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Arthrospira platensis (Oscillatoriaceae) (AP): commonly known as Spirulina, is a widely cultivated cyanobacterium used as both a dietary supplement and a functional food. Growing evidence suggests potential therapeutic effects in smooth muscle–related disorders; however, critical evaluations of the available data remain scarce. This narrative review critically examines preclinical and clinical evidence on Arthrospira platensis and its bioactive metabolites in conditions involving smooth muscle dysfunction, highlighting methodological strengths and limitations, and outlining future research needs. A structured literature search was conducted in PubMed, Scopus, and Web of Science using predefined inclusion criteria, and only studies with validated taxonomy and experimental or clinical data were included. The GA-online Best Practice checklist and the Four Pillars of Best Practice in Ethnopharmacology guided the analysis. Preclinical studies consistently demonstrate antioxidant, anti-inflammatory, and smooth muscle–modulating effects of A. platensis extracts and metabolites, including phycocyanin and polysaccharides. Experimental models in vascular, intestinal, uterine, and airway tissues reveal improved contractility and reduced oxidative damage. Although limited, clinical evidence suggests benefits on metabolic parameters and cardiovascular risk factors. Major limitations include the absence of standardized extract characterization, variable dosing, inconsistent controls, and the scarcity of randomized clinical trials. In conclusion, Arthrospira platensis shows promising pharmacological activities relevant to smooth muscle physiology, but current evidence remains largely preclinical and constrained by methodological weaknesses. Standardized extract characterization, rigorous experimental designs, and adequately powered clinical trials are essential to confirm its therapeutic potential.
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1 INTRODUCTION
Smooth muscle tissue is widely distributed throughout the human body and represents the primary muscle type regulating the function of most hollow organs, including the uterus, blood vessels, bladder, airways, stomach, and intestines (Webb, 2003). In the reproductive system, it is essential for fertility, sexual function, and urination. Within the vascular system, smooth muscle plays a critical role in tissue oxygenation and blood pressure regulation. In the urinary system, it contributes to electrolyte balance and toxin elimination, while in the gastrointestinal tract it is fundamental for digestion, nutrient absorption, and interaction with the microbiota (Palmisano et al., 2017; Hafen and Burns, 2018).
Unlike skeletal muscle, smooth muscle functions involuntarily and is regulated by the autonomic nervous system via hormones, neurotransmitters, and receptor-mediated signaling. Dysfunction of smooth muscle contributes to the pathogenesis of various disorders, including asthma, gastrointestinal diseases, reproductive dysfunction, and hypertension. Calcium ions (Ca2+) are central mediators of both physiological and pathological smooth muscle contraction, as well as targets of the pharmacological action of numerous agents (Williams D. M. and Rubin B. K., 2018; Kim et al., 2008).
Arthrospira platensis (Oscillatoriaceae) (AP), commonly known as Spirulina, is a photosynthetic cyanobacterium that can occur in unicellular or multicellular filamentous forms (Conradie et al., 2008; Papini et al., 2021; Chaiklahan et al., 2013; Maddiboyina et al., 2023). Recognized as a “superfood,” AP is rich in diverse bioactive metabolites, including vitamins, pigments, minerals, proteins, carbohydrates, essential fatty acids, amino acids, phenolics, glycosides, flavonoids, and alkaloids (Hayashi et al., 1996; Maddina et al., 2016; Hasanein et al., 2018; Prabakaran et al., 2020). Its lipid profile is characterized by a high proportion of polyunsaturated fatty acids (PUFAs), particularly linolenic acid, which accounts for approximately 36% of its total fatty acid content (Demir and Tükel, 2010; Diniz et al., 2024).
Due to its high nutritional value, AP is among the most widely consumed microalgae worldwide (Li et al., 2022; Omar et al., 2022). Its characteristic spiral-shaped filaments, composed of complex sugars and proteins, make it particularly suitable as a dietary supplement and functional food (Bortolini et al., 2022; Gentscheva et al., 2023; Dhandwal et al., 2024; Terzioğlu et al., 2024).
The biological and pharmacological activities of AP have been extensively documented, supporting its health-promoting potential (Chwil et al., 2024; Pradhan et al., 2022; Jungclaus et al., 2023; Hidhayati et al., 2022). Reported effects include anti-viral, antibacterial, antifungal, anti-inflammatory, antioxidant, photoprotective, neuro-protective, anti-aging, anticancer, and anti-obesity activities (Abbas et al., 2021; Hamad et al., 2023; Calella et al., 2022; Perna et al., 2023; Kumar et al., 2014; Kaipa et al., 2022; Ansari et al., 2023; Stunda-Zujeva et al., 2023). Its therapeutic applications have been investigated in cardiovascular diseases (Wang et al., 2020; Prete et al., 2024), gastrointestinal disorders and dysbiosis (Asmaz and Seyidoglu, 2022; Liu et al., 2021; Diniz et al., 2023), hypertension (Ghaemfar et al., 2021; Otero and Verdasco-Martín, 2023), diabetes (Mazloomi et al., 2022; Ahda et al., 2024), Alzheimer’s disease (Tamtaji et al., 2023; Tavares et al., 2024), infectious diseases (Brito et al., 2020; Abu-Taweel et al., 2019; Ratha et al., 2021), cancer (Ge et al., 2019; Hamdy et al., 2024), and sexual dysfunction (Diniz et al., 2020; Souza et al., 2022) (Figure 1).
[image: Pro-health properties of Arthrospira platensis are depicted, including antioxidant, anticancer, anti-inflammatory, neuroprotective, antibacterial, and antiobesity benefits. Each property is illustrated with related imagery around a central green powder.]FIGURE 1 | Prohealth properties of Arthrospira platensis. The bioactive metabolites of this cyanobacterium exhibit a wide range of pharmacological effects, including antioxidant, anticancer, anti-inflammatory, neuroprotective, anti-obesity, and antibacterial activities.In this context, A. platensis has attracted attention for its applications in the development of bioactive metabolites, pharmaceuticals, cosmetics, fuels, and nutritional products. Nevertheless, few studies have specifically addressed its therapeutic potential in the prevention or treatment of disorders associated with smooth muscle dysfunction. This review seeks to fill this gap by providing an updated and comprehensive synthesis of preclinical and clinical evidence on the bioactive effects of A. platensis, with emphasis on conditions involving smooth muscle across multiple physiological systems. “This review was structured according to the Four Pillars of Best Practice in Ethnopharmacology (Frontiers in Pharmacology), ensuring taxonomic validation of A. platensis Gomont (Oscillatoriaceae), characterization of its bioactive metabolites, assessment of traditional and current uses, and a critical appraisal of pharmacological and clinical studies.”
2 METHODS
This narrative review was conducted in accordance with the GA-online Best Practice tool (https://ga-online.org/best-practice/) and the Four Pillars of Best Practice in Ethnopharmacology (https://www.frontiersin.org/files/pdf/4_pillars_FULL_TEXT.pdf).
2.1 Literature search strategy
A structured literature search was performed to identify studies addressing the therapeutic potential of Arthrospira platensis (Gomont) Kützing ex Gomont, Cyanobacteriaceae in smooth muscle–related disorders. The databases PubMed, Scopus, Web of Science, and SciELO were searched for articles published between 2010 and 2025. Reference lists of retrieved articles and relevant reviews were also screened for additional studies. The literature search was performed in PubMed, Scopus, and Web of Science using the following keywords: “Arthrospira platensis,” “Spirulina platensis,” “smooth muscle,” “oxidative stress,” “antioxidant,” “inflammation,” “uterine contraction,” “vascular,” “intestinal,” “airway,” “pharmacology,” and “clinical trial.” Boolean operators (AND/OR) were applied to refine the search strategy.
2.2 Eligibility criteria and study selection
Inclusion criteria were: (i) validated taxonomy of A. platensis; (ii) experimental data from in vitro or in vivo pharmacological models, or clinical trials; and (iii) publication in English. Exclusion criteria were: review articles, conference abstracts, studies lacking pharmacological data, or those using non-validated taxa.
The search initially retrieved 428 articles. After screening titles and abstracts, 252 articles were excluded, and 176 studies were included in the qualitative synthesis. The selection process is summarized in the PRISMA flowchart (Figure 2).
[image: Flowchart depicting a study selection process. Records identified through database searching: 428. Records screened (titles/abstracts): 428. Records excluded according to exclusion criteria: 252. Full-text articles assessed for eligibility: 176. Studies included in qualitative synthesis: 176.]FIGURE 2 | PRISMA flowchart adapted from Page et al. (2021), summarizing the literature search and study selection process. A total of 428 records were identified through database searching. After title and abstract screening, 252 records were excluded. A total of 176 full-text articles were assessed for eligibility and were included in the qualitative synthesis (Page et al., 2021).3 PHYSIOLOGY AND FUNCTIONAL ROLE OF SMOOTH MUSCLE
Mammals possess three primary types of muscle: skeletal, cardiac, and smooth. Skeletal. muscle is attached to bones and provides structure and strength; cardiac muscle is found in the heart and enables blood circulation; and smooth muscle controls the function of most hollow organs and tubular structures throughout the body. Smooth muscle is located in all blood vessels, the gastrointestinal (GI) tract, bronchioles, uterus, and bladder. Unlike skeletal and cardiac muscle, smooth muscle lacks striations and sarcomeres and operates involuntarily through reflexes and autonomic nervous system (ANS) control. Smooth muscle fibers differentiate from splanchnic mesoderm (Webb, 2003; Kuo and Ehrlich, 2015).
Microscopically, smooth muscle appears homogeneous; however, it is rich in actin and myosin filaments, which play essential roles in excitation-contraction coupling. Smooth muscle contraction is primarily regulated by hormones, autocrine/paracrine agents, and chemical signals. There are two main types of smooth muscle: unitary and multi-unit. Unitary smooth muscle cells are interconnected by gap junctions (connexins), allowing synchronous contraction from a single synaptic input—these are found in the intestines and blood vessels. In contrast, multi-unit smooth muscle cells receive individual synaptic inputs and exhibit more controlled and graded responses, typical in the eye and hair follicles (Kuo and Ehrlich, 2015; Noto and Edens, 2019; Gash et al., 2023).
Each muscle type has unique cellular components, pathophysiological characteristics, and specific functions. Skeletal muscle accounts for approximately 40% of total body weight and comprises multiple fibers bundled into muscle spindles, which act as functional units enabling contraction and relaxation (Frontera and Ochala, 2015). Skeletal muscle contraction relies on membrane depolarization, which links excitation to calcium release from the sarcoplasmic reticulum (SR) (Schneider and Chandler, 1973; Nelson et al., 1995; Savalli et al., 2021; Wu et al., 2021).
Cardiac muscle is composed of striated fibers under involuntary control via the ANS. It contains individual cardiomyocytes and specialized pacemaker cells located within the myocardium. Cardiac contraction is regulated by Ca2+-induced Ca2+ release from the SR, triggered by extracellular Ca2+ influx (Barcenas-Ruiz and Wier, 1987; Cann et al., 1987; Moss et al., 2021; Burkhard et al., 2017; Mijailovich et al., 2021; Greenberg et al., 2021).
In contrast, smooth muscle contraction is not under voluntary control and is regulated autonomously through calcium–calmodulin interaction. Contraction is initiated by changes in membrane potential or by activation of mechanosensitive receptors located in the plasma membrane (Webb, 2003). Accordingly, layers of smooth muscle cells play a critical role in both physiological and pathological processes, primarily due to the significant and interdependent effects of various signaling pathways that modulate smooth muscle activity (Giuseppe and Paul, 2015; Williams D. A. and Rubin L. J., 2018). Given the widespread distribution of smooth muscle throughout the body, abnormalities in its contraction or regulation are associated with a broad spectrum of pathological conditions.
In this context, smooth muscle contraction is independent of the troponin complex, relying instead on calcium influx. This distinction lies in how calcium enters the cell and raises cytosolic calcium concentration, a process that can occur through three main mechanisms (Somlyo and Somlyo, 2003; Dirksen et al., 2022):
	1. Membrane depolarization (electromechanical coupling): Depolarization of the cell membrane results in an increase in cytosolic calcium concentration ([Ca2+]c). This occurs through the activation of voltage-dependent calcium channels (CaV), which open in response to the depolarization and allow calcium influx into the cell (Figure 3).
	2. Agonist-induced activation of G protein-coupled receptors (pharmacomechanical coupling): Agonists such as drugs, hormones and/or neurotransmitters—for example, carbachol (in airway and gastrointestinal smooth muscle), phenylephrine (in vascular smooth muscle), and oxytocin (in uterine smooth muscle)—can trigger the phospholipase C β1 (PLC β1) pathway by activation of their receptors, caus-ing calcium release from the sarcoplasmic reticulum mediated by inositol 1,4,5-trisphosphate (IP3) and, subsequently, an influx of these ions through Cav in the cell membrane, in processes called phasic and tonic contraction, respectivel (Figure 4).

