Triptolide Male Sprague- | 200-300 g | Oral 0.4 mg/kg 5.16 £ 260 = 021 % 044 £ Xu et al.
Dawley rat administration | (single-dose) 136ng/mlL 058 ngh/mL  008h 0.08 h (2018)
Perillyl alcohol Male Sprague- | 250 +20 g | Intravenous 65 mg/kg — 49442 % — 8165 + Hua et al.
Dawley rat injection via the | (single-dose) 244 mg/L/min 193 min | (2008)
tail vein
Emodin Male Sprague- | 320 £ 25 g | Oral 20 glkg (single- | 0478 mg/L 1236 mgh/L 2802min | 132min | Gong
Dawley rat administration dose) (AUCo.12 n) etal.
(2011)
Caffeic acid Male Sprague- | 180-200g | Intragastric 1.5 mL (Cohosh | 2055.05 + 574529 = 0.60 + 414 W et al.
Dawley rat administration | extract)/100 g | 50100 mg/L 142655 mgh/L 025 h 050 h (2020)
(single-dose)
Salvianolic acid B Healthy 250 kg Intravenous 75, 150 or 75mg 3431+ 75mg 3660+  75mg 75 mg: Cheng
volunteers injection 300 mg (single- | 781 ng/mL 995 ngth/mL 095+ 0.67 + etal.
dose) 150 mg: 150 mg: 10404%  0.12h 027h (2023)
8,646 + 4,025 ng-h/mL 150 mg: 150 mg:
2,580 ng/mL 300 mg 17,095+ 097 £ 145+
8113 ngh/mL  0.09h 0.50 h
300 mg: 300 mg:
6,082 ng/mL 095 + 213
012h 073 h
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