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Abstract

:

Para-coumaric acid (p-CA) is a plant derived secondary metabolite belonging to the phenolic compounds. It is widely distributed in the plant kingdom and found mainly in fruits, vegetables, and cereals. Various in vivo and in vitro studies have revealed its scavenging and antioxidative properties in the reduction of oxidative stress and inflammatory reactions. This evidence-based review focuses on the protective role of p-CA including its therapeutic potential. p-CA and its conjugates possesses various bioactivities such as antioxidant, anti-inflammatory, anti-cancer, anti-diabetic, and anti-melanogenic properties. Due to its potent free radical scavenging activity, it can mitigate the ill effects of various diseases including arthritis, neurological disorders, and cardio-vascular diseases. Recent studies have revealed that p-CA can ameliorate the harmful effects associated with oxidative stress in the reproductive system, also by inhibiting enzymes linked with erectile function.
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1. Introduction


Plant secondary metabolites are chemical compounds synthesized through various pathways. Such compounds do not aid in plant growth and development however, they enhance the survival mechanism of plants in different environmental conditions [1]. They possess biological activities and form the parts of human and animal diets. They are predominantly found in fruits, vegetables, cereals, and several other organic food products. Bioactive compounds have great use in disease treatment and management which are utilized as traditional medicine [2]. With a molecular mass of 164.16g/mol, para-coumaric acid (p-CA) is a type of phenolic compound belonging to the hydroxycinnamic acid (HCA) family [3]. It is a class of plant secondary metabolites, which is biologically synthesized through the shikimic acid pathway using phenylalanine and tyrosine as precursors [3,4,5]. It may transform into phenolic acids (e.g., caffeic acid, ferulic acid, chlorogenic acid, and sinapic acid), flavonoids, lignin precursors and other secondary metabolites [3,4]. p-CA is the most abundant isomer of coumaric acid in nature and exists in two forms: cis p-CA and trans p-CA [6]. Compounds belonging to HCA family, such as p-CA are found in green bark of woody vascular plants too [4,7]. Free or bound form of p-CA is widely distributed in fruits (e.g., apple, pear, grape, orange, tomato, and berries), vegetables (e.g., beans, potato, and onion) and cereals (e.g., maize, oat, and wheat) [8]. In such plants, p-CA is found as a component of lignins and tannins [9,10], and is the most prevalent phenolic acids in cereals [11]. p-CA form conjugates with many compounds like alcohols, amines, sugar moiety, lignins, tannins, sterols, hydroxyl acids, etc. Conjugates of p-CA are either water soluble or water insoluble depending on the compounds they are bound with [3]. Water soluble p-CA conjugates are formed when p-CA esterifies with small compounds like alcohols, amines, monosaccharides, etc., while water insoluble p-CA conjugates form when esterified with lignins, tannins, long chain alkyl alcohols or etherified with lignins [12,13]. Conjugates of p-CA can be even more bioactive than free p-CA but these conjugate forms are less likely to be absorbed in the upper gastrointestinal tract [3].



Antioxidant property of p-CA is due to its phenyl hydroxyl group (-OH) that enables them to donate hydrogen or electrons. The median lethal dose (LD50) of p-CA has been found to be 2850 mg/kg in rats [3]. Antioxidant property of p-CA has been associated with the reduction of cadmium-induced renal and liver toxicity [14]. Human studies have suggested that p-CA protects the low-density lipoprotein (LDL) from oxidation and prevents atherosclerosis and coronary heart disease [15]. As a common dietary phenol, p-CA has also been found to inhibit platelet activity both in vitro (in human blood) and in vivo (in rabbit model) [16]. Extracted from the roots of Aristolochia indica (Linn.), p-CA was reported to inhibit prolactin secretion in female mice and hamsters in vivo [17]. p-CA was also found to reduce serum prolactin level in male mice [18]. p-CA was linked with the reduction of testicular weight, accessory sex organs and acid phosphatase in the prostate gland too. Furthermore, p-CA reportedly decreased sexual desire in adult male rats [19]. A recent study on a rat model reported that p-CA can minimize the reproductive toxicity induced by ethanol. It also enhanced fertility rate by reducing testicular dysfunction induced by ethanol [20]. Another recent in vivo study on rats has reported successful mitigation of the adverse effects of doxorubicin (DOX) by p-CA, which also acts as an aphrodisiac agent in the treatment of erectile dysfunction (ED) [21]. Plant-derived compounds have always been of interest to researchers for the development of new drugs and for the management of various human diseases [22]. p-CA could be a promising candidate for use as a drug against several diseases, particularly characterized by oxidative stress. To understand the dose response of p-CA, both clinical and basic research have been conducted with animal and human models [3,22]. For the benefit of basic scientists, researchers, and clinicians there is a need to review the recent literature in a holistic manner on the possible clinical utility of p-CA.