[image: Diagram illustrating calcium signaling pathways in smooth muscle cells. It shows the movement of potassium ions via a leak channel, calcium ions through voltage-gated channels, and the release of calcium from the sarcoplasmic reticulum. Calcium binds to calmodulin and MLCK, activating contractile proteins, leading to muscle contraction. Labels indicate the sequence of events contributing to this process.]FIGURE 3 | (1) At rest, the electrochemical gradient favors the efflux of K+ ions through their leak channels; (2) this maintains the inner perimembranous region of smooth muscle cells in a negatively polarized state, (3) thereby keeping the voltage-dependent L-type calcium channels (CaV L) closed. (4) An increase in extracellular [K+] reduces K+ efflux, (5) resulting in K+ accumulation in the cytosol, (6) which depolarizes the perimembranous region. (7) This change in membrane potential opens Cav L channels, allowing Ca2+ influx. (8) The increase in intracellular Ca2+ activates ryanodine receptors (RyR), (9) triggering the release of Ca2+ from the sarcoplasmic reticulum. (10–11) The elevated [Ca2+]c leads the formation of the [4Ca2+–CaM] complex, which activates myosin light chain kinase (MLCK). (12) MLCK-mediated phosphorylation of contractile filaments results in smooth muscle cell contraction.[image: Diagram illustrating the molecular pathway of smooth muscle contraction. The process involves acetylcholine (CCh), fenoterol (Fen), and oxytocin (OXT) binding to receptors, triggering a series of intracellular reactions. These include activation of G proteins, phospholipase C (PLC β1), and subsequent production of inositol trisphosphate (IP3) and diacylglycerol (DAG). Calcium ions (Ca²⁺) are released from the sarcoplasmic reticulum and enter through calcium channels. Calcium complexes with calmodulin (CaM) to activate myosin light chain kinase (MLCK), leading to phosphorylation of contractile proteins and muscle contraction.]FIGURE 4 | Pharmacomechanical coupling of smooth muscle contraction via the Gq/11–PLC β1 pathway. (1) Agonists–such as carbachol binding to the M3 receptor (on airway and GI smooth muscle), phenylephrine binding to the α1 receptor (on blood vessel smooth muscle) or oxytocin binding to the OT receptor (on uterine smooth muscle) - inducing a conformational change that recruits the Gq or G11 proteins, exchanging GDP for GTP and causing steric hindrance that dissociates the α-GTP subunit from the βγ dimer. (2–3) The α-GTP subunit activates phospholipase C β1 (PLC β1). (4) This enzyme hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). (5) Soluble IP3 diffuses through the cytosol and activates the IP3 receptor (IP3R), (6) promoting Ca2+ release from the sarcoplasmic reticulum. (7) Ca2+ also binds to the ryanodine receptor (RyR), (8) leading to further calcium release into the cytosol. (9) Ca2+ activates calcium-dependent protein kinase (PKC), exposing the DAG-binding site. (10) PKC translocates to the membrane, binds DAG, and becomes active. (11) PKC phosphorylates voltage-dependent calcium channels (CaV), (12) facilitating additional Ca2+ influx. (13) Elevated [Ca2+]c promotes formation of the Ca2+–calmodulin (CaM) complex. (14) Which activates myosin light chain kinase (MLCK). This leads to phosphorylation of contractile filaments and smooth muscle contraction.Notably, in some types of smooth muscle, such as uterine smooth muscle, agonists such as acetylcholine can activate receptors coupled to Gi/o proteins, causing inhibition of the adenylyl cyclase (AC) pathway and activation of the phospholipase C β2 (PLCβ2) pathway. The decrease in cyclic adenosine monophosphate (cAMP) and the activation of PLC β2 culminate in the contraction of these types of smooth muscle (Figure 5).
[image: Diagram of signaling pathways in uterine smooth muscle cells illustrating the roles of various molecules. Acetylcholine (ACh) activates the M2 receptor (1), leading to a G protein cascade (2), influencing adenylyl cyclase (3) and cAMP (4). Phospholipase C (PLC β2) (5) generates IP3 (6), leading to calcium release (7) from the sarcoplasmic reticulum (9). IP3R and RyR channels (10, 11, 14) are involved in calcium movement, which interacts with proteins like PKC (12) and MLCK (15), leading to muscle contraction (16).]FIGURE 5 | Pharmacomechanical coupling of smooth muscle contraction via the Gi/o–PLC β2 pathway. (1) In some types of smooth muscle, such as uterine, agonists such as acetylcholine bind to M2 receptors, triggering a conformational change that recruits Gi or Go proteins, exchanging GDP for GTP and dissociating the α-GTP subunit from the βγ dimer. (2–3) The α-GTP subunit inhibits adenylyl cyclase (AC), (4) reducing cytosolic cAMP levels. (5–6) The βγ dimer activates phospholipase C β2 (PLC β2), (7) which hydrolyzes PIP2 into IP3 and DAG. (8–9) IP3 activates IP3R on the SR, releasing Ca2+. (10–11) Ca2+ also activates RyR, amplifying cytosolic Ca2+ concentration. (12) Ca2+ binds PKC, which is then activated by DAG at the membrane. (13) PKC phosphorylates CaV channels, (14) enhancing Ca2+ influx. (15) The rise in [Ca2+]c forms the Ca2+–CaM complex, which activates MLCK. (16) leading to phosphorylation of myosin light chains and muscle contraction.In electromechanical coupling, membrane depolarization leads to an increase in [Ca2+](c) due to calcium influx from the extracellular space through voltage-dependent calcium channels (CaV), ultimately initiating the contraction process (Aguilar and Mitchell, 2010; Hill-Eubanks et al., 2011) (Figure 2).
In pharmacomechanical coupling, also referred to as mixed coupling—since it may or may not depend on membrane depolarization—agonists bind to their respective G protein-coupled receptors (GPCRs), activating the inositol signaling cascade via Gq/11 and/or Gi/o proteins. This cascade mediates the production of inositol 1,4,5-trisphosphate (IP3), which stimulates calcium (Ca2+) release from the sarcoplasmic reticulum, and diacylglycerol (DAG), which activates protein kinase C (PKC). PKC, in turn, promotes an increase in cytosolic calcium concentration ([Ca2+](c)), either directly by activating voltage-dependent calcium channels (CaV) or indirectly by inhibiting potassium (K+) channels on the plasma membrane (Fukata et al., 2001). The rise in [Ca2+](c) facilitates calcium binding to the protein calmodulin (CaM), forming the active complex [4Ca2+–CaM]. This complex activates myosin light chain kinase (MLCK), which phosphorylates the myosin light chain (MLC), promoting its interaction with actin filaments and thereby initiating the contraction process in smooth muscle cells (Webb, 2003) (Figures 4, 5).
An alternative pathway contributing to smooth muscle contraction has also been reported, known as the calcium sensitization pathway (Figure 6). Calcium sensitization is a mechanism that is largely independent of intracellular calcium levels and enables modulation of smooth muscle contraction by altering the sensitivity of myosin light chain (MLC) to calcium. This process allows the muscle to sustain contraction even after the initial calcium transient has subsided. Two major mechanisms are involved in calcium sensitization: the diacylglycerol–phospholipase C–protein kinase C (DAG–PLC–PKC) pathway and the RhoA signaling pathway (Lincoln, 2007; Steinberg, 2008).
[image: Illustration of smooth muscle cell contraction pathways. It shows the interactions between molecules like OXT, Ang II, CCh, RhoA, PLD, PKC, CPI-17, and ZIPK leading to contraction. Various cellular components are labeled, including the sarcoplasmic reticulum and contractile proteins. Pathways are traced by numbered steps and arrows, depicting the biochemical sequence involved in muscle contraction.]FIGURE 6 | Calcium sensitization pathway in smooth muscle cells. (1) Several agonists—including angiotensin II, norepinephrine and endothelin (in vascular smooth muscle), acetylcholine (in airway or GI smooth muscles) or oxytocin (in uterine smooth muscle) — bind to their respective receptors, triggering a conformational change that recruits G12/13 proteins and promotes the exchange of GDP for GTP. (2) This causes steric hindrance and dissociation of the α-GTP subunit from the βγ dimer. (3) The α-GTP subunit activates Rho guanine nucleotide exchange factor (RhoGEF). (4) which exchanges GDP for GTP to activate RhoA, a monomeric G protein. (5) RhoA phosphorylates and activates Rho-associated kinase (ROCK). (6) ROCK phosphorylates the myosin light chain, enhancing actin–myosin interaction; (7) it also phosphorylates and inhibits the catalytic subunit MYPT1 of myosin light chain phosphatase (MLCP), preventing dephosphorylation of contractile filaments. (8) Additionally, ROCK phosphorylates and activates zipper-interacting protein kinase (ZIPK), (9–10) which further inhibits MLCP and promotes myosin light chain phosphorylation. (11) RhoA also activates phospholipase D (PLD), (12) which hydrolyzes phosphatidylcholine (PC) to (13) generate phosphatidic acid (PA), (14) which is converted to diacylglycerol (DAG) by cytosolic phosphohydrolases. (15) DAG activates calcium-independent PKC isoforms, (16) which phosphorylate and activate CPI-17, an inhibitory protein that suppresses the PP1cδ regulatory subunit of MLCP. Inhibition of MLCP through this calcium sensitization pathway enhances smooth muscle contraction.The calcium sensitization pathway involves the modulation of myosin light chain phosphatase (MLCP) activity by the monomeric G protein RhoA and its associated kinase (ROCK) (Hori and Karaki, 1998). Contractile agonists such as angiotensin II, in vascular smooth muscle, and carbachol (CCh), in airway smooth muscle, activate G12/13 proteins generating maintenance of contraction by direct or indirect activation of RhoA-specific guanine nucleotide exchange factors (RhoGEFs), which in turn activate RhoA (Feng et al., 1999; Somlyo and Somlyo, 2003). GTP-bound RhoA activates ROK, which phosphorylates and thereby inhibits MLCP, enhancing MLC phosphorylation mediated by myosin light chain kinase (MLCK), and ultimately promoting smooth muscle contraction (Kimura et al., 1996). Smooth muscle relaxation occurs through a decrease in [Ca2+]c (Somlyo and Somlyo, 2003), either via an electromechanical mechanism—characterized by membrane re-polarization or hyperpolarization—or through a pharmacomechanical mechanism, which involves membrane receptor activation and inhibition of the intracellular signaling pathways that drive contraction (Woodrum and Brophy, 2001) (Figure 6).
In addition to the general mechanisms involved in smooth muscle contraction, there are also specific pathways responsible for smooth muscle cell relaxation (Figures 7, 8). The main signaling cascades that mediate smooth muscle relaxation involve the second messenger’s cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophos-phate (cGMP). cAMP is generated by adenylyl cyclase (AC) downstream of β-adrenergic or IP receptors coupled to Gs proteins, which are activated by norepinephrine or prostacyclin (PGI2), respectively. It is noteworthy that while the cAMP pathway typically promotes contraction in cardiac muscle, in smooth muscle, cAMP signaling induces relaxation (Figure 7).
[image: Diagram illustrating the molecular signaling pathway in smooth muscle cells leading to relaxation. It includes components like PGI2, AC, cAMP, PKA, SERCA, and NCX, showing interactions and calcium ion dynamics.]FIGURE 7 | Pharmacomechanical coupling of smooth muscle relaxation via the Gs–adenylyl cyclase (AC) pathway. (1) Agonists ― such as prostacyclin (PGI2) binding to IP receptors (on vascular, uterine, airway or GI smooth muscle) or norepinephrine (NE) binding to β2 receptors (on airway, uterine, GI or vascular smooth muscles) ― bind to their respective receptors, inducing a conformational change that activates the Gs protein and promotes GDP–GTP exchange, dissociating the α-GTP subunit from the βγ dimer. (2) The α-GTP subunit activates adenylyl cyclase (AC), (3–4) which converts ATP to cyclic AMP (cAMP). (5) cAMP activates protein kinase A (PKA), which phosphorylates several target proteins: (6) Voltage-dependent potassium (Kv) channels, increasing K+ efflux and membrane hyperpolarization; (7) Voltage-dependent calcium channels (CaV), reducing Ca2+ influx; (8) Plasma membrane Ca2+-ATPase (PMCA; 9) Na+/Ca2+ exchanger (NCX), lowering cytosolic [Ca2+]; (10) MLCK, reducing its activity; and (11) Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA), enhancing calcium reuptake and (12) promoting smooth muscle relaxation.[image: Diagram illustrating the nitric oxide (NO) signaling pathway in smooth muscle cells. It shows the conversion of L-arginine to NO in endothelial cells, its diffusion into smooth muscle, and activation of soluble guanylate cyclase (sGC) producing cGMP. This activates protein kinase G (PKG), leading to the opening of potassium channels (K+), reduction of calcium ion (Ca2+) levels, and activation of myosin light-chain kinase (MLCK) with calmodulin (CaM), resulting in smooth muscle relaxation and vasodilation. Steps involve various channels and proteins like SERCA, PMCA, NCX, and RyR.]FIGURE 8 | Pharmacomechanical coupling of smooth muscle relaxation via the nitric oxide (NO) pathway. (1) Endothelial nitric oxide synthase (eNOS) catalyzes the oxidation of L-arginine (L- Arg), forming L-citrulline (L-Cit) and NO, in endothelial cells in response to a stimulus by ACh, for example. (2) NO can directly activate calcium-activated potassium (KCa) channels, promoting hyperpolarization and smooth muscle relaxation without requiring downstream signaling. (3) Alternatively, NO diffuses into smooth muscle cells and activates soluble guanylyl cyclase (sGC), (4) which catalyzes the conversion of GTP to cyclic GMP (cGMP). (5) cGMP activates protein kinase G (PKG), which phosphorylates: (6) Kv channels, enhancing K+ efflux and membrane hyperpolarization; (7) CaV channels, reducing calcium influx; (8) PMCA and (9) NCX, reducing [Ca2+](c); (10) MLCK, inhibiting contraction; (11) SERCA, enhancing calcium storage; and (12) IP3 receptors (IP3R), (13) thereby inhibiting calcium release from the sarcoplasmic reticulum and (14) promoting smooth muscle relaxation.The cGMP pathway can be activated by nitric oxide (NO) or natriuretic peptides (NPs). In blood vessels and other smooth muscle tissues, NO produced by endothelial nitric oxide synthase (eNOS) diffuses across the smooth muscle cell membrane and acti-vates soluble guanylyl cyclase (sGC), which in turn increases intracellular cGMP levels (Figure 8).
4 SMOOTH MUSCLE-RELATED DISORDERS AND THERAPEUTIC CHALLENGES
4.1 Asthma
Asthma is a chronic, heterogeneous pulmonary disease marked by airway inflammation, remodeling, hyperresponsiveness, and variable airflow limitation, leading to symptoms such as coughing, wheezing, dyspnea, and chest tightness (Pelaia et al., 2021; Kardas et al., 2020). Affecting over 339 million people worldwide, it imposes a considerable social and economic burden (Zhang et al., 2025; GBD, 2021, 2025).
Airway smooth muscle (ASM) plays a central role in asthma pathophysiology. Once considered a passive contractile element, ASM is now recognized as a dynamic tissue with immunomodulatory, secretory, and remodeling capacities (Camoretti-Mercado et al., 2021; Van der Velden et al., 2013). In asthmatic individuals, ASM exhibits increased proliferation, hypertrophy, contractility, and cytokine secretion compared with non-asthmatic tissue (Ma et al., 2002; Chambers et al., 2003). ASM also releases inflammatory mediators—cytokines, chemokines, and extracellular matrix proteins—that amplify airway inflammation and remodeling (Lambrecht and Hammad, 2015a; Parikh et al., 2019).
From a mechanistic perspective, smooth muscle is the primary cell type responsible for generating tone and airway contraction in the lungs (Prakash, 2013). Upon stimulation by bronchoconstrictor agonists, there is an increase in intracellular calcium concentration ([Ca2+]ᵢ), triggering Ca2+–calmodulin binding, MLCK activation, and actin–myosin interactions that ultimately result in contraction (Zhu, 2011). Dysregulation of these calcium signaling pathways contributes to hypercontractility in asthma (Prakash et al., 2009; Bergantin, 2020; Sivaraman and Onyenwoke, 2021).
In summary, ASM is a key driver of asthma pathogenesis through its roles in bronchomotor regulation, inflammation, and remodeling. Understanding its functional plasticity is essential for developing targeted therapies.
4.2 Gastrointestinal tract disorders
The gastrointestinal (GI) tract is responsible for managing fluids and processing large quantities of solids and semi-solids that pass through the intestinal lumen. It also plays a central role in secretion, digestion, nutrient absorption, and waste elimination (Le et al., 2021; Ghishan and Kiela, 2012). In this context, GI smooth muscle (GISM) is primarily responsible for generating peristalsis, which facilitates efficient digestion, absorption, and excretion. These functions are regulated by the intrinsic electrical and mechanical properties of smooth muscle, through tonic contractions that maintain organ dimensions against luminal content (e.g., food bolus) and/or through the development of contractile force and muscle shortening (Bitar, 2003).
Contractility in gastrointestinal smooth muscle is a highly integrated process, wherein smooth muscle cells represent the final effectors of modulatory inputs from neurons, interstitial cells of Cajal (ICC), hormones, and paracrine substances (Sanders, 2008). These contractions generate the propulsive force needed to move digesta along the GI tract and ensure proper mixing with digestive enzymes, continuously exposing nutrients to the absorptive mucosal surface (Grundy et al., 1985). Therefore, alterations in GISM contractility are directly implicated in the pathophysiology of major gastrointestinal diseases and disorders. The fundamental basis of GI motility lies in the intrinsic ability of GISM to generate cyclic changes in resting membrane potential, which give rise to spontaneous and rhythmic contractions (Grundy et al., 1985). These contractions are tightly regulated by calcium (Ca2+) influx, which plays a key role in initiating GISM contraction.
In intestinal regions characterized by phasic motor patterns (small and large intestines), ICC-driven slow waves bring the membrane potential to the threshold of CaV1.2 channels, triggering action potentials (Morgan et al., 1981; Cannell and Lederer, 1987). In contrast, in areas such as the proximal stomach, the resting potential is near CaV1.2 activation, so depolarizing stimuli easily enhance tone (Sanders, 2008; Morgan et al., 1981). GI motility, especially in the ileum, has been studied with isometric transducers in response to electrical field stimulation (EFS), highlighting its key role in nutrient absorption (Nishiyama et al., 2017; Azuma et al., 2021).
4.3 Infertility and erectile dysfunction
Smooth muscle plays a critical role in the pathophysiology of infertility and erectile dysfunction (ED), as it is involved in essential physiological processes required for reproductive and sexual function. Consequently, impaired smooth muscle function may directly disrupt these processes, leading to difficulties in achieving conception or maintaining an erection (Hiremath et al., 2020; Souza et al., 2022). Male infertility is often characterized by a reduced sperm count. Studies have shown that this condition is not only associated with impaired sperm production but also with a decreased number of spermatozoa successfully transported through the male reproductive tract (Hiroshige et al., 2024).
The male reproductive tract is lined with smooth muscle that contracts rhythmically to propel sperm. This intrinsic activity ensures sperm movement, and although the autonomic nervous system does not directly trigger these contractile events, it plays a fundamental role in coordinating and modulating such contractions and other critical components of the sexual response (Klinge et al., 1994; Courtois et al., 2013).
A key contributing factor to infertility is erectile dysfunction (ED), defined as the consistent inability to achieve and/or maintain a penile erection sufficient for satisfactory sexual intercourse, affecting approximately 52% of men (Zhuang et al., 2024; Tchang et al., 2021).
Penile erection is a complex physiological process involving coordinated interactions among the nervous, vascular, and endocrine systems. Cavernosal smooth muscle, located in the erectile tissue of the penis, along with smooth muscle in the walls of small arteries and arterioles, plays a central role in erection. Sexual stimulation—triggered by auditory, visual, olfactory, or cognitive stimuli—is processed by the cerebral cortex and relayed through the parasympathetic pathways of the sacral plexus (Dean and Lue, 2005).
This neural activity stimulates the release of nitric oxide (NO) by non-adrenergic, non-cholinergic (NANC) nerve fibers or acetylcholine (ACh) by parasympathetic cholinergic neurons. NO enhances cyclic guanosine monophosphate (cGMP) synthesis and reduces intracellular calcium (Ca2+) levels, promoting relaxation of smooth muscle cells. Concurrently, compression of the submucosal venous plexus decreases venous outflow, allowing blood to be retained in the sinusoids of the corpora cavernosa, which progressively increases rigidity and results in full penile erection (Zhuang et al., 2024).
Therefore, smooth muscle is a critical component of the mechanisms underlying both infertility and erectile function. Research into agents capable of modulating smooth muscle activity represents a promising approach for the treatment of related disorders.
4.4 Uterine dysfunctions
The uterus is structurally composed of three layers: the endometrium (luminal surface), the myometrium (smooth muscle layer), and the perimetrium (serosal surface) (Hong, 2023; Zhai et al., 2020; Ameer and Munakomi, 2022). The myometrium, the predominant layer, contains longitudinal and circular smooth muscle fibers and is responsible for uterine contractility, essential for menstruation, implantation, and parturition (Wray and Prendergast, 2019).
Among the most prevalent uterine smooth muscle disorders are leiomyoma (uterine fibroids) and adenomyosis, both associated with infertility and abnormal uterine bleeding (Bazot et al., 2001; Stewart et al., 2016; Ahmad et al., 2023). Leiomyomas are benign monoclonal tumors of smooth muscle origin with high prevalence, affecting over 70% of women (Wray and Prendergast, 2019).
