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Abstract

:

Naturally occurring food-derived active ingredients have received huge attention for their chemopreventive and chemotherapy capabilities in several diseases. Rosmarinic acid (RA) is a caffeic acid ester and a naturally-occurring phenolic compound in a number of plants belonging to the Lamiaceae family, such as Rosmarinus officinalis (rosemary) from which it was formerly isolated. RA intervenes in carcinogenesis through different ways, including in tumor cell proliferation, apoptosis, metastasis, and inflammation. On the other hand, it also exerts powerful antimicrobial, anti-inflammatory, antioxidant and even antidepressant, anti-aging effects. The present review aims to provide an overview on anticancer activities of RA and to deliberate its therapeutic potential against a wide variety of diseases. Given the current evidence, RA may be considered as part of the daily diet in the treatment of several diseases, with pre-determined doses avoiding cytotoxicity.
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1. Introduction


Rosmarinic acid (RA) is an ester of caffeic acid and 3,4-dihydroxyphenyl lactic acid that occurs in nature as phenolic compounds. Its molecular formula is C18H16O8 and is formally known as (R)-α-[[3-(3,4-dihydroxyphenyl)-1-oxo-2 E-propenyl]oxy]-3,4-dihydroxy-enzenepropanoic acid (Figure 1). The main sources of RA are plants belonging to the Boraginaceae family, subfamily Nepetoideae. It was isolated for the first time in 1958 from the rosemary plant (Rosmarinus officinalis L.), and recently it has been reported in Forsythia koreana (Rehder) Nakai, Hyptis pectinate (L.) Poit., Ocimum tenuiflorum L., Thymus mastichina (L.) L., and plants belonging to Lamiaceae family [1].



RA has remarkable biological effects, including antiviral, antibacterial, anticancer, antioxidant, anti-aging, antidiabetic, cardioprotective, hepatoprotective, nephroprotective, antidepressant, antiallergic, and anti-inflammatory activities (Figure 2). RA and some rosemary extract-isolated compounds, like carnosic and ursolic acids and carnosol have also shown to be able to reduce the likelihood of tumor development in several body organs, such as stomach, colon, liver, breast, and leukemia cells [2,3,4]. Thus, here we review the various therapeutic potentials of RA in this article.




2. Bioavailability of Rosmarinic Acid and Its Metabolic Changes in the Human Body


RA is partially metabolized to the coumaric acid and caffeic acid in the body of the rat [5], and the hypolipidemic effect of RA may also be a consequence of the action of its metabolites. For example, caffeic acid inhibited the synthesis of hepatic fatty acid synthase, 3-hydroxy-3-methylglutaryl CoA reductase and acyl-CoA:cholesterol acyltransferase activities and increased fatty acid β-oxidation activity in high-fat diet-induced obese mice [6]. Caffeic acid and sinapic acid increased serum estradiol concentrations in rats with estrogen deficiency, which may have contributed to the observed metabolic effects [7]. In the rat ovary ovulation, external ovarian tissues such as fatty tissue, skin, bones and brain are the source of estradiol. In these sites, C19 cannot be synthetized. Steroids C19 (androgens) can be converted to estrogens by aromatase. Therefore, it seems possible that RA or its metabolites increase the activity of aromatase. Caffeic acid increased estradiol and reduced total cholesterol concentrations only in rats that were fed standard food containing soy, and these effects were not observed in rats fed without soy with reduced phenolic acid contents [8]. It is therefore possible that at least some of the RA effects reported depend on the diet. RA showed similar beneficial effects on some lipid parameters and insulin resistance (HOMA-IR) as that demonstrated for sinapic acid in a parallel study [7]. Moreover, RA had positive effects on expression of hepatic genes or proteins involved in signaling insulin and glucose and lipid metabolism, such as insulin receptor substrate-1 (IRS-1), 5′ AMP-activated protein kinase (AMPK), phosphoenolpyruvate carboxykinase (PEPCK), glucose transporter 2 (GLUT2), forkhead box protein O1 (FOXO1), sterol regulatory element-binding protein 1 (SREBP1), and carnitine palmitoyltransferase 1 (CPT1) in diabetic rats [9]. The possible mechanism of action of RA on glucose and lipid metabolism may be mediated by peroxisome proliferator-activated receptor (PPAR) peroxidation; RA has been shown to activate these receptors. It should be noted that the lower RA dose (10 mg/kg) was sufficient to reduce the HOMA-IR index and the concentration of fructosamine, while a higher dose (50 mg/kg) was required to reduce the total cholesterol and triglyceride levels in rats with estrogen deficiency. Moreover, RA and its metabolites can directly neutralize reactive oxygen species (ROS) [10] and thereby reduce the formation of oxidative damage products. The antioxidant activity of RA directly derives from its structure, namely the presence of 4 hydrogens in the phenolic system and two catecholic moieties, which give this compound polar character. Electrochemical studies have shown that RA oxidizes in two steps. In the first step, the rest of the caffeic acid is oxidized and in the second step the residue of 3,4-dihydroxyphenyl lactic acid.