2. Methodology


Search engines such as PubMed, Scopus, and Google Scholar were utilized to collect journal articles regarding the potential use of p-CA in the management of human diseases with a focus on oxidative stress-induced disorders. Keyword strings such as (para-coumaric acid) AND (hydroxycinnamic acid) AND (plant phenolics), (health *) and (management of diseases *), AND (para-coumaric acid) AND (antioxidant), (para-coumaric acid) AND (inflammation) AND (physiology) AND (reproductive physiology) AND (diabetes), (cancer), AND (reproductive health *) ((erection), (sperm), (semen), (ovum), (fertilization)) were used to extract relevant literature from electronic databases. Due to the inability to filter duplicates in the literature search, the number of articles found at each step of the search and filtration process also included duplicates, which were subsequently removed. The conducted search was not restricted to any publication date range. The articles found were carefully reviewed. Article titles were first assessed for relevance, followed by abstracts, and full-text articles. Articles unrelated to this study were removed. Those publications, which did not relate to the specific topics of the current review, were excluded at this stage itself. Exclusion criteria included articles other than in English language.




3. Para-Coumaric Acid (p-CA)


In vitro studies have suggested that the consumption of various phenolic compounds could significantly lower the risk of health problems [23]. It is also established that polyphenols suppress the generation of free radicals, as they can reduce the rate of oxidation and deactivate the free radicals [21]. In addition to radical scavenging activity, polyphenols are known metal chelators [15,24]. Phenolic compounds such as HCA can activate antioxidant responsive gene expression (through ARF/Nrf-2 pathway) and protect against severe diseases [25]. HCAs are the major class of natural phenolic compounds, having a C6-C3 carbon skeleton with a double bond in the side chain that may have cis or trans configuration [26]. Common HCAs include cinnamic acid, o-coumaric acid, m-coumaric acid, p-coumaric acid, caffeic acid, ferulic acid and sinapic acid [4]. They play a scavenging role against oxidative stress, where these are found as free carboxylic acids, esters, or amides. p-CA is one of the most important HCAs, as it plays a key role in secondary metabolism, which may transform into phenolic acids (e.g., caffeic acid, ferulic acid, chlorogenic acid, and sinapic acid), flavonoids, lignin precursors and other secondary metabolites [3,4]. p-CA exhibits various biological properties namely antioxidant, anti-inflammatory, and anti-cancer agents. With its antioxidant and anti-inflammatory properties, p-CA can mitigate the harmful effects of various diseases such as diabetes and rheumatoid arthritis.



3.1. Alleviation of Oxidative Stress


Several studies suggested that p-CA can reduce oxidative stress due to its scavenging property against free radical formation [27,28,29]. The antioxidant property of p-CA is attributed to its phenyl hydroxyl group (-OH) that enables it to donate hydrogen or electrons. The antioxidant activity of p-CA has been demonstrated in several experiments, where it showed protective effects on cultured endothelial cells against oxidative stress induced by high glucose and free fatty acids [30]. p-CA can also minimize the oxidative stress in keratinocytes exposed to ultraviolet radiation [31]. In lens epithelial cells, p-CA has been shown to mitigate the effects of oxidative stress induced by hydrogen peroxide (H2O2) [32].



In vivo studies on a rat model suggested that p-CA at 50 mg/kg body weight can reduce basal oxidative DNA damage more effectively than vitamin E and induce glutathione (GSH) like enzymes such as glutathione S-transferase Mu 2(GST-M2) in colonic mucosa [33]. Another study on a rat model reported that p-CA at a dose of 8 mg/kg body weight minimizes the adverse effects of isoproterenol in myocardium. A high dose of isoproterenol (100 mg/kg body weight) resulted in acute myocardial necrosis by generating free radicals. Although, free radical scavenging activity of p-CA prevents cardiac damage induced by isoproterenol [29]. Cardio-protective effects of p-CA was revealed by a reduction in lipid peroxidation level, cholesterol oxidation, and low-density lipoprotein (LDL) resistance [34,35]. An in vitro study in PC12 cells and another study in mice reported p-CA to exhibit anti-hyperlipidemic property, where it reduced the oxidative stress against high lipid diet, and protected liver from steatosis [36]. In the rat model, p-CA was also found to reduce LDL oxidation [15].