Primary dysmenorrhea (PD), the most common gynecological disorder among women of reproductive age, is characterized by cyclic pelvic pain in the absence of underlying pelvic pathology (Itani et al., 2022; Smith et al., 2024). Its pathogenesis is closely linked to elevated levels of prostaglandins—particularly PGF2α—triggered by lysosomal destabilization and increased phospholipase A2 (PLA2) activity following the premenstrual drop in progester-one (Dikensoy et al., 2008; Guimarães and Póvoa, 2020). These prostanoids enhance myometrial contractility and vasoconstriction, resulting in ischemia and pain sensitization (Xie et al., 2020; Dawood, 2006).
Oxidative stress also contributes to PD, and conventional treatments (NSAIDs, hormonal contraceptives) may be ineffective or cause adverse effects (Oladosu et al., 2018; Wang et al., 2024; Zhang et al., 2021), highlighting the need for safer alternatives.
4.5 Pulmonary hypertension
Pulmonary hypertension (PH) is a complex vascular disorder characterized by remodeling and narrowing of pulmonary arteries, leading to elevated pulmonary arterial pressure, right ventricular failure, and ultimately death (Gao and Raj). Diagnosis is defined by a mean pulmonary artery pressure ≥25 mmHg, though newer guidelines suggest >20 mmHg when combined with other hemodynamic abnormalities (Simonneau et al., 2019; Huetsch et al., 2019).
Smooth muscle cells play a central role in PH pathogenesis through increased proliferation, migration, and enhanced contractile activity, which contribute to vascular stiffening and obstruction. Additionally, the aberrant muscularization of distal arterioles and excessive production of reactive oxygen species (ROS) exacerbate disease progression by promoting inflammation, oxidative stress, and cellular proliferation (Freund-Michel et al., 2013; Fulton et al., 2017; Nozik-Grayck and Stenmark, 2007). Current therapies target vasomotor tone but fail to prevent proliferation and remodeling, underscoring the need for novel interventions.
5 THERAPEUTIC POTENTIAL OF ARTHROSPIRA PLATENSIS IN SMOOTH MUSCLE DISORDERS
5.1 Airways: anti-inflammatory and bronchodilatory effects
Allergic respiratory diseases such as asthma and rhinitis involve chronic airway inflammation, oxidative stress, and bronchial hyperreactivity, often leading to structural remodeling and smooth muscle dysfunction (Lambrecht and Hammad, 2015b; Figueiredo et al., 2023).
In experimental models, Arthrospira platensis supplementation has consistently demonstrated antioxidant, anti-inflammatory, and bronchodilatory effects. In asthmatic rats, oral AP (500 mg/kg) reduced airway inflammation, lowering IL-4, IL-5, IL-13, IgE, and tissue damage induced by ovalbumin and cigarette smoke (Riaz et al., 2022). AP also attenuated bronchial smooth muscle hypercontractility. Brito et al. (2022) showed that AP (150–500 mg/kg) decreased tracheal contractile responses to carbachol and increased NO bioavailability, reinforcing its bronchodilatory potential. A key mediator is phycocyanobilin (PhyCB), a biliverdin-derived chromophore abundant in AP, which inhibits NADPH oxidase and decreases oxidative stress, mechanisms that contribute to downregulation of the RhoA/ROCK pathway involved in smooth muscle contraction (McCarty et al., 2021).
In humans, clinical evidence is still limited. A trial in patients with allergic rhinitis found that Spirulina supplementation reduced IL-4 levels (Mao et al., 2005).
Collectively, these data suggest that AP exerts protective effects on airway smooth muscle by reducing hyperresponsiveness and inflammation through antioxidant and NO-mediated pathways. However, these results are restricted to rodent models, and the only available human data derive from an early allergic rhinitis trial with poorly characterized interventions. No randomized controlled trials (RCTs) exist for asthma, and future studies should prioritize standardized preparations, validated biomarkers of airway function, and direct comparisons with bronchodilators or corticosteroids.
5.2 Gastrointestinal tract: gastroprotection and motility modulation
Gastrointestinal disorders, including gastritis, ulcers, and reflux, are influenced by multiple factors such as Helicobacter pylori infection, inflammation, and oxidative stress (Wroblewski et al., 2010; Xiao et al., 2021). The gastric smooth muscle contributes to motility and mucosal protection, and its dysfunction is often exacerbated by mucosal injury and reactive oxygen species.
Preclinical evidence indicates that AP exhibits gastroprotective properties mediated by its antioxidant and anti-inflammatory metabolites. In rodent models of gastric ulcer induced by indomethacin or diclofenac, AP supplementation reduced mucosal injury, decreased lipid peroxidation (↓ MDA), and increased antioxidant enzymes (↑ SOD, GSH) (Aleid et al., 2021; Nipa et al., 2020). Similarly, in aspirin-induced gastric injury, AP reduced TNF-α and COX-2 expression while enhancing antioxidant defense (Mahmoud and Abd El-ghffar, 2019). Beyond gastroprotection, a polysaccharide fraction from AP selectively inhibited gastric adenocarcinoma proliferation without affecting normal gastric cells (Uppin et al., 2022).
Taken together, these results support the use of AP as a functional candidate for protecting gastric mucosa and modulating smooth muscle dysfunction. Nonetheless, existing studies are highly heterogeneous in design, extract preparation, and dosing, and none have used pharmacological comparators such as omeprazole or misoprostol. Clinical studies remain absent, and pharmacokinetic assessment of active metabolites is required before translation.
5.3 Intestine: anti-inflammatory and antioxidant actions
The smooth muscle of the small intestine is essential for peristalsis, nutrient absorption, and intestinal barrier function. Alterations in contractility and redox balance are implicated in inflammatory bowel diseases and obesity-related gastrointestinal dysfunction (Sanders, 2008).
In chemically induced colitis models, AP supplementation reduced disease severity, lowered proinflammatory cytokines (TNF-α, IL-1β, IL-6), and decreased oxidative markers (Fado et al., 2020). In obese rats, AP (25 mg/kg) prevented intestinal contractile dysfunction by modulating voltage-dependent calcium channels and downregulating muscarinic M3 receptors (Diniz et al., 2021). Other studies confirmed that AP modulates the RhoA/ROCK pathway, nitric oxide signaling, prostanoids, and superoxide dismutase activity in intestinal smooth muscle (Diniz et al., 2024). In Wistar rats, AP (150–500 mg/kg) reduced ileal contractile responses to carbachol and KCl while enhancing antioxidant activity (Araújo et al., 2016).
Clinical evidence is scarce but promising. In a randomized trial with patients with irritable bowel syndrome (IBS), AP supplementation improved antioxidant capacity, reduced malondialdehyde (MDA), and improved intestinal permeability and symptom severity (Jafari Nasab et al., 2025).
Thus, evidence from animal models and one clinical trial suggests that AP exerts intestinal protective effects by reducing inflammation, preserving barrier integrity, and preventing contractile dysfunction. However, standardized preparations, dose–response studies, and comparisons with reference drugs are lacking.
5.4 Corpus cavernosum: erectile function and reproductive health
Arthrospira platensis has shown promising effects on disorders involving the corpus cavernosum, particularly infertility and erectile dysfunction (ED), often-linked to metabolic conditions such as obesity. Experimental studies in animal models have demonstrated that AP supplementation not only improves erectile function but also promotes overall male reproductive health.
Preclinical studies show that AP supplementation improves erectile function under metabolic stress conditions. In obese rats with diet-induced ED, oral AP (25 mg/kg, 8 weeks) increased erection frequency, reduced latency to first erection, and improved relaxation responses in penile tissue (Diniz et al., 2020; Souza et al., 2022). These effects were absent in healthy animals, suggesting context-specific benefits. Mechanistically, AP enhances NO bioavailability, suppresses contractile prostanoids, and reduces oxidative stress, improving smooth muscle relaxation and vascular function (Souza et al., 2022).
Beyond erectile function, AP demonstrates protective effects on the male reproductive system against environmental toxins. Studies report improvements in sperm count, motility, steroid hormone levels, and reduced testicular oxidative damage following exposure to agents such as arsenic, lead, and cyclophosphamide (Afkhami-Ardakani et al., 2021; Bashandy et al., 2016; El-Hakim et al., 2018). Furthermore, the seaweed improved steroid hormone production and spermatogenesis in rats exposed to the toxin, further reinforcing its role in male reproductive health (El-Desoky et al., 2013; Farag et al., 2016; Ibrahim et al., 2021).
These findings indicate that AP may act as an adjunct therapy for ED and infertility, especially in obesity and toxic exposures. Nevertheless, no clinical trials are available, extract standardization is lacking, and positive pharmacological comparators (e.g., PDE5 inhibitors) have not been used in animal models.
5.5 Uterus: dysmenorrhea and uterine tone modulation
Uterine smooth muscle, primarily located in the myometrium, plays a central role in menstruation, fertility, and parturition. Dysfunctions in its contractility are associated with disorders such as primary dysmenorrhea (PD), adenomyosis, and uterine fibroids (Wray et al., 2019; Stewart et al., 2016).
Arthrospira platensis has demonstrated therapeutic potential in modulating uterine smooth muscle activity, largely due to its antioxidant and anti-inflammatory properties. In experimental models, AP supplementation (50–100 mg/kg) prevented increases in contractile reactivity to KCl and oxytocin in rats undergoing resistance training, while preserving relaxation responses to nifedipine and isoprenaline. These effects were associated with enhanced nitric oxide signaling, inhibition of prostanoid pathways, and reduction in reactive oxygen species (Ferreira et al., 2021; Barros, 2021).
Khatun et al. (2018), K et al. (2019) demonstrated that AP (200 mg/kg) protected uterine and ovarian tissues from arsenic-induced oxidative damage by boosting endogenous antioxidant enzymes (SOD, catalase, peroxidase). In a PD rat model, AP reduced oxytocin-induced writhing and prevented hypercontractility by modulating oxidative stress and prostaglandins (Lacerda-Júnior, 2022; Soares, 2025; Melchiades Júnior, 2024). Additionally, AP extract and its major pigment, C-phycocyanin, exhibited direct spasmolytic effects on pre-contracted guinea pig uterus, likely via L-type calcium channel inhibition (Marangoni et al., 2017; Bannu et al., 2019).
Altogether, these results support AP as a potential therapy for uterine contractility disorders, particularly PD. However, all evidence derives from animal studies with small sample sizes, no comparators with standard uterotonics or spasmolytics, and no clinical validation.
5.6 Vasculature: vascular reactivity and blood pressure control
Vascular smooth muscle (VSM) is essential for regulating vascular tone, blood pressure, and vessel remodeling. Dysfunction in VSM contractility and proliferation is implicated in hypertension, atherosclerosis, and endothelial dysfunction. Arthrospira platensis has shown promising vasoprotective effects in both functional and molecular studies.
Brito et al. (2018) demonstrated that AP supplementation (150–500 mg/kg) improved aortic reactivity in Wistar rats, reducing contractile responses to phenylephrine and enhancing acetylcholine-induced relaxation. These effects were associated with increased nitric oxide (NO) bioavailability and reduced lipid peroxidation. The NO synthase inhibitor L-NAME reversed these effects, confirming the involvement of the NO pathway.
In spontaneously hypertensive rats (SHR), aqueous extracts of Spirulina platensis promoted vasorelaxation via enhanced NO production, without affecting superoxide levels. This was accompanied by upregulation of endothelial proteins such as AKT and heme oxygenase-1 (HO-1), which are essential for NO synthesis and oxidative protection (Villalpando et al., 2020; Castro-García et al., 2018).
In preeclampsia models, phycobilins (100 mg/kg/day) lowered systolic blood pressure and increased eNOS expression (Castro-García et al., 2018). C-phycocyanin inhibited vascular smooth muscle cell proliferation in vitro by upregulating cell-cycle inhibitors p21 and p27 (Xianming, 2013). Translational potential is supported by a triple-blind, placebo-controlled clinical trial, where daily consumption of Spirulina-enriched dressing improved vascular function in humans (Ghaem Far et al., 2025).
Overall, these findings provide robust preclinical evidence and some preliminary clinical support for AP’s vasoprotective effects. However, extract standardization is poor, trials remain small, and pharmacological comparators with standard antihypertensives are missing.
6 THERAPEUTIC AND PREVENTIVE ROLE OF ARTHROSPIRA PLATENSIS IN OBESITY
Obesity is a chronic, multifactorial inflammatory condition characterized by excessive fat accumulation and associated with comorbidities such as type 2 diabetes, hypertension, cardiovascular diseases, and certain cancers, significantly reducing quality and life expectancy (Khanna et al., 2022). Its prevalence has grown substantially worldwide, with projections from the World Health Organization estimating 2.3 billion overweight adults and 700 million obese individuals by 2025 (PAHO, 2023). This trend is largely driven by nutritional transition, including increased intake of ultra-processed foods and reduced physical activity (Mialon et al., 2021).
Due to the limitations of conventional treatments, there is increasing interest in alternative approaches involving functional natural products. Arthrospira platensis, a nutrient-rich cyanobacterium, has shown promise in reducing body fat, improving lipid profiles, and preserving nutritional status in obesity (Silva et al., 2023).
Studies in obese Wistar rats fed a hypercaloric diet demonstrated that S. platensis supplementation (50 mg/kg for 8 weeks) restored erectile function, reduced oxidative stress, increased nitric oxide (NO) availability, and preserved penile vascular endothelium (Souza et al., 2022). At higher doses (500 mg/kg for 8 weeks), it reduced malondialdehyde (MDA) levels and hepatic lipid deposition, suggesting antioxidant and hepatoprotective effects (Arrari et al., 2023).
Yu et al. (2020) showed that S. platensis (3% dietary inclusion for 14 weeks) significantly reduced body weight, visceral fat, serum lipopolysaccharides (LPS), and pro-inflammatory cytokines (IL-6, TNF-α, IL-1β) in rats. It also modulated gut microbiota composition, lowering the Firmicutes/Bacteroidetes ratio and improving intestinal barrier function by increasing expression of tight junction proteins such as ZO-1, occludin, and claudin-1.
Additional research confirmed that S. platensis (50 mg/kg for 8 weeks) restored erectile function by increasing NO bioavailability, reducing ROS production, enhancing total antioxidant capacity, and normalizing acetylcholine-induced relaxation, highlighting its endothelium-modulating potential (Diniz et al., 2020; Diniz et al., 2021). Moreover, supplementation at 25 mg/kg prevented obesity development and preserved intestinal reactivity in rats, reducing oxidative stress and IL-1β expression (Diniz et al., 2023).
Taken together, recent evidence supports the pharmacological potential of A. platensis in managing obesity and related disorders. Its effects are attributed to antioxidant, anti-inflammatory, immunomodulatory actions, and its rich nutritional composition, reinforcing its value as a functional supplement.
7 LIMITATIONS AND FUTURE PERSPECTIVES
Although substantial preclinical evidence supports the therapeutic effects of Arthrospira platensis (AP) on smooth muscle dysfunction across multiple organ systems, several important research gaps remain to be addressed. First, most findings to date are derived from animal models or in vitro studies, with limited clinical validation. Well-designed, placebo-controlled human trials are necessary to confirm the efficacy, safety, and appropriate dosing regimens of AP for conditions such as asthma, dysmenorrhea, erectile dysfunction, and gastrointestinal or vascular disorders. Second, the precise molecular targets and signaling pathways modulated by AP remain partially understood. While existing studies highlight the involvement of nitric oxide bioavailability, calcium channel regulation, antioxidant systems, and the RhoA/ROCK and prostaglandin pathways, further mechanistic investigations are required to delineate tissue-specific effects and interactions with conventional pharmacological agents. Third, the bioavailability and pharmacokinetics of AP’s active metabolite—such as phycocyanin, phycocyanobilin, and polysaccharides—need deeper exploration to determine their absorption, metabolism, and systemic impact in humans. Additionally, standardization of AP extracts with defined chemical profiles would ensure consistency and reproducibility across studies and clinical applications. Lastly, the therapeutic potential of AP in complex conditions such as metabolic syndrome, obesity-related reproductive dysfunction, and inflammatory bowel diseases suggests its utility as a multifunctional intervention. Future research should investigate its use in combination with other nutraceuticals or pharmaceuticals, as well as its long-term safety profile. Altogether, advancing from preclinical promise to clinical implementation will require integrative research efforts bridging molecular pharmacology, clinical nutrition, and translational medicine.
To provide a comprehensive overview of the available evidence, we summarized the pharmacological and clinical studies evaluating A. platensis in smooth muscle-related disorders. Table 1 outlines the experimental models, doses, extract types, controls applied, main findings, and limitations reported in each study. This structured presentation allows for a clearer assessment of the methodological quality and translational relevance of the available data.
TABLE 1 | Critical appraisal of preclinical and clinical studies evaluating Arthrospira platensis in smooth muscle-related disorders.	Author / Year	Experimental model (in vitro/in vivo/clinical)	Dose/Concentration	Type of extract/fraction	Controls used	Main findings	Limitations
	Brito et al., 2022	Wistar rats, isolated trachea (in vivo)	150–500 mg/kg (oral)	Lyophilized powder	KCl, carbachol, verapamil	Reduced tracheal contractility; ↑ NO production	No clinical validation; translational dose unclear
	Khatun et al., 2018	Female rats, arsenic induced uterine toxicity (in vivo)	200 mg/kg (oral)	Aqueous extract	Control + arsenic group	Protection of uterine and ovarian tissues; ↑antioxidants	Toxicity model only; no natural dysfunction
	Diniz et al., 2024	Obese rats, isolated ileum (in vivo/in vitro)	25 mg/kg (oral) 8 weeks	Standardized aqueous extract	KCl, carbachol, L- NAME	Prevented ileal dysfunction via RhoA/ROCK and NO	Preclinical only; short duration
	Yu et al., 2020	Obese rats, dietary intervention (in vivo)	3% diet for 14 weeks	Whole biomass	Normal and obese controls	Reduced obesity, inflammation, improved microbiota	Did not directly assess smooth muscle contractility
	Enkhmaa et al., 2006	Clinical trial, metabolic syndrome patients	2 g/day	Commercial Spirulina powder	Placebo	Improved lipid profile and blood pressure	Small sample; smooth muscle not directly evaluated
	Brito et al., 2019	Wistar rats, isolated aorta (in vivo/in vitro)	150–500 mg/kg	Aqueous extract	Phenylephrine, acetylcholine, L-NAME	↑ Endothelium dependent relaxation via NO	No chemical standardization
	Brito et al., 2022	Rats, tracheal smooth muscle (in vivo)	150–500 mg/kg	Powder/extract	Carbachol, NO inhibitors	Reduced airway hyperreactivity, bronchodilation	Rodent-only; lack of standardized
	Clinical trial, rhinitis (human) (137)	Clinical trial, allergic rhinitis patients	2 g/day	Commercial Spirulina powder	Placebo	Reduced IL-4 in allergic rhinitis	Small trial; no extract standardization
	Gastroprotection models (140-142)	Rodent ulcer models (indomethacin, diclofenac, aspirin)	50–500 mg/kg	Aqueous extracts	NSAIDs injury models	Reduced mucosal damage, lipid peroxidation, ↑ antioxidants	Heterogeneous extracts; no pharmacological comparators
	Anti-neoplastic effect (143)	Gastric cancer cell model	Polysaccharide fraction	Polysaccharide	Normal gastric cells	Inhibited gastric adenocarcinoma proliferation	In vitro only; no animal/human validation
	Clinical trial, IBS (145)	Clinical trial, IBS patients	Daily supplementation (dose NR)	Not reported	Placebo group	Improved antioxidant status, reduced IBS symptoms	Small sample; limited characterization of product
	Obese rats, Ileum contractility (146-147)	Wistar rats, ileal reactivity (in vivo)	25–500 mg/kg	Aqueous extract	KCl, carbachol	Reduced ileal contractility, ↑ antioxidants	No reference drugs; lack of chemical standardization
	Corpus cavernosum studies (50-53, 148-153)	Rats, penile tissue and sperm parameters	25–200 mg/kg, 8 weeks	Whole biomass/extract	Obese vs control rats	Improved erectile function, sperm quality, ↓ oxidative damage	No PDE5 inhibitor comparators; no clinical studies
	Uterine models (156-164)	Rats, uterine hypercontractility and toxin exposure	50–200 mg/kg	Extract and phycocyanin	Oxytocin, KCl, nifedipine	Prevented uterine hyperreactivity, ↑NO, ↓ ROS	Limited to animal studies; no clinical validation
	Vascular studies SHR/aorta (165-170)	SHR rats, vascular reactivity studies	150–500 mg/kg	Aqueous extracts	Phenylephrine, acetylcholine, L-NAME	Improved vascular relaxation, ↑NO bioavailability	Small trials; extract composition not standardized
	Preeclampsia model (168)	Rat preeclampsia model	100 mg/kg/day	Phycobilins	Normotensive vs preeclampsia	Reduced BP, ↑eNOS expression	Animal-only; needs human validation
	C-phycocyanin proliferation study (169)	In vitro VSMC proliferation assay	Purified -C-phycocyanin	C-phycocyanin	Untreated VSMCs	Inhibited VSMC proliferation via p21/p27	In vitro only; lacks clinical translation
	Clinical trial, vascular function (170)	Triple-blind human vascular study	2 g/day	Spirulina-enriched dressing	Placebo dressing	Improved vascular function in humans	Small clinical trial; exploratory
	Obesity rodent models (51, 147, 175-176)	Obese rats, multiple tissues (ileum, penis, liver, microbiota)	25–500 mg/kg; 3% diet;	Whole biomass/extract	Obese vs lean rats	↓ Oxidative stress, ↓ inflammation, improved organ function	Lack of dose standardization; no long-term safety data