RA is therefore considered to be the strongest antioxidant of all hydroxycinnamic acid derivatives [11]. Inhibition of the production of advanced glycation end products under the influence of RA was previously presented in vitro and in vivo [12]. The use of RA in doses of 10 and 50 mg/kg in rats with estrogen deficiency did not affect the body mass. RA administered at a dose of 10 mg/kg of ovariectomized rats did not affect estradiol and progesterone concentrations compared with ovariectomy control rats, whereas RA at a dose of 50 mg/kg of estradiol showed a trend of growth. Orchids containing RA are often used in self-healing and daily diets, so it is possible to consume 5–10 g of these plants daily in the form of infusions and spices [13]. RA is water-soluble, and according to literature data, the efficacy of secretion of this compound in infusions is about 90% [14]. Accordingly, it is possible to consume approximately 110 mg RA daily, i.e., approximately 1.6 mg/kg for adult men weighing 70 kg. Increasing the concentration of reduced glutathione (GSH) in plasma due to the use of RA was previously described in various models of diabetes [15]. RA has been shown to stimulate the regulation of the catalytic subunits of the glutamate cysteine ligase (the enzyme involved in the biosynthesis of GSH) in the hematopoietic stem cells [16]. It can be assumed that the increase in the concentration of GSH, after the administration of RA, was previously the result of the intense biosynthesis of GSH rather than its recovery from the oxidized form. Moreover, it should be noted that the RA appears to be absorbed into the rat mainly as its metabolites [5]. It is possible that these metabolites also play a role in the observed increase in GSH concentration. Furthermore, serum GSH/oxidized glutathione (GSSG) was calculated, as it is known to be an important indicator of redox cell status as well as for the state of redox at the tissue and whole body [17]. The adventitious effect of RA on redox homeostasis has been shown to increase the ratio of GSH/GSSG in serum rats.




3. Health Benefits of Rosmarinic Acid


3.1. Anticancer Potential


Several mechanisms have been proposed for RA anticancer activity (Figure 3). For instance, in rats with colon cancer, RA at the concentration of 5 mg/kg body weight (b.w.) impaired tumor formation and development, reduced lipid peroxidation by-products and pro-apoptotic proteins expression, modulated xenobiotic enzymes, and increased apoptotic proteins expression [18]. In human liver cancer cell line, HepG2, transfected with plasmid containing ARE-luciferin gene, RA predominantly enhances ARE-luciferin activity and promotes nuclear factor E2-related factor-2 (Nrf2) translocation from cytoplasm to the nucleus and also increases MRP2 and P-gp efflux activity along with intercellular ATP level [19]. A study conducted by Wu et al. [20] reported that RA inhibited CCRF-CEM and CEM/ADR5000 cells in a dose-dependent pattern but caused less cytotoxicity towards normal lymphocytes. RA concurrently induced necrosis and apoptosis and stimulated MMP dysfunction activated PARP-cleavage and caspase-independent apoptosis. RA also blocked the translocation of p65 from the cytosol to the nucleus [20]. Moreover, it inhibits transcription factor hypoxia-inducible factor-1α (HIF-1α) expression, which affects the glycolytic pathway; meanwhile, it also suppressed glucose consumption and lactate production in colorectal cells [21]. RA also inhibits micro RNAs and pro-inflammatory cytokines and thus may suppress the Warburg effects through an inflammatory pathway involving activator of transcription-3 (STAT3) and signal transducer of interleukin (IL)-6 [22]. Furthermore, RA inhibits HL-60 promyelocytic leukemia cells’ growth and development and provides strong scavenging free radical effects, disturbing the balance of nuclear deoxyribonucleotide triphosphate (dNTP) levels without affecting protein levels of RR (R1, R2, p53R2) subunits, ultimately leading to apoptosis induction [23,24].