The protective role of p-CA on renal tissue was reported as it reduced oxidative stress and minimized cadmium-induced renal toxicity in albino Wistar rats [14]. In mice, at a dose of 100 mg/kg body weight, p-CA increased neuronal strength against ischemia reperfusion injury by reducing oxidative stress and increasing superoxide dismutase (SOD) and catalase (CAT) activities [37]. Another in vivo study reported the neuroprotective effects of p-CA against cisplatin, an anti-neoplastic drug possessing neurotoxic effects by producing oxidative stress; pretreatment of rats with p-CA at a dose of 100 mg/kg body weight reduced oxidative stress by enhancing SOD and GSH activity and minimizing the effects of cisplatin [38]. Moreover, the antioxidant property of p-CA enhanced upon conjugation with quinic acid, monosaccharides, and amines [3,39]. An in vivo study in rats has reported that p-CA at doses of 50, 100 and 200 mg/kg body weight can minimize the reproductive toxicity induced by ethanol. It also restored male fertility by reducing testicular dysfunction induced by ethanol through its antioxidant property [20]. Another recent in vivo study in a rat model suggested that at doses of 50 and 100 mg/kg body weight p-CA inhibits the erectogenic enzymes associated with ED. It further improves non-protein thiol (an antioxidant) level in the penile tissue and acts as an aphrodisiac agent against doxorubicin (DOX)-induced ED. DOX induced penile tissue showed higher levels of erectogenic enzymes, however, treatment with p-CA reduced the level of erectogenic enzymes and mitigated the adverse effects of DOX in male rats [21].




3.2. Mitigation of Inflammation


p-CA has an anti-inflammatory activity as it decreases the expression of the inflammatory mediators such as TNF-α and IL-6. Nuclear factor kappa light chain enhancer of activated B cells (NF-κB) is a family of transcription factor that regulates inflammatory response i.e., the production of cytokines. Studies have shown that p-CA can inhibit the activation of NF-κB and reduce the levels of TNF-α [40,41,42].



In rats, at a dose of 100 mg/kg body weight, p-CA reduced the effects of monosodium urate (MSU) crystals by its anti-inflammatory activity in vivo. MSU triggers inflammatory reaction by enhancing the release of cytokines that result into a disease condition—gout. p-CA, by virtue of its antioxidant and anti-inflammatory activities, reduced the expression of cytokines [40]. In lipopolysaccharide (LPS) induced sepsis rat model, p-CA showed antioxidant and anti-inflammatory effects in vivo. At 100 mg/kg body weight, it reduced the levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) in lungs and liver, and further increased the levels of anti-inflammatory cytokines (IL-4, IL-10), when treated in combination with ellagic acid (EA). In LPS induced septic rats, p-CA also increased the antioxidant levels [43]. p-CA at doses of 50, 100 and 200 mg/kg body weight in rats, alleviates ethanol induced nephrotoxicity by inhibiting NF-kB signaling which reduces the pro-inflammatory cytokines production, it also lowers the cellular apoptosis by elevating Bcl-2 expression and restores antioxidant level [42].




3.3. Role in Cancer


p-CA and ferulic acids (FA) at a dose of 150 μM have been able to change gene expression in human Caco-2 colon cancer cell lines and caused changes in cell cycle progression. p-CA impairs the G2/M phase of the cell cycle too. It also possesses anti-proliferative activity, and further inhibited Caco-2 and ECV304 cells at high concentrations of 1.5 and 5 mmol/L [44].



Furthermore, p-CA has been shown to moderately inhibit the growth of some tumor cell lines and decrease the viability of neuroblastoma cells N2a (EC50 = 104 μmol/L), human lung cells A549, and colon cells HT29-D4, by reducing the adhesion and migration of cancer cells and helping with inhibition of spread of cancer cells and cancer stem cells [44,45,46,47].