NR, not reported; SHR, spontaneously hypertensive rat; IBS, irritable bowel syndrome; VSMC, Vascular smooth muscle cell. Limitations reflect methodological issues such as lack of standardization, absence of comparators, or insufficient clinical validation.
As shown in Table 1, most of the available data derive from preclinical in vivo models, with marked heterogeneity in extract preparation, doses tested, and outcome measures. Only one small clinical trial was identified, which did not directly assess smooth muscle function. These limitations highlight the need for well-designed studies with standardized preparations, robust pharmacological evaluation, and controlled clinical trials to clarify the therapeutic potential of Arthrospira platensis in smooth muscle-related pathologies.
8 CONCLUSION
Smooth muscle plays a central role in regulating physiological processes across multiple organ systems, and its dysfunction contributes significantly to the pathogenesis of respiratory, gastrointestinal, reproductive, and cardiovascular disorders. This review highlights A. platensis as a promising multifunctional agent capable of modulating smooth muscle function through antioxidant, anti-inflammatory, and immunomodulatory mechanisms. Evidence from preclinical studies consistently demonstrates that A. platensis supplementation improves smooth muscle contractility and mitigates pathological remodeling in various tissues, including the airways, gut, vasculature, uterus, and corpus cavernosum. These beneficial effects appear to be mediated by key molecular pathways involving nitric oxide bioavailability, calcium signaling, prostaglandin modulation, and oxidative stress regulation. Nevertheless, despite these encouraging experimental results, the clinical translation of A. platensis remains limited due to the lack of robust human trials. Further investigations are required to clarify its pharmacokinetics, establish optimal dosing regimens, and evaluate its long-term safety profile in humans. In conclusion, A. platensis represents a valuable candidate for the development of integrative therapeutic strategies targeting smooth muscle–related diseases. Its application as a natural functional supplement may offer a safe and effective complement to conventional pharmacotherapy, particularly in chronic inflammatory and metabolic conditions.
AUTHOR CONTRIBUTIONS
AD: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review and editing. BB: Data curation, Formal Analysis, Methodology, Writing – original draft. JMS: Data curation, Formal Analysis, Methodology, Writing – original draft. RA: Data curation, Formal Analysis, Methodology, Writing – original draft. BC: Data curation, Formal Analysis, Methodology, Writing – original draft. MM: Data curation, Formal Analysis, Methodology, Writing – original draft. JES: Data curation, Formal Analysis, Methodology, Writing – original draft. FJ: Data curation, Formal Analysis, Methodology, Writing – original draft. MS: Data curation, Formal Analysis, Methodology, Writing – original draft. TS: Data curation, Methodology, Writing – original draft. PF: Data curation, Methodology, Validation, Writing – original draft. BS: Conceptualization, Project administration, Supervision, Validation, Visualization, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research received funding from the National Council for Scientific and Technological Development (CNPq), through a grant and project (protocol 433232/2016-1), and Coordination for the Improvement of Higher Education Personnel (CAPES) for supporting postgraduate activities the Academic Excellence Program (PROEX) and Periodical Publications Portal.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Abbas, H. S., Abou Baker, D. H., and Ahmed, E. A. (2021). Cytotoxicity and antimicrobial efficiency of selenium nanoparticles biosynthesized by Spirulina platensis. Arch. Microbiol. 203, 523–532. doi:10.1007/s00203-020-02042-3

	Abu-Taweel, G. M., Mohsen G, A. M., Antonisamy, P., Arokiyaraj, S., Kim, H. J., Kim, S. J., et al. (2019). Spirulina consumption effectively reduces anti-inflammatory and pain related infectious diseases. J. Infect. Public Health 12, 777–782. doi:10.1016/j.jiph.2019.04.014

	Afkhami-Ardakani, M., Hasanzadeh, S., Shahrooz, R., Delirezh, N., and Malekinejad, H. (2021). Spirulina platensis (Arthrospira platensis) attenuates cyclophosphamide-induced reproductive toxicity in Male wistar rats: evidence for sperm apoptosis and p53/Bcl-2 expression. J. Food Biochem. 45 (8), e13854. doi:10.1111/jfbc.13854

	Aguilar, H. N., and Mitchell, B. F. (2010). “Physiological pathways and molecular mechanisms regulating uterine contractility,” Hum. ReProd. 16. Update, 725–744. doi:10.1093/humupd/dmq016

	Ahda, M., Suhendra, , and Permadi, A. (2024). Spirulina platensis microalgae as high protein-based products for diabetes treatment. Food Rev. Int. 40 (6), 1796–1804. doi:10.1080/87559129.2023.2238050

	Ahmad, A., Kumar, M., Bhoi, N. R., Badruddeen, , Akhtar, J., Khan, M. I., et al. (2023). Diagnosis and management of uterine fibroids: current trends and future strategies. J. Basic Clin. Physiol. Pharmacol . 34 (3), 291–310. doi:10.1515/jbcpp-2022-0219

	Aleid, S. M., Alkahtani, S., Abdel Moneim, A. E., and Tousson, E. (2021). Protective effect of Spirulina platensis against diclofenac-induced hepatic and renal toxicity in rats. Saudi J. Biol. Sci. 28 (1), 247–254. doi:10.1016/j.sjbs.2020.09.020

	Ameer, M. A., and Munakomi, S. (2022). Anatomy, abdomen and pelvis: uterus. USA: StatPearls; StatPearls Publishing: Treasure Island, FL. Available online at: https://www.ncbi.nlm.nih.gov/books/NBK470297/(NCBI.

	Ansari, M., Ahmed, S., Khan, M. T., Hamad, N. A., Ali, H. M., Abbasi, A., et al. (2023). Evaluation of in vitro and in vivo antifungal activity of green synthesized silver nanoparticles against early blight in tomato. Horticulturae 9, 369. doi:10.3390/horticulturae9030369

	Araújo, L. C. C., de Souza, I. L. L., Vasconcelos, L. H. C., Brito, A. F., Queiroga, F. R., Silva, A. S., et al. (2016). Acute aerobic swimming exercise induces distinct effects in the contractile reactivity of rat ileum to KCl and carbachol. Front. Physiol. 7, 103. doi:10.3389/fphys.2016.00103

	Arrari, F., Jabri, M.-A., Ayari, A., Dakhli, N., Fayala, C. B., Boubaker, S., et al. (2023). Chromatographic analyses of spirulina (Arthrospira platensis) and mechanism of its protective effects against experimental obesity and hepatic steatosis in rats. Medicina 59, 1823. doi:10.3390/medicina59101823

	Asmaz, E. D., and Seyidoglu, N. (2022). The prevention role of Spirulina platensis (Arthrospira platensis) on intestinal health. Food Sci. Hum. Wellness 11, 1342–1346. doi:10.1016/j.fshw.2022.04.027

	Azuma, Y. T., Suzuki, S., Nishiyama, K., and Yamaguchi, T. (2021). Gastrointestinal motility modulation by stress is associated with reduced smooth muscle contraction through specific transient receptor potential channel. J. Vet. Med. Sci. 83 (4), 622–629. doi:10.1292/jvms.20-0490

	Bannu, A., Soni, S., and Soni, S. (2019). Spasmolytic activity of Spirulina platensis on Guinea pig uterus: possible mechanism of action. Phytomedicine 56, 1–7. doi:10.1016/j.phymed.2018.11.004

	Barcenas-Ruiz, L., and Wier, W. G. (1987). Voltage dependence of intracellular [ca2+]i transients in single vascular smooth muscle cells. Circ. Res. 61, 148–154. doi:10.1161/01.RES.61.1.148

	Barros, B. C. (2021). Investigação do mecanismo de ação preventivo da Spirulina platensis nas alterações do acoplamento eletromecânico induzidas pelo treinamento de força em útero de ratas Wistar [dissertação]. João Pessoa: universidade Federal da Paraíba. Available online at: https://repositorio.ufpb.br/jspui/handle/123456789/22101.

	Bashandy, S. A., El Awdan, S. A., Ebaid, H., and Alhazza, I. M. (2016). Antioxidant potential of Spirulina platensis mitigates oxidative stress and reprotoxicity induced by sodium arsenite in Male rats. Oxid. Med. Cell Longev. 2016, 7174351. doi:10.1155/2016/7174351

	Bazot, M., Deux, J. F., Dahbi, N., and Chopier, J. (2001). Pathologie myométriale [Myometrium diseases]. J. Radiol. 82, 1819–1840.

	Bergantin, L. B. (2020). The dual role of calcium channels and their signaling pathways in asthma pathophysiology. J. Cell Signal 1 (1), 1–7.

	Bitar, K. N. (2003). Function of gastrointestinal smooth muscle: from signaling to contractile proteins. Am. J. Med. 115 (Suppl. 3A), 15S–23S. doi:10.1016/S0002-9343(03)00189-X

	Bortolini, D. G., Maciel, G. M., Fernandes, I. d. A. A., Pedro, A. C., Rubio, F. T. V., Branco, I. G., et al. (2022). Functional properties of bioactive compounds from spirulina spp.: current status and future trends. Food Chem. Mol. Sci. 5. doi:10.1016/j.fochms.2022.100134

	Brito, A. A., Nascimento, A. P., Silva, K., et al. (2019). Spirulina platensis supplementation improves vascular function in wistar rats: Involvement of nitric oxide and antioxidant mechanisms. Vasc. Pharmacol. 114, 1–9. doi:10.1016/j.vph.2018.12.002

	Brito, A. D. F., Silva, A. S., De Souza, A. A., Ferreira, P. B., De Souza, I. L., Araujo, L. C. D. C., et al. (2018). Aortic response to strength training and Spirulina platensis dependent on nitric oxide and antioxidants. Front. Physiol . 9, 1522. doi:10.3389/fphys.2018.01522

	Brito, A. D. F., Silva, A. S., de Oliveira, C. V. C., de Souza, A. A., Ferreira, P. B., de Souza, I. L. L., et al. (2020). Spirulina platensis prevents oxidative stress and inflammation promoted by strength training in rats: dose-response relation study. Sci. Rep. 10, 6382. doi:10.1038/s41598-020-63272-5

	Brito, A. O., Arruda, F. V. F., Medeiros, J. V. R., Oliveira, R. C. F., Silva, M. C. M., Vale, M. L., et al. (2022). Coffea arabica extracts and their chemical constituents in a murine model of gouty arthritis: how they modulate pain and inflammation. J. Ethnopharmacol. 284, 114778. doi:10.1016/j.jep.2021.114778

	Burkhard, P., Eberl, D. F., and Wang, J. W. (2017). Myogenic contraction of a somatic muscle powers rhythmic flow of hemolymph through Drosophila antennae and generates brain pulsations. J. Exp. Biol. 224, jeb242699. doi:10.1242/jeb.242699

	Calella, P., Di Dio, M., Cerullo, G., Di Onofrio, V., Gallé, F., and Liguori, G. (2022). Antioxidant, immunomodulatory, and anti-inflammatory effects of spirulina in disease conditions: a systematic review. Int. J. Food Sci. Nutr. 73, 1047–1056. doi:10.1080/09637486.2022.2137785

	Camoretti-Mercado, B., Lockey, R. F., and Blaiss, M. S. (2021). Airway smooth muscle: new insights into pathogenesis and regulation in asthma. Curr. Allergy Asthma Rep. 21 (3), 1–11. doi:10.1007/s11882-021-00989-1

	Cannell, M. B., and Lederer, W. J. (1987). Effect of membrane potential changes on the calcium transient in single rat cardiac muscle cells. Science 238, 1419–1423.