4-O-(2″-O-Acetyl-6″-O-pcoumaroyl-D-glucopyranosyl)-p-CA, a conjugate of p-CA, isolated from Bidens pilosa demonstrated high anti-proliferative activity in lung cancer cell lines A549, NCI-H1299 and HCC827 with IC50 values of 37.73, 50.6 and 62.0 μg/mL, respectively [48]. Kaempferol-3-(6″-coumaroyl glucoside), another conjugate of p-CA, isolated from Solanum elaeagnifolium also showed high cytotoxic effect against breast cancer cell line MCF7 (IC50 = 6.9 μmol/L), and the liver cancer cell line HPG2 (IC50 = 32.6 μmol/L) [3,48]. These conjugates of p-CA showed anti-tumor activity by elevating the action of proteins involved in the mitochondria-mediated apoptosis (i.e., C-caspase-3, C-caspase-9, Bcl-2, Bcl-xl, Bcl-xs, Mcl-1, Bad and Bax) [12]. An in vitro study involving ECV304 cell line reported that p-CA inhibits the AKT and ERK signaling pathways thus hindering cell proliferation, these signaling pathways are followed by cancer cells [49].




3.4. Role in Diabetes


Studies also reported the anti-diabetic activity of p-CA where, at 100 mg/kg body weight, blood glucose levels declined and blood insulin levels elevated in streptozotocin (STZ)-induced diabetic rats. STZ causes devastation of pancreatic β cells, and results in hyperglycemia. STZ-induced diabetic rats also showed lower levels of vitamins E, C, GSH and SOD, but pre-treatment with p-CA presented with normal blood levels of insulin, vitamins E and C, GSH and SOD [50]. Another study reported that p-CA through its antioxidant properties can modulate the gluconeogenic enzymes and help in lowering of the blood glucose level. At a dose of 100 mg/kg body weight administered on STZ-induced diabetic rats, p-CA also increased the hexokinase activity as well as the expression of glucose transporter 2 (GLUT2) mRNA in pancreas [51].



A recent in vivo study in a rat model suggested that p-CA exhibits a protective role against diabetic nephropathy (DN) through its anti-inflammatory and antioxidant properties [52]. DN rats showed high levels of TLR 4, IL-6, and TGF β1 whereas treatment with p-CA at a dose of 100 mg/kg body weight reduced the levels of TLR 4, IL-6, and TGF β1. Via its antioxidant property, p-CA also reduces the level of MDA and increases the level of SOD [52]. A study revealed that p-CA derivatives inhibit alpha-glucosidase activity, and alpha-glucosidase results in delayed digestion of starch and sucrose into glucose, and hence lowers the blood glucose level [53].



p-CA increases the phosphorylation of AMP activated protein kinase (AMPK) in L6 skeletal muscle cells, where this may result in modulation of glucose and lipid metabolism. AMPK is an enzyme that regulates energy homeostasis by boosting glucose uptake [54]. p-CA also increases phosphorylation of acetyl CoA carboxylase (ACC) as well as the expression of carnitine palmitoyltransferase-1 (CPT-mRNA) and peroxisome proliferator-activated receptor (PRAR) that may result in elevated beta–oxidation of fatty acids, and triacylglycerol synthesis [54]. An in vivo study in rat liver suggested that p-CA can inhibit gluconeogenesis. At IC50 value 92.5 μmol/L, p-CA inhibited the transformation of lactose into glucose, whereas at IC50 value of 75.7 μmol/L it inhibited the production of glucose from alanine and ultimately resulted in lowered blood glucose level [55].




3.5. Role in Dermatology


Several studies reported the anti-melanogenic effect of p-CA. Isolated from Sasaquel paertensis, culms and leaf extract containing p-CA inhibited melanogenesis in murine melanoma B16/F10 cells stimulated with alpha-melanocyte (α-MSH) stimulating hormone [56]. It also showed anti-melanogenic effects on human melanocytes [56]. Melanin is synthesized from tyrosine, catalyzed by tyrosinase (TYR) enzyme, and p-CA has close structural similarity with tyrosine [57,58]. p-CA due to structural similarity with tyrosine, is impaired with mushroom tyrosinase (TYR) enzyme, and inhibits tyrosine oxidation [59]. p-CA has been shown to possess a strong capacity to inhibit human TYR, and it also mitigated ultraviolet (UV) radiation toxicity in human skin cells in vitro [60]. Ex vivo skin permeation experiment and in vivo testing suggested that p-CA in the form of cream can diffuse into skin. Additionally, methyl p-CA also possesses anti-melanogenic effects [61]. A recent study suggested that p-CA acts as skin lightening agent and can be used in cosmetics [58]. Another in vitro study in HaCaT cells reported that p-CA possesses an anti-photoaging effect and was found to minimize the effects of UVB induced stratifin release from keratinocytes, which resulted in mitigation of matrix metalloproteinase 1 (MMP1). Stratifin-induced MMP1 expression in fibroblast resulted in skin remodeling and formation of wrinkles, and p-CA reportedly acts as an anti-photoaging agent via attenuated stratifin release [31]. The various in vivo and in vitro studies have been depicted in Table 1 and Table 2.





4. Mechanism of Action


p-CA mitigates the effects of several diseases by modulating various mechanisms. Several studies suggested that p-CA elevates the level or the activity of enzymes that reduce oxidative stress and inflammation [2,36,52]. Several factors and/or mechanisms through which p-CA exerts its beneficial effects are discussed below.



4.1. Antioxidative Mechanism


Every living organism maintains a condition of homeostasis between the oxidative stress and antioxidant species. Oxidative stress refers to the excessive production of reactive oxygen species (ROS) in the cells and tissues. ROS are normally produced in minimal quantity and are involved in the regulation of processes such as signal transduction, gene expression, and activation of receptors [66]. Oxidative stress can damage the cellular structures, such as cell membrane, lipids, proteins, and DNA [67]. However, the body’s antioxidant systems counteract the effects of ROS. Imbalance in this process can lead to the damage of cellular molecules including DNA, proteins, and lipids [68]. Furthermore, uncontrolled oxidative stress can accelerate the aging process and may contribute to the development of a number of diseases. Oxidative stress is induced by free radicals such as superoxide radicals (O2−), hydrogen peroxide (H2O2), hydroxyl radicals (OH), and singlet oxygen (1O2) which are commonly defined as ROS [69]. The major site of generation of ROS is mitochondria under both physiological and pathological conditions [70].



HCAs such as p-CA, FA and CA have been found to activate the expression of antioxidant responsive genes via the ARF/Nrf-2 pathway [25]. An in vivo study in a rat model suggested that p-CA can activate nuclear factor erythroid 2 related factor (Nrf2), a transcription factor that regulates antioxidant response element (ARE)-mediated gene expression of downstream target genes, such as glutathione peroxidase that elevate the cardiac antioxidant capacity. The antioxidative mechanisms of p-CA are depicted in Figure 1 and Figure 2.




4.2. Anti-Inflammatory Mechanism


Inflammation is a vital part of the immune system’s response to injury and infection [71]. It is a way of signaling the immune system to heal and repair the damaged tissue as well as defend itself against foreign invaders, such as viruses and bacteria [72]. However, excessive prolonged inflammatory response can be problematic. Chronic inflammation has been linked to certain diseases, such as heart disease, cancer, Alzheimer’s disease, rheumatoid arthritis, and diabetes [73]. However, a healthy diet and lifestyle can help to keep inflammation under control. NF-KB is an inducible transcription factor, and after its activation many genes that result in the production of cytokines possibly get activated, thereby regulating inflammation [71]. However, prolonged inflammation can lead to many chronic diseases, and p-CA can mitigate such inflammation through its anti-inflammatory action [40,41]. The anti-inflammatory mechanism of p-CA is depicted in Figure 3.




4.3. Anti-Cancer Mechanism


Cancer is a group of diseases that results from uncontrolled cell division. Carcinogenesis can develop in a number of ways including rapid self-proliferation, insensitivity to anti-proliferative signals, and escaping signaling from apoptosis. The mechanism of action of anti-cancer drugs can be varied such as by affecting the gene that regulates cell proliferation, cell cycle, apoptosis; or by suppressing the enzymes that are needed for cell proliferation [46]. ROS enhance initiation of tumor formation and lead to carcinogenesis [44,45,46]. The anti-cancer mechanism of p-CA is depicted in Figure 4.




4.4. Anti-Diabetic Mechanism


Diabetes mellitus (DM) is the body’s inability to regulate the level of glucose in the blood. Chronic hyperglycemia may occur due to abnormal insulin secretion or action and may further lead to disorders in the metabolism of carbohydrates, fats, and proteins [74]. During diabetes mellitus, ROS production increases via auto-oxidation of glucose and non-enzymatic protein glycation which may also result in cellular oxidative damage [50]. p-CA reduces oxidative stress by enhancing the production of antioxidant enzymes and attenuates the oxidative stress induced by DM [75]. Insulin is a hormone secreted by pancreatic beta cells maintains glucose homeostasis by regulating the actions of different enzymes. Uncontrolled hyperglycemia may cause several pathological conditions such as neuropathy, nephropathy, and retinopathy [76]. In muscles and adipose tissue, glucose uptake is controlled by the action of insulin pathway [77]. p-CA increases the insulin production and GLUT 2 expression [51]. p-CA reduces the actions of gluconeogenic enzymes and enhances the activity of hexokinase, glucose 6 phosphatase dehydrogenase and helps in lowering blood glucose level [51,55]. p-CA acts as an AMPK pathway activator and through which it helps to reduce blood glucose level [54]. The anti-diabetic mechanism of p-CA is depicted in Figure 5.