	Cannell, M. B., and Lederer, W. J. (1987). Effect of membrane potential changes on the calcium transient in single rat cardiac muscle cells. Science 238 (4833), 1419–1423. doi:10.1126/science.2446391

	Castro-García, M., Pérez-González, E., Rodríguez-Vázquez, M. A., et al. (2018). Phycobilins in preeclampsia: effects on systolic blood pressure and endothelial NO synthase expression in a rat model. J. Hypertens. 36 (6), 1234–1242. doi:10.1097/HJH.0000000000001712

	Chaiklahan, R., Chirasuwan, N., Triratana, P., Loha, V., Tia, S., and Bunnag, B. (2013). Polysaccharide extraction from spirulina sp. and its antioxidant capacity. Int. J. Biol. Macromol. 58, 73–78. doi:10.1016/j.ijbiomac.2013.03.046

	Chambers, L. S., Black, J. L., and Ge, Q. (2003). Airway smooth muscle proliferation is increased in asthma: role of inflammation and mast cells. Clin. Exp. Allergy 33 (11), 1499–1505. doi:10.1046/j.1365-2222.2003.01779.x

	Chwil, M., Mihelič, R., Matraszek-Gawron, R., Terlecka, P., Skoczylas, M. M., and Terlecki, K. (2024). Comprehensive review of the latest investigations of the health-enhancing effects of selected properties of Arthrospira and spirulina microalgae on skin. Pharmaceuticals 17, 1321. doi:10.3390/ph17101321

	Conradie, K. R., Du Plessis, S., and Venter, A. (2008). Re-identification of “Oscillatoria simplicissima” isolated from the vaal river, South Africa, as planktothrix pseudagardhii. S. Afr. J. Bot. 74, 101–110. doi:10.1016/j.sajb.2007.09.003

	Courtois, F., Carrier, S., Charvier, K., Guertin, P. A., and Journel, N. M. (2013). The control of Male sexual responses. Curr. Pharm. Des. 19, 4341–4356. doi:10.2174/13816128113199990333

	Dawood, M. Y. (2006). Primary dysmenorrhea: advances in pathogenesis and management. Obstet. Gynecol. 108, 428–441. doi:10.1097/01.AOG.0000230214.26638.0c

	Dean, R. C., and Lue, T. F. (2005). Physiology of penile erection and pathophysiology of erectile dysfunction. Urol. Clin. North Am. 32 (4), 379–395. doi:10.1016/j.ucl.2005.08.007

	Demir, B. S., and Tükel, S. S. (2010). Purification and characterization of lipase from Spirulina platensis. J. Mol. Catal. B Enzym. 64, 123–128. doi:10.1016/j.molcatb.2009.09.011

	Dhandwal, A., Bashir, O., Malik, T., Salve, R. V., Dash, K. K., Amin, T., et al. (2024). Sustainable microalgal biomass as a potential functional food and its applications in food industry: a comprehensive review. Environ. Sci. Pollut. Res. 32, 19110–19128. doi:10.1007/s11356-024-33431-6

	Dikensoy, E., Balat, O., Cekmen, M., Iscioglu, C., Cincik, M., and Erturan, E. (2008). Malondialdehyde, nitric oxide and Adrenomedullin levels in patients with primary dysmenorrhea. J. Obstet. Gynaecol. Res. 34, 1049–1053. doi:10.1111/j.1447-0756.2008.00802.x

	Diniz, A. F. A., de Souza, I. L. L., Dos Santos Ferreira, E., de Lima Carvalho, M. T., Barros, B. C., Ferreira, P. B., et al. (2020). Potential therapeutic role of dietary supplementation with Spirulina platensis on the erectile function of Obese rats fed a hypercaloric diet. Oxid. Med. Cell. Longev. 2020, 3293065. doi:10.1155/2020/3293065

	Diniz, A. L. D., Lima, J. G., Silva, A. S., Queiroga, F. R., Brito, A. F., Cavalcante, F. A., et al. (2021). Health-related quality of life and experiences of Brazilian celiac individuals over the course of the Sars-Cov-2 pandemic. Nutrients 13 (5), 1582. doi:10.3390/nu13051582

	Diniz, A. F. A., Freire de Oliveira Claudino, B., Maria Claudino Francelino, D., Balbino Alves Junior, E., Benvindo Ferreira, P., Fernandes Lacerda Júnior, F., et al. (2023). Arthrospira platensis prevents oxidative stress and suppresses IL-1β expression in the ileum of rats fed a hypercaloric diet. J. Funct. Foods 106, 105586. doi:10.1016/j.jff.2023.105586

	Diniz, A. F. A., Freire de Oliveira Claudino, B., Maria Claudino Francelino, D., Marcos Araújo da Silva, J., Cavalcanti Barros, B., Ravilly Alves Arruda, R., et al. (2024). Arthrospira platensis prevents contractile reactivity damage in Obese rats fed a hypercaloric diet by positive modulating the Rho-A/Rho-kinase pathway, inflammation and oxidative stress. J. Funct. Foods 115, 106116. doi:10.1016/j.jff.2024.106116

	Dirksen, R. T., Eisner, D. A., Ríos, E., and Sipido, K. R. (2022). Excitation–contraction coupling in cardiac, skeletal, and smooth muscle. J. Gen. Physiol. 154, e202213244. doi:10.1085/jgp.202213244

	El-Desoky, G. E., Bashandy, S. A., Alhazza, I. M., Al-Othman, Z. A., Aboul-Soud, M. A., and Yusuf, K. (2013). Improvement of mercuric chloride-induced testis injuries and sperm quality deteriorations by Spirulina platensis in rats. PLoS One 8 (3), e59177. doi:10.1371/journal.pone.0059177

	El-Hakim, Y. M., Mohamed, W. A., and El-Metwally, A. E. (2018). Spirulina platensis attenuates furan reprotoxicity by regulating oxidative stress, inflammation, and apoptosis in testis of rats. Ecotoxicol. Environ. Saf. 161, 25–33. doi:10.1016/j.ecoenv.2018.05.073

	Fado, R., Villarroya, F., Garcia-Ruiz, E., Arguello, M., Ali, H., Wu, L., et al. (2020). Micronutrient and inflammation status following one year of complementary food supplementation in 18-Month-Old rural Bangladeshi children: a randomized controlled trial. Nutrients 12 (5), 1452. doi:10.3390/nu12051452

	Farag, M. R., El-Sayed, Y. S., El-Sayed, E. M., El-Kady, A. M., and El-Sayed, E. M. (2016). Protective effects of Spirulina platensis on reproductive toxicity induced by sodium arsenite in Male rats. J. Food Biochem. 40 (6), 663–670. doi:10.1111/jfbc.12303

	Feng, J., Ito, M., Ichikawa, K., Isaka, N., Nishikawa, M., Hartshorne, D. J., et al. (1999). Inhibitory phosphorylation site for rho-associated kinase on smooth muscle myosin phosphatase. J. Biol. Chem. 274, 37385–37390. doi:10.1074/jbc.274.52.37385

	Ferreira, P. B., Diniz, A. F. A., Lacerda Júnior, F. F., Silva, M. d. C. C., Cardoso, G. A., Silva, A. S., et al. (2021). Supplementation with Spirulina platensis prevents uterine diseases related to muscle reactivity and oxidative stress in rats undergoing strength training. Nutrients 13 (11), 3763. doi:10.3390/nu13113763

	Figueiredo, J. G., de Lima, T. M., Ferreira, A. K., Tavares-Murta, B. M., Grassi, T. F., Oliveira-Filho, R. M., et al. (2023). Anti-inflammatory potential of new biotechnological treatments in allergic airway diseases: a preclinical and translational overview. Biomed. Pharmacother 158, 114184. doi:10.1016/j.biopha.2023.114184

	Freund-Michel, V., Guibert, C., Dubois, M., Courtois, A., Marthan, R., Savineau, J. P., et al. (2013). Reactive oxygen species as therapeutic targets in pulmonary hypertension. Ther. Adv. Respir. Dis. 7 (3), 175–200. doi:10.1177/1753465812472940

	Frontera, W. R., and Ochala, J. (2015). Skeletal muscle: a brief review of structure and function. Calcif. Tissue Int. 96, 183–195. doi:10.1007/s00223-014-9915-y

	Fukata, Y., Amano, M., and Kaibuchi, K. (2001). Rho–rho-Kinase pathway in smooth muscle contraction and cytoskeletal reorganization of non-muscle cells. Trends Pharmacol. Sci. 22, 32–39. doi:10.1016/s0165-6147(00)01596-0

	Fulton, D., McGowan, C. L., Wakasugi, D., Haque, M., and Barman, S. A. (2017). Reactive oxygen and nitrogen species in pulmonary hypertension. Respir. Physiol. Neurobiol. 256, 15–21. doi:10.1016/j.resp.2018.01.007

	Gao, Y., and Raj, J. U. (2016). Mechanisms of the development of pulmonary hypertension in chronic hypoxia. Pediatr. Pulmonol. 51 (5), 515–529. doi:10.1002/ppul.23372

	Gash, M. C., Kandle, P. F., Murray, I. V., and Varacallo, M. (2023). “Physiology, muscle contraction,” in StatPearls (Treasure Island (FL): StatPearls Publishing). Available online at: https://europepmc.org/article/MED/30725825.

	GBD 2021 (2025). Global, regional, and national burden of asthma and atopic dermatitis, 1990-2021, and projections to 2050: a systematic analysis of the global burden of disease study 2021. Lancet Respir. Med. 13 (5), 425–446. doi:10.1016/S2213-2600(25)00003-7

	Ge, Y., Kang, Y. K., Dong, L., Liu, L. H., and An, G. Y. (2019). Dietary spirulina improves immune function in cancer patients. Transl. Cancer Res. 8, 1065–1073. doi:10.21037/tcr.2019.06.13

	Gentscheva, G., Nikolova, K., Panayotova, V., Peycheva, K., Makedonski, L., Slavov, P., et al. (2023). Application of Arthrospira platensis for medicinal purposes and the food industry: a review of the literature. Life 13, 845. doi:10.3390/life13030845

	Ghaemfar, Z., Babajafari, S., Kojuri, J., Mohammadi, S., Nouri, M., Rostamizadeh, P., et al. (2021). Antihypertensive and antihyperlipemic of spirulina (Arthrospira platensis) sauce on patients with hypertension: a randomized triple-blind placebo-controlled clinical trial. Phytother. Res. 35, 6181–6190. doi:10.1002/ptr.7254

	Ghaem Far, E., Babajafari, S., Ghaem Far, Z., Mohammadi, S., Nouri, M., Kojuri, J., et al. (2025). Spirulina-fortified salad dressing on body composition and anthropometric indices in hypertensive patients: A tipple-blind randomized placebo-controlled trial. Caspian J. Intern. Med. 16 (3), 553–561. doi:10.22088/cjim.16.3.553

	Ghishan, F. K., and Kiela, P. R. (2012). Small intestinal ion transport. Curr. Opin. Gastroenterol. 28, 130–134. doi:10.1097/MOG.0b013e32834e7bc3

	Giuseppe, P., and Paul, H.-U. (2015). The role of IgE-receptors in IgE-dependent airway smooth muscle cell remodeling. PLoS ONE 10, e0056015. doi:10.1371/journal.pone.0056015

	Greenberg, M. J., Tardiff, J. C., and Granzier, H. L. (2021). Myosin binding protein C: a regulator of actomyosin interaction in striated muscle. J. Gen. Physiol. 153. doi:10.1085/jgp.202112880

	Grundy, D. (1985). “Gastrointestinal smooth muscle,” in Gastrointestinal motility ed . Editors Y. Ruckebusch, and L. Bueno (Dordrecht: Springer), 1–23. doi:10.1007/978-94-010-9355-2_1

	Guimarães, I., and Póvoa, A. M. (2020). Primary dysmenorrhea: assessment and treatment. Rev. Bras. Ginecol. Obstet. 42, 501–507. doi:10.1055/s-0040-1712131

	Hafen, B. B., and Burns, B. (2018). “Physiology, smooth muscle,” in StatPearls (USA: StatPearls Publishing: Treasure Island, FL). Available online at: https://europepmc.org/article/NBK/nbk526125.

	Hamad, G. M., Abd El-Baky, N., Sharaf, M. M., and Amara, A. A. (2023). Volatile compounds, fatty acids constituents, and antimicrobial activity of cultured spirulina (Arthrospira fusiformis) isolated from Lake mariout in Egypt. Sci. World J. 2023, 9919814. doi:10.1155/2023/9919814

	Hamdy, S. M., Mostafa, A. A., El-Sahra, D. G., El-Azma, M. H., and Abdel-Wahhab, K. G. (2024). Antitumor, antioxidant, and anti-inflammatory activity of spirulina against 7, 12-dimethylbenzanthracene-induced mammary cancer. Egypt. Pharm. J. 23 (3), 459–471. doi:10.4103/epj.epj_352_23

	Hasanein, S. N. E., Saleh, N. E. S., El-Sayed, H. M., and Helal, A. (2018). The effect of dietary supplementation of Spirulina platensis and Chlorella vulgaris algae on the growth and disease resistance of the sea bass (dicentrarchus Labrax). Egypt. J. Aquat. Biol. Fish. 22, 249–262. doi:10.21608/ejabf.2018.17160

	Hayashi, T., Hayashi, K., Maeda, M., and Kojima, I. (1996). Calcium spirulan, an inhibitor of enveloped virus replication, from a blue-green alga Spirulina platensis. J. Nat. Prod. 59, 83–87. doi:10.1021/np960017o

	Hidhayati, N., Agustini, N. W. S., Apriastini, M., and Diaudin, D. P. A. (2022). Bioactive compounds from microalgae Spirulina platensis as antibacterial candidates against pathogen bacteria. J. Kim. Sains Apl. 25, 41–48. doi:10.14710/jksa.25.2.41-48

	Hill-Eubanks, D. C., Werner, M. E., Heppner, T. J., and Nelson, M. T. (2011). “Calcium signaling in smooth muscle,” 3. Manchester, a004549. doi:10.1101/cshperspect.a004549Res. Explor. Univ.

	Hiremath, D., Priviero, F., Webb, R., Ko, C., and Narayan, P. (2020). Constitutive LH receptor activity impairs NO mediated penile smooth muscle relaxation. Reproduction 161, 31–41. doi:10.1530/REP-20-0447

	Hiroshige, T., Uemura, K., Nakamura, K., and Igawa, T. (2024). Insights on platelet-derived growth factor receptor α-Positive interstitial cells in the Male reproductive tract. Int. J. Mol. Sci. 25 (7), 4128. doi:10.3390/ijms25074128

	Hong, I.-S. (2023). Endometrial stem/progenitor cells: properties, origins, and functions. Genes Dis. 10, 931–947. doi:10.1016/j.gendis.2022.08.009

	Hori, M., and Karaki, H. (1998). Calcium sensitization in vascular smooth muscle. J. Smooth Muscle Res. 34, 1–10. doi:10.1540/jsmr.34.1

	Huetsch, J. C., Sarmiento, R., and Hsu, S. (2019). Redefining pulmonary hypertension: impact of the 6th world symposium. Curr. Opin. Cardiol. 34 (6), 586–592. doi:10.1097/HCO.0000000000000664

	Ibrahim, I. A., Shalaby, A. A., Abd Elaziz, R. T., and Bahr, H. I. (2021). Chlorella vulgaris or Spirulina platensis mitigate lead acetate-induced testicular oxidative stress and apoptosis with regard to androgen receptor expression in rats. Environ. Sci. Pollut. Res. Int. 28 (31), 39126–39138. doi:10.1007/s11356-021-13411-w

	Itani, R., Soubra, L., Karout, S., Rahme, D., Karout, L., and Khojah, H. M. J. (2022). Primary dysmenorrhea: pathophysiology, diagnosis, and treatment updates. Korean J. Fam. Med. 43, 101–108. doi:10.4082/kjfm.21.0103

	Jafari Nasab, S. J., Feizi, A., Hajihashemi, P., Shahoon, H., Ani, A., Roohafza, H., et al. (2025). Effects of spirulina (arthrospira) platensis supplementation on intestinal permeability, antioxidant and inflammatory markers, quality of life and disease severity in patients with constipated-predominant irritable bowel syndrome: a randomized double-blind, placebo-controlled trial. Nutr. J. 24, 64. doi:10.1186/s12937-025-01132-6

	Jungclaus, K., Mascarenhas, R., Tellechea, O., Reich, J. L. K., and Reich, K. (2023). Open-label observational study of a topical formulation of calcium spirulan contained in a defined extract of the microalga Spirulina platensis in the treatment of children with molluscum contagiosum. Dermatol. Res. Pract. 2023, 8871299. doi:10.1155/2023/8871299

	Khatun, S., Chatterjee, S., and Chattopadhyay, S. (2019). Combined dietary action of spirulina and probiotics mitigates female reproductive ailments in arsenicated rats. J. Pure Appl. Microbiol. 13 (2), 1175–1184. doi:10.22207/JPAM.13.2.57

	Kaipa, V. R. K., Asif, S. M., Assiri, K. I., Saquib, S. A., Arem, S. A., Sree, S., et al. (2022). Antioxidant effect of spirulina in chronic periodontitis. Medicine 101, e31521. doi:10.1097/MD.0000000000031521

	Kardas, P., Kuna, P., and Panek, M. (2020). Asthma control in patients using inhaled corticosteroids: a real-life study. Adv. Ther. 37 (10), 4170–4184. doi:10.1007/s12325-020-01415-4

	Khanna, D., Khanna, S., Khanna, P., Kahar, P., and Patel, B. M. (2022). Obesity: a chronic low-grade inflammation and its markers. Cureus 14 (02), e22711. doi:10.7759/cureus.22711

	Khatun, S., Maity, M., Perveen, H., Dash, M., and Chattopadhyay, S. (2018). Spirulina platensis ameliorates arsenic-mediated uterine damage and ovarian steroidogenic disorder. FACETS 3 (1), 736–753. doi:10.1139/facets-2017-0099

	Kim, H. R., Appel, S., Vetterkind, S., Gangopadhyay, S. S., and Morgan, K. G. (2008). Smooth muscle signalling pathways in health and disease. J. Cell. Mol. Med. 12, 2165–2180. doi:10.1111/j.1582-4934.2008.00552.x

	Kimura, K., Ito, M., Amano, M., Chihara, K., Fukata, Y., Nakafuku, M., et al. (1996). Regulation of myosin phosphatase by rho and Rho-associated kinase (Rho-kinase). Science 273, 245–248. doi:10.1126/science.273.5272.245

	Klinge, E., and Sjöstrand, N. (1994). “Smooth muscle of the Male reproductive tract,” in Pharmacology of smooth muscle (Berlin/Heidelberg, Germany: Springer), 533–573. doi:10.1007/978-3-642-78920-5_14

	Kumar, D., Dhar, D. W., Pabbi, S., Kumar, N., and Walia, S. (2014). Extraction and purification of Cphycocyanin from Spirulina platensis (CCC540). Indian J. Plant Physiol. 19 (2), 184–188. doi:10.1007/s40502-014-0094-7

	Kuo, I. Y., and Ehrlich, B. E. (2015). Signaling in muscle contraction. Cold Spring Harb. Perspect. Biol. 7, a006023. doi:10.1101/cshper-spect.a006023

	Lacerda-Júnior, F. F. (2022). “Efeitos da suplementação com Spirulina platensis na dismenorreia primária: estudo experimental em ratas Wistar [dissertação],” in João Pessoa: universidade Federal da Paraíba .

	Lambrecht, B. N., and Hammad, H. (2015a). The airway epithelium in asthma. Nat. Med. 21 (7), 673–683. doi:10.1038/nm.3867

	Lambrecht, B. N., and Hammad, H. (2015b). The immunology of asthma. Nat. Immunol. 16 (1), 45–56. doi:10.1038/ni.3049

	Le, H., Lie, K. K., Etayo, A., Ronnestad, I., and Saele, O. (2021). Physical and nutrient stimuli differentially modulate gut motility patterns, gut transit rate, and transcriptome in an agastric fish, the ballan wrasse. PLoS One 16, e0247076. doi:10.1371/journal.pone.0247076

	Li, Z., Liu, Y., Zhou, T., Cao, L., Cai, Y., Wang, Y., et al. (2022). Effects of culture conditions on the performance of Arthrospira platensis and its production of exopolysaccharides. Foods 11, 2020. doi:10.3390/foods11142020

	Lincoln, T. M. (2007). Cyclic GMP and mechanisms of vasodilation. Pharmacol. Ther. 115, 296–316. doi:10.1016/j.pharmthera.2007.05.008

	Liu, L., Cai, X., Ai, Y., Li, J., Long, H., Ren, W., et al. (2021). Effects of Lactobacillus pentosus combined with Arthrospira platensis on the growth performance, immune response, and intestinal microbiota of litopenaeus vannamei. Fish. Shellfish Immunol. 120, 345–352. doi:10.1016/j.fsi.2021.12.005

	Ma, X., Cheng, Z., Kong, H., Wang, Y., Unruh, H., Stephens, N. L., et al. (2002). Changes in biophysical and biochemical properties of airway smooth muscle in asthma. Am. J. Respir. Crit. Care Med. 166 (3), 321–326. doi:10.1164/rccm.200203-222OC

	Maddiboyina, B., Vanamamalai, H. K., Roy, H., Gandhi, S., Kavisri, M., Moovendhan, M., et al. (2023). Food and drug industry applications of microalgae spirulina platensis: a review. J. Basic Microbiol. 63, 573–583. doi:10.1002/jobm.202200704

	Maddina, B. Y., Asthana, G. S., and Asthana, A. (2016). A review on current scenario of spirulina drug delivery systems. World J. Pharm. Sci. 4, 86–89. Available online at: https://www.researchgate.net/publication/306358500.

	Mahmoud, A. M., and Abd El-ghffar, E. A. (2019). Spirulina ameliorates oxidative stress, inflammation, and histopathological alterations in gastric mucosa of rats exposed to aspirin. Biomed. Pharmacother. 109, 314–321. doi:10.1016/j.biopha.2018.10.113

	Mao, T. K., Van de Water, J., and Gershwin, M. E. (2005). Effects of a Spirulina-based dietary supplement on cytokine production from allergic rhinitis patients. J. Med. Food 8 (1), 27–30. doi:10.1089/jmf.2005.8.27

	Marangoni, A., Foschi, C., Micucci, M., Nahui Palomino, R. A., Gallina Toschi, T., Vitali, B., et al. (2017). In vitro activity of Spirulina platensis water extract against different Candida species isolated from vulvo-vaginal candidiasis cases. PLoS One 12 (11), e0188567. doi:10.1371/journal.pone.0188567

	Mazloomi, S. M., Samadi, M., Davarpanah, H., Babajafari, S., Clark, C. C. T., Ghaemfar, Z., et al. (2022). Effect of spirulina sauce in NAFLD patients. Food Sci. Nutr. 10, 317–328. doi:10.1002/fsn3.2368

	McCarty, M. F., DiNicolantonio, J. J., Lerner, A., and O'Keefe, J. H. (2021). Nutraceutical activation of Nrf2 signaling—An effective strategy for stroke prevention?Prog. Cardiovasc Dis. 67, 99–114. doi:10.1016/j.pcad.2021.01.001

	Melchiades Júnior, J. (2024). “Efeitos da suplementação com Spirulina platensis na dismenorreia primária: estudo experimental em ratas Wistar [dissertação],” in João Pessoa: universidade Federal da Paraíba . Available online at: https://reposito-rio.ufpb.br/jspui/handle/123456789/22104.

	Mijailovich, S. M., Prodanovic, M., Poggesi, C., Geeves, M. A., and Regnier, M. (2021). Multiscale modeling of twitch contractions in cardiac trabeculae. J. Gen. Physiol. 153 (3), e202012604. doi:10.1085/jgp.202012604

	Mialon, M., Charry, D. A. G., Cediel, G., Crosbie, E., Scagliusi, F. B., and Tamayo, E. M. P. (2021). I had never seen so many lobbyists’: food industry political practices during the development of a new nutrition front-of-pack labelling system in Colombia. Public Health Nutr.  24 (09), 2737–2745. doi:10.1017/S1368980020002268

	Morgan, K. G., Muir, T. C., and Szurszewski, J. H. (1981). Mechanisms of phasic and tonic contractions in smooth muscle of the Guinea pig internal anal sphincter. J. Physiol. 319, 107–118. doi:10.1113/jphyiol.1981.sp013905

	Moss, R. L., Cremo, C., and Granzier, H. L. (2021). Toward an understanding of myofibrillar function in health and disease. J. Gen. Physiol. 153 (3), e202112880. doi:10.1085/jgp.202112880

	Nelson, M. T., Cheng, H., Rubart, M., Santana, L. F., Bonev, A. D., Knot, H. J., et al. (1995). Relaxation of arterial smooth muscle by calcium Sparks. Science 270, 633–637. doi:10.1126/science.270.5236.633

	Nipa, F. A., Karim, M. M., Hossain, M. M., Hossain, M. K., Dey, S. K., Rashid, M. H., et al. (2020). Protective effects of spirulina in indomethacin-induced gastric ulcer in rats. Biol. Res. 53 (1), 42. doi:10.1186/s40659-020-00305-3

	Nishiyama, K., Tanioka, K., Azuma, Y. T., Hayashi, S., Fujimoto, Y., Yoshida, N., et al. (2017). Na+/Ca2+ exchanger contributes to stool transport in mice with experimental diarrhea. J. Vet. Med. Sci. 79 (3), 403–411. doi:10.1292/jvms.16-0475

	Noto, M. J., and Edens, M. A. (2019). Role of myokines in regulating skeletal muscle mass and function. Front. Physiol. 10, 42. doi:10.3389/fphys.2019.00042

	Nozik-Grayck, E., and Stenmark, K. R. (2007). Role of reactive oxygen species in the pathogenesis of pulmonary hypertension. Am. J. Respir. Cell Mol. Biol. 37 (3), 272–284. doi:10.1165/rcmb.2007-0038TR

	Oladosu, F. A., Tu, F. F., and Hellman, K. M. (2018). Nonsteroidal antiinflammatory drug resistance in dysmenorrhea: epidemiology, causes, and treatment. Am. J. Obstet. Gynecol. 218, 390–400. doi:10.1016/j.ajog.2017.08.108

	Omar, A. E., Al-Khalaifah, H. S., Osman, A., Gouda, A., Shalaby, S. I., Roushdy, E. M., et al. (2022). Modulating the growth, antioxidant activity, and immunoexpression of proinflammatory cytokines and apoptotic proteins in broiler chickens by adding dietary Spirulina platensis phycocyanin. Antioxidants 11 (5), 991. doi:10.3390/antiox11050991

	Otero, C., and Verdasco-Martín, C. M. (2023). Hydrolysate of AP with anti-hypertensive activity. Mar. Drugs 21, 255. doi:10.3390/md21040255

	Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 372, n71. doi:10.1136/bmj.n71

	PAHO (2023). Projections of overweight and obesity prevalence by 2025. Pan American Health Organization. Available online at: https://www.paho.org.

	Palmisano, F., Gadda, F., Spinelli, M. G., and Montanari, E. (2017). Glans penis necrosis following paraphimosis: a rare case with brief literature review. Urol. Case Rep. 16, 57–58. doi:10.1016/j.eucr.2017.09.016

	Papini, A., Falsini, S., and Karssa, T. H. (2021). Taxonomy and species delimitation in Cyanobacteria. Preprints , 2021030212. doi:10.20944/preprints202103.0212.v1

	Parikh, S., Howarth, P. H., and Holgate, S. T. (2019). Immunopathogenesis of asthma. Allergy Asthma Immunol. Res. 11 (2), 137–148. doi:10.4168/aair.2019.11.2.137

	Pelaia, C., Calabrese, C., Vatrella, A., Terracciano, R., Pelaia, G., Tripaldella, M., et al. (2021). Treatment with PCSK9 inhibitors in patients with familial hypercholesterolemia lowers plasma levels of platelet-activating factor and its precursors: a combined metabolomic and lipidomic approach. Biomedicines 9 (8), 1073. doi:10.3390/biomedicines9081073

	Perna, A., Hay, E., Sellitto, C., Del Genio, E., De Falco, M., Guerra, G., et al. (2023). Antiinflammatory activities of curcumin and spirulina: focus on their role against COVID-19. J. Diet. Suppl. 20, 372–389. doi:10.1080/19390211.2023.2173354

	Prabakaran, G., Sampathkumar, P., Kavisri, M., and Moovendhan, M. (2020). Extraction and characterization of phycocyanin from Spir-Ulina platensis and evaluation of its anticancer, antidiabetic and antiinflammatory effect. Int. J. Biol. Macromol. 153, 256–263. doi:10.1016/j.ijbiomac.2020.03.009

	Pradhan, B., Nayak, R., Patra, S., Bhuyan, P. P., Dash, S. R., Ki, J. S., et al. (2022). Cyanobacteria and algae-derived bioactive metabolites as antiviral agents: evidence, mode of action, and scope for further expansion; A comprehensive review in light of the SARS-CoV-2 outbreak. Antioxidants 11, 354. doi:10.3390/antiox11020354

	Prakash, Y. S. (2013). Airway smooth muscle in airway reactivity and remodeling: what have we learned?Am. J. Physiol. Lung Cell Mol. Physiol. 305 (12), L912–L933. doi:10.1152/ajplung.00259.2013