4.5. Anti-Melanogenic Activation and Mechanism of Action


UV radiation incites DNA damage and acts as a major factor for carcinoma. It also causes skin damage, and its repair system induces melanogenesis [78]. Melanin, a natural skin pigment has beneficial effects on the skin via prevention of UV radiation-induced skin damage [79]. Abnormal accumulation of melanin may result in hyperpigmentation [58]. Melanin is synthesized in melanocytes with the help of the enzyme tyrosinase. p-CA acts as an anti-melanogenic agent by impairing the melanin synthesis pathway [56,57,61]. By reducing melanin concentration in skin cells, p-CA acts as a hypo-pigmenting agent and has attracted special interest as an ingredient in cosmetic products [58]. p-CA acts as a skin hypo-pigmenting agent via multiple mechanisms [31]. UV radiation stimulates ROS generation in epithelial cells of skin, which induces several pathways and results in generation of melanin with the help of tyrosinase enzyme [79,80]. Tyrosinase plays a central role in the biosynthesis of melanin, and melanin again absorbs UV radiation and reduces oxidative stress [81]. Melanin deposition in the skin results in darker skin complexion. p-CA has structural similarity with tyrosine. It competes with tyrosine for the same enzyme tyrosinase and impairs melanin synthesis by inhibiting the tyrosinase enzyme [57]. p-CA also reduces ROS production through its antioxidant activity and reduces oxidative stress [58]. The anti-melanogenic mechanism of p-CA is depicted in Figure 6.





5. Conclusions and Future Perspectives


Plant parts have been used for the control of various diseases since ancient times. In the past few years, phytochemicals have gained renewed attention for discovery of drugs for the treatment of various diseases. As a large number of drugs have been developed from phytochemicals either directly or indirectly, the knowledge of chemical structure and mechanisms of action of phytochemicals can be used further to develop p-CA based drugs for the management of several oxidative stress induced diseases [82].



Belonging to the HCA family of phytochemicals, p-CA is synthesized from the precursor tyrosine and phenylalanine through the shikimic acid pathway. It is abundant in many edible plants and their fruits. Presence of –OH group in its structure enables donation of H+ to free radicals and neutralizes them [26,83]. Thus, p-CA possesses radical scavenging property and can mitigate the diseased condition caused by ROS and basal DNA oxidative damage. Various in vivo and in vitro studies have shown p-CA as a powerful antioxidant, anti-diabetic, anti-cancer, and anti-inflammatory agent [83]. Studies reported that p-CA enhances the production of antioxidant enzymes by activating the ARF/Nrf-2 pathway [25]. p-CA can also interfere with the NF-κB pathway and reduce the production of pro-inflammatory cytokines thus minimizing the disease condition caused by hyper-inflammation [40,41,42]. Through its antioxidant and anti-inflammatory activities, p-CA also mitigates the adverse effects of arthritis, cancer, diabetes and several other neurological and nephrological disorders [3]. It also acts as a cardioprotective, UV protective and skin-lightening agent. By possessing structural similarity with tyrosine, p-CA can impair the tyrosinase enzyme and lower the rate of melanin synthesis and acts as a hypo-pigmenting agent [58,59,60]. p-CA protects different organs from oxidative damage and inflammation. Oxidative stress also affects the reproductive system of the body and reduces fertility, and p-CA through its antioxidant property may be able to mitigate such adverse effects of oxidative stress in reproductive tissues. It reduces erectogenic enzymes such as arginase, phosphodiesterase (PDE)-5, AchE and AMPdase and ameliorates ED [21].



At doses of 50 and 100 mg/kg body weight, p-CA exhibited advantageous effects against various oxidative stress-induced diseases in animal models. By calculating these animal doses of p-CA in humans, it may be proposed that p-CA at a dose range of 8.11–16.22 mg/kg body weight may give beneficial clinical results in humans. However, before any therapeutic use, these doses must be validated through human experimentations and clinical trials.
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Figure 1. Generation of oxidative stress and its neutralization by p-CA. Oxidative phosphorylation takes place in the inner mitochondrial membrane that results in the synthesis of ATP. During oxidative phosphorylation, electrons flow from complex I to complex IV and finally, are accepted by O2. Normally, O2 accepts 4e- and gets converted into H2O but when it accepts unpaired electrons it generates ROS. p-CA can neutralize ROS by donating e- to ROS (such as O2, H2O2, OH, 1O2) and produces H2O. 
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Figure 2. Action of p-CA in ARE/Nrf2 pathway. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor of the leucine zipper family, which regulates the expression of antioxidant enzymes/proteins. It has a specific repressor in the cytoplasm namely Keap1 (Kelch-like ECH-associated protein 1), which mediates the proteosomal degradation of Nrf2. Oxidative stress conditions, and many exogenous chemicals, alter the redox status of keap1 cysteine residues that result in destabilization of keap1, which allows Nrf2 translocation to the nucleus. In the nucleus it binds with antioxidant response element (ARE) resulting in the synthesis of antioxidant enzymes. p-CA can destabilize the keap1 and this results in the activation of Nrf2 and helps in the synthesis of antioxidant enzymes. 
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Figure 3. Anti-inflammatory action of p-CA. p-CA impairs the function of NF-kB and reduces the production of cytokines. The products of NF-kB genes act as transcription factors of pro-inflammatory cytokines. p-CA modulates the function of NF-kB gene and inhibits its downstream pathways thereby reducing the cytokine production. By inhibiting NF-kB gene, p-CA acts as an anti-inflammatory agent. 
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Figure 4. Anti-cancer action of p-CA. p-CA acts an anti-cancer agent through impairment of a number of mechanisms that promote cancer. By modulating ERK and AKT pathways p-CA can inhibit cell proliferation. It also activates pro-apoptotic factors and induces apoptosis in cancer cells. 
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Figure 5. Antidiabetic mechanism of p-CA. p-CA mitigates diabetes mellitus through a number of mechanisms. Diabetes mellitus is characterized by high blood glucose. p-CA acts as an anti-diabetic agent by reducing blood glucose level. It reduces blood glucose level by inhibiting gluconogenesis, a mechanism where non-carbohydrates (proteins and fatty acids) are converted into glucose in the liver. p-CA also protects pancreatic beta cells from damage by minimizing oxidative stress in the pancreas. It also reduces the glucose absorption in blood by inhibiting alpha glucosidase enzyme which is necessary for converting starch to glucose. By modulating AMPK enzymes, p-CA can increase the uptake of glucose. 
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Figure 6. Melanin is synthesized in the melanocytes catalyzed by specific enzymes. UV induced oxidative stress in melanocytes results in activation of different genes that lead to elevated expression of tyrosinase. Tyrosine is the precursor of melanin; it first converts into L-DOPA quinine through the action of tyrosinase. L-DOPA quinine then converts into melanin by a series of enzymes. p-CA has structural similarity with tyrosine and competes with tyrosine for the same enzyme tyrosinase and thus impairs melanin synthesis. p-CA also reduces UV induced oxidative stress and impairs signaling pathways that lead to gene expression for tyrosinase synthesis. 
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Table 1. Clinical significance of p-CA. In vivo dose responses of p-CA administration in various experimental models are shown below.
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	Experimental Model
	Dose
	Results
	Calculated Human Dose [62]
	Reference(s)





	Rat
	100 mg/kg body weight
	Protective effects on diabetic neuropathy (DN) through anti-inflammatory activity
	16.22 mg/kg body weight
	[52]



	Mouse
	100 mg/kg body weight
	Anti-hyperlipidemic activity by reducing lipid aggregation in liver tissue in high fat diet
	8.11 mg/kg body weight
	[36]



	Rat
	100 mg/kg body weight
	Reduction of oxidative stress on penile tissue induced by doxorubicin (DOX); mitigation of adverse effects of erectogenic enzymes and acting as an aphrodisiac agent in the treatment of erectile dysfunction (ED) in the male
	16.22 mg/kg body weight
	[21]



	Rat
	100 mg/kg body weight
	Protective effects against lipopolysaccharides (LPS)-induced lung inflammation
	16.22 mg/kg body weight
	[63]



	Rat
	100 mg/kg body weight
	Protective effects on rheumatoid arthritis (RA) by suppression of inflammatory cytokines
	16.22 mg/kg body weight
	[64]



	Rat
	50, 100 and 200 mg/kg body weight
	Reduction of stress on testicular tissue induced by ethanol and improvement of reproductive health in the male
	8.11, 16.22 and 32.43 mg/kg body weight
	[20]



	Mouse
	100 mg/kg body weight
	Neuroprotective effects by reducing ischemia reperfusion (IR)-induced brain oxidative stress
	8.11 mg/kg body weight
	[37]