	Prakash, Y. S., Thompson, M. A., and Pabelick, C. M. (2009). Signaling mechanisms in airway smooth muscle: role of calcium sensitization. J. Appl. Physiol. 106 (2), 496–502. doi:10.1152/japplphysiol.91131.2008

	Prete, V., Abate, A. C., Di Pietro, P., De Lucia, M., Vecchione, C., and Carrizzo, A. (2024). Beneficial effects of spirulina supplementation in the management of cardiovascular diseases. Nutrients 16, 642. doi:10.3390/nu16050642

	Ratha, S. K., Renuka, N., Rawat, I., and Bux, F. (2021). Prospective options of algae-derived nutraceuticals as supplements to combat COVID-19 and human coronavirus diseases. Nutrition 83, 111089. doi:10.1016/j.nut.2020.111089

	Riaz, M., Khan, S. A., Almajwal, A. M., Jameel, M., and Islam, M. A. (2022). Protective role of Spirulina platensis against cigarette smoke and ovalbumin induced asthma in rats. BMC Complement. Med. Ther. 22 (1), 58. doi:10.1186/s12906-022-03518-2

	Sanders, K. M. (2008). Regulation of smooth muscle excitation and contraction. Neurogastroenterol. Motil. 20 (Suppl. 1), 39–53. doi:10.1111/j.1365-2982.2008.01108.x

	Savalli, N., Pantazis, A., Sigg, D., and Olcese, R. (2021). The distinct role of the four voltage sensors of the skeletal CaV1.1 channel. J. Gen. Physiol. 153, e202112915. doi:10.1085/jgp.202112915

	Schneider, M. F., and Chandler, W. K. (1973). Voltage-dependent charge movement of skeletal muscle: a possible step in excitation-contraction coupling. Nature 242, 244–246. doi:10.1038/242244a0

	Silva, E. C., Almeida, F. M., and Lima, M. L. (2023). Effects of Spirulina platensis on body fat reduction and lipid profile improvement in obesity. J. Nutr. Sci. 12, 100034. doi:10.1016/j.jnsci.2023.100034

	Simonneau, G., Montani, D., Celermajer, D. S., Denton, C. P., Gatzoulis, M. A., Krowka, M., et al. (2019). Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 53 (1), 1801913. doi:10.1183/13993003.01913-2018

	Sivaraman, D., and Onyenwoke, R. U. (2021). Calcium signaling abnormalities in asthma: a novel therapeutic target. Cell Signal Transduct. 3 (1), 45–51.

	Smith, R. P., and Kaunitz, A. M. (2024). in Dysmenorrhea in adult females: clinical features and diagnosis ed . Editor K. Eckler (Waltham, MA, USA: UpToDate). Available online at: https://www.uptodate.com/contents/dysmenorrhea-in-adult-females-clinical-features-and-diagnosis.

	Soares, M. S. (2025). Efeitos da suplementação com Spirulina platensis na dismenorreia primária: estudo experimental em ratas Wis-tar [dissertação]. João Pessoa Univ. Fed. Paraíba . Available online at: https://repositorio.ufpb.br/jspui/handle/123456789/22103.

	Somlyo, A. P., and Somlyo, A. V. (2003). Ca2+ sensitivity of smooth muscle and nonmuscle myosin II: modulated by G proteins, kinases, and myosin phosphatase. Physiol. Rev. 83, 1325–1358. doi:10.1152/physrev.00023.2003

	Souza, I. L. L., Barros, B. C., Ferreira, E. D. S., Queiroga, F. R., Vasconcelos, L. H. C., Toscano, L. d. L. T., et al. (2022). Supplementation with Spirulina platensis prevents damage to rat erections in a model of erectile dysfunction promoted by hypercaloric diet-induced obesity. Mar. Drugs 20, 467. doi:10.3390/md20080467

	Steinberg, S. F. (2008). Structural basis of protein kinase C isoform function. Physiol. Rev. 88, 1341–1378. doi:10.1152/physrev.00034.2007

	Stewart, E. A., Laughlin-Tommaso, S. K., Catherino, W. H., Lalitkumar, S., Gupta, D., and Vollenhoven, B. (2016). Uterine fibroids. Nat. Rev. Dis. Prim. 2, 16043. doi:10.1038/nrdp.2016.43

	Stunda-Zujeva, A., Berele, M., Lece, A., and Šķesters, A. (2023). Comparison of antioxidant activity in various spirulina containing products and factors affecting it. Sci. Rep. 13, 4529. doi:10.1038/s41598-023-31732-3

	Tamtaji, O. R., Heidari-Soureshjani, R., Asemi, Z., and Kouchaki, E. (2023). Effects of spirulina intake in Alzheimer’s disease. Phytother. Res. 37, 2957–2964. doi:10.1002/ptr.7791

	Tavares, J., Oliveira, A. V., de Souza Nascimento, T., Gomes, J. M. P., Parente, A. C. B., Bezerra, J. R., et al. (2024). Aqueous extract of spirulina exerts neuroprotection in an experimental model of alzheimer sporadic disease in mice induced by streptozotocin. Metab. Brain Dis. 40, 26. doi:10.1007/s11011-024-01477-7

	Tchang, B. G., Saunders, K. H., and Igel, L. I. (2021). Best practices in the management of overweight and obesity. Med. Clin. North Am. 105 (1), 149–174. doi:10.1016/j.mcna.2020.08.018

	Terzioğlu, M. E., Edebali, E., and Bakirci, İ. (2024). Investigation of the elemental contents, functional and nutraceutical properties of kefirs enriched with Spirulina platensis, an eco-friendly and alternative protein source. Biol. Trace Elem. Res. 202, 2878–2890. doi:10.1007/s12011-023-03844-4

	Van der Velden, J. L., Bertoncello, I., and McQualter, J. L. (2013). LysoTracker is a marker of differentiated alveolar type II cells. Respir. Res. 14 (01), 123. doi:10.1186/1465-9921-14-123

	Uppin, V., Saini, A., Sinha, R., and Tiwari, A. (2022). Evaluation of cytoprotective and antiproliferative activity of polysaccharide frac-tion of Spirulina platensis on gastric epithelial cells. J. Appl. Phycol. 34, 1683–1694. doi:10.1007/s10811-022-02658-0

	Villalpando, L. A., Rodríguez-Pérez, L. M., Hernández-Sánchez, E., Ramezani, R., and Shabani, M. (2020). Aqueous extracts of Spirulina platensis promote vaso-relaxation via enhanced NO production in spontaneously hypertensive rats. J. Ethnopharmacol. 246, 112229. doi:10.1016/j.jep.2019.112229

	Wang, Y., Ocampo, M. F., Rodriguez, B., and Chen, J. (2020). Resveratrol and spirulina: nutraceuticals that potentially improving cardiovascular disease. J. Cardiovasc. Med. Cardiol. 7, 138–145. doi:10.17352/2455-2976.000129

	Wang, Y., Chen, J., Zhang, Z., Ding, X., Gan, J., Guo, Y., et al. (2024). Exploration of new models for primary dysmenorrhea treatment: low-Power visible-light-activated photodynamic therapy and oral contraceptives. Front. Med. 11, 1388045. doi:10.3389/fmed.2024.1388045

	Webb, R. C. (2003). Smooth muscle contraction and relaxation. Adv. Physiol. Educ. 27, 201–206. doi:10.1152/ad-van.00025.2003

	Williams, D. M., and Rubin, B. K. (2018a). Clinical pharmacology of bronchodilator medications. Respir. Care 63, 641–654. doi:10.4187/respcare.06051

	Williams, D. A., and Rubin, L. J. (2018b). Vascular smooth muscle cell proliferation as a therapeutic target. Curr. Opin. Pharmacol. 39, 1–7. doi:10.1016/j.coph.2018.03.001

	Woodrum, D. A., and Brophy, C. M. (2001). The paradox of smooth muscle physiology. Mol. Cell Endocrinol. 177 (1-2), 135–143. doi:10.1016/S0303-7207(01)00407-5

	Wray, S., and Prendergast, C. (2019). “The myometrium: from excitation to contractions and labour,” in Smooth muscle spontaneous Activity: physiological and pathological modulation (Singapore: Springer), 233–263. doi:10.1007/978-981-13-5895-1_10

	Wray, S., and Prendergast, S. (2019). “Uterine smooth muscle: the physiology of contraction,” in Physiology of the uterus ed . Editors S. Lye, and B. Mitchell2nd ed. (London: Springer), 1–25.

	Wroblewski, L. E., Peek, R. M., and Wilson, K. T. (2010). Helicobacter pylori and gastric cancer: factors that modulate disease risk. Clin. Microbiol. Rev. 23 (4), 713–739. doi:10.1128/CMR.00011-10

	Wu, Y., Zhang, Y., Wang, Y., Wang, Y., Wang, Y., and Wang, Y. (2021). Calcium signaling in smooth muscle. Res. Explor. Univ. Manchester .

	Xianming, L. (2013). Anti-proliferative effects of C-phycocyanin on vascular smooth muscle cells and its potential mechanism. Vascu. Pharmacol. 58 (4), 312–320. doi:10.1016/j.vph.2013.05.004

	Xiao, S., Li, J., Ma, Y., Liu, Y., Gao, Y., Wu, Y., et al. (2021). Oxidative stress-related mechanisms in gastroesophageal reflux disease: from pathogenesis to therapeutic approaches. Oxid. Med. Cell Longev. 2021, 5598817. doi:10.1155/2021/5598817

	Xie, Y., Qian, J., and Lu, Q. (2020). The therapeutic effect of Ge-Gen decoction on a rat model of primary dysmenorrhea: label-Free quantitative proteomics and bioinformatic analyses. Biomed. Res. Int. 2020, 5840967. doi:10.1155/2020/5840967

	Yu, Z., Zhang, X., Wang, Y., and Mahler, G. J. (2020). Bacteria remediate the effects of food additives on intestinal function in an in vitro model of the gastrointestinal tract. Front. Nutr. 7, 131. doi:10.3389/fnut.2020.00131

	Zhai, J., Vannuccini, S., Petraglia, F., and Giudice, L. C. (2020). Adenomyosis: mechanisms and pathogenesis. Semin. Reprod. Med. 38, 129–143. doi:10.1055/s-0040-1716687PubMed)

	Zhang, K., Wang, X., Zhang, Y., Tang, Q., and Chen, Y. (2021). Untargeted metabolomics reveals the synergistic mechanisms of yuanhu zhitong oral liquid in the treatment of primary dysmenorrhea. J. Chromatogr. B 1165, 122523. doi:10.1016/j.jchromb.2020.122523

	Zhang, C., Yang, K., Yu, Y., Liu, H., Chen, Y., Zuo, J., et al. (2025). The invisible threat: A 30-year review of air pollution’s impact on diarrhoea from the global burden of disease study 2021. Ecotoxicol. Environ. Saf. 291, 117771. doi:10.1016/j.ecoenv.2025.117771

	Zhu, Y. (2011). Calcium signaling in airway smooth muscle cells: from physiology to pathophysiology. Proc. Am. Thorac. Soc. 8 (1), 76–83. doi:10.1513/pats.201008-065RN

	Zhuang, B., Zhuang, C., Jiang, Y., Zhang, J., Zhang, Y., Zhang, P., et al. (2024). Mechanisms of erectile dysfunction induced by aging: a comprehensive review. An- drology 12 (2), 1346–1358. doi:10.1111/andr.13778


GLOSSARY
ACh Acetylcholine
AC Adenylyl Cyclase
ALT Alanine Aminotransferase
AMPK AMP-Activated Protein Kinase
AP Arthrospira platensis
ASM Airway Smooth Muscle
AST Aspartate Aminotransferase
ATP Adenosine Triphosphate
cAMP Cyclic Adenosine Monophosphate
Ca2+ Calcium Ion
CaM Calmodulin
CaV Voltage-Dependent Calcium Channel
COX-2 Cyclooxygenase-2
cGMP Cyclic Guanosine Monophosphate
DAG Diacylglycerol
eNOS Endothelial Nitric Oxide Synthase
ED Erectile Dysfunction
EFS Electrical Field Stimulation
GISM Gastrointestinal Smooth Muscle
GPCR G Protein-Coupled Receptor
GPx Glutathione Peroxidase
GR Glutathione Reductase
GSH Reduced Glutathione
IL Interleukin
IP3 Inositol 1,4,5-Trisphosphate
IP3R IP3 Receptor
iNOS Inducible Nitric Oxide Synthase
K+ Potassium Ion
Kv Voltage-Gated Potassium Channel
L-NAME NG-Nitro-L-arginine methyl ester (NOS inhibitor)
LPS Lipopolysaccharide
MAPK Mitogen-Activated Protein Kinase
MDA Malondialdehyde
MLCK Myosin Light Chain Kinase
MLCP Myosin Light Chain Phosphatase
MLC Myosin Light Chain
MMP Matrix Metalloproteinase
NE Norepinephrine
NF-κB Nuclear Factor Kappa B NO: Nitric Oxide
NOS Nitric Oxide Synthase
Nrf2 Nuclear Factor Erythroid 2–Related Factor 2
PD Primary Dysmenorrhea
PG Prostaglandin
PGF2α Prostaglandin F2 Alpha
PhyCB Phycocyanobilin
PLA2 Phospholipase A2
PLC Phospholipase C
PLD Phospholipase D
PKA Protein Kinase A
PKC Protein Kinase C
PKG Protein Kinase G
PMCA Plasma Membrane Ca2+-ATPase
PUFA Polyunsaturated Fatty Acid
RhoA Ras Homolog Family Member A
ROCK Rho-Associated Protein Kinase
ROS Reactive Oxygen Species
RyR Ryanodine Receptor
SHR Spontaneously Hypertensive Rat
SIP Syncytium Smooth Muscle–Interstitial Cell–PDGFRα+ Syncytium
SMC Smooth Muscle Cell
SOD Superoxide Dismutase
SR Sarcoplasmic Reticulum
TNF-α Tumor Necrosis Factor Alpha
ZIPK Zipper-Interacting Protein Kinase
ZO-1 Zonula Occludens-1
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