	Rat
	100 mg/kg body weight
	p-CA reduced the neurotoxicity in cisplantin-induced animals through its antioxidant property
	16.22 mg/kg body weight
	[38]



	Rat
	100 mg/kg body weight
	Acting as an anti-diabetic agent, p-CA lowers the action of gluconeogenic enzymes and enhances the expression of glucose transporter 2 (GLUT 2) in pancreatic beta cells
	16.22 mg/kg body weight
	[51]



	Rat
	100 mg/kg body weight
	Protective effects against cadmium chloride-induced renal toxicity through its antioxidant property and metal chelating activity
	16.22 mg/kg body weight
	[14]



	Rat
	8 mg/kg body weight
	Minimizes the effect of isoproterenol on myocardium by maintaining lysosomal lipid peroxidation level
	1.3 mg/kg body weight
	[29]



	Rat
	100 mg/kg body weight
	Mitigates the effects of gout via anti-inflammatory activity against monosodium urate (MSU) crystals-induced inflammation
	16.22 mg/kg body weight
	[40]



	Rat
	50 and 100 mg/kg body weight
	Protective effects on sepsis through antioxidant and anti-inflammatory property
	8.11 and 16.22 mg/kg body weight
	[43]



	Rat
	50 mg/kg body weight
	Reduction of basal DNA damage in rat colonic mucosa cells by increasing antioxidant enzyme levels
	8.11 mg/kg body weight
	[33]
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	Experimental Model
	Dose
	Results
	Reference(s)





	Bovine aorticendothelial cells (BAEC)
	20, 40, 80 and 160 mM
	Antioxidant property in endothelial cells exposed to high glucose
	[30]



	Human keratinocyte cell line (HaCaT)
	0.018, 0.06 and 0.18 mM
	As an anti-photoaging agent, p-CA reduces the expression of UV induced stratifin in keratinocytes
	[31]



	Rat pheochromocytoma cell linePC12
	0.30mM
	Protective effects on PC12 cells against 2,2′-Azobis(2-amidinopropane), dihydrochloride (AAPH) induced oxidative stress; p-CA reduced the level of malondialdehyde (MDA) and lactate dehydrogenase (LDA) production in AAPH induced PC12 cells and acted as antioxidant and anti-hyperlipidemic agents
	[36]



	Murine macrophage cell lineRAW264.7
	0.06, 0.30 and 0.60 mM
	Inhibition of pro-inflammatory cytokine production by blocking NF-kB and MAPK pathways; protective effects against LPS induced RAW264.7 cells
	[41]



	A549 cells
	20 mM
	p-CA shows protective effects on LPS induced lung inflammation in rat and A549 cells
	[63]



	Human colonic cell line Coca-2
	1.5 mM
	Inhibition of cell proliferation by affecting cell cycle
	[44]



	Mouse neuroblastoma cell lineN2a
	0.15 mM
	Acts as an anti-cancer agent in N2a neuroblastoma cells by inducing apoptosis
	[47]



	Rat endothelial ECV304 cells
	0.5, 1, 2.5 and 5mM
	Inhibition of angiogenesis and tumor growth at 5 mM dose
	[49]



	Colon cancer lines HCT-15 and HT-29
	1.4 mM (HCT-15) and 1.6 mM (HT-29)
	p-CA acts as anti-cancer agent by inducing mitochondrial mediated apoptosis
	[65]



	Lung cancer cell lines A549, NCI-H1299 and HCC827
	0.06, 0.12, 0.24, 0.36, 0.48 and 0.61 mM
	p-CA conjugates induced apoptosis by upregulation of caspase-3, caspase-9, bax, bad and downregulation of Bcl-2
	[3]



	Rat liver
	0.05, 0.1, 0.2, 0.25 and 0.3 mM
	Inhibition of gluconeogenesis from lactate and alanine, thus lowering blood glucose level
	[55]



	L6 skeletal muscle cells
	0.1 mM
	Modulation of AMPK, increase of glucose uptake, enhancement of fatty acid beta oxidation, and prevention of type-2 diabetes
	[54]



	Murine melanoma cell line B16/F10 and human melanocytes
	0.1 mM
	Inhibition of cellular melanogenesis in both B16/F10 and human melanocytes by attenuating a-MSH and tyrosinase expression
	[56]



	Ex vivo mouse model
	0.1 mM
	Inhibition of tyrosinase enzyme; inhibition of melanin biosynthesis
	[58]
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