RA application, at a concentration of 5 mg/kg b.w. during 30 weeks in 1,2-dimethyldrazin stimulated colon carcinogenesis in the rat at 20 mg/kg b.w. and significantly stopped tumor formation and proliferation. RA supplementation also reduced tumor necrosis factor-α (TNF-α), cyclooxygenase-2 (COX-2) and IL-6 levels, and modulated p65 expression [25]. It is also able to inhibit the release of the highly mobile group box 1 (HMGB1) and to slow down HMGB1-dependent inflammatory responses in human endothelial cells, stopping HMBG1-mediated hyperpermeability and leukocytes migration in mice [26]. RA supplementation primarily decreases aberrant crypt foci (ACF) formation and multiplicity in rats [27].



RA inhibited APC10.1 cell growth that comes in Apc (Min) mouse model of colorectal carcinogenesis [28]. Through oral administration, RA totally prevented skin tumor cells formation in DMBA-induced mouse skin carcinogenesis and decreased lipid peroxidation byproducts levels [29]. It also inhibited human ovarian cancer A2780 cell line, disturbing the cell cycle at multiple phases and stimulating apoptosis by modifying multiple genes expression, involved in apoptosis regulation [30].



RA induced the cell cycle arrest and apoptosis in prostate cancer cell lines (PCa, PC-3, and DU145) [31]. These effects were mediated through modulation of histone deacetylases expression (HDACs), specifically HDAC2; the aberrant expression of theses enzymes is related with the onset of human cancer.



In rats with 1,2 dimethylhydrazine-induced colon carcinogenesis, RA administration at dose of 2.5, 5, and 10 mg/kg b.w. led to a decrease in the number of polyps (50%), reversed oxidative markers (21%), antioxidant status (38.6%), CYP450 contents (29.4%), and PNPH activities (21.9%) [32]. RA can also inhibit adhesion, invasion, and migration of Ls 174-T human colon carcinoma cells through enhancing GSH levels and decreasing ROS levels. Finally, RA may also inhibit colorectal carcinoma metastasis, by reducing the extracellular signal-regulated kinase pathway and the number and weight of lung tumors [33]. MDA-MB-231BO human bone homing breast cancer cells migrations are also inhibited by RA, whereas the number and size of mineralized nodules in ST-2 murine bone marrow stoma cells cultures raise [34].



RA also enhances chemosensitivity of human resistant gastric carcinoma SGC7901 cells [35]. The anticancer potential of RA analogues has also been tested. RA analogue-11 induces apoptosis of SGC7901 via the epidermal growth factor receptor (EGFR)/Akt/nuclear factor kappa B (NF-κB) pathway [36].




3.2. Antidiabetic Activity


RA supplementation increases the expression of mitochondrial biogenesis key genes, like sirtuin 1 (SIRT-1), peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), and mitochondrial transcription factor A (TFAM) via activation of AMP-activated protein kinase (AMPK) in the skeletal muscle of insulin-resistant rats as well as in L6 myotubes. It also increased glucose faster and decreased serine IRS-1 phosphorylation, while increasing the glucose transporter type 4 (GLUT4) transfer [37].



In streptozotocin (STZ)-induced diabetic rats, RA exerted a noticeable hypoglycemic effect, whereas in high-fat diet (HFD) fed diabetic rats it increased glucose utilization and ameliorated insulin sensitivity. RA supplementation inverted the STZ- and HFD-induced increase in phosphoenolpyruvate carboxykinase (PEPCK) expression in the liver and the STZ- and HFD-induced decrease in GLUT4 expression in skeletal muscle. RA exerts hypoglycemic effects and improves insulin sensitivity, also increasing GLUT4 expression and decreasing PEPCK expression [38]. In addition, it also reverses memory and learning defects through improving cognition in healthy rats, inhibiting hyperglycemia, lipid peroxidation, and enhancing antioxidant defense system [39]. At a concentration of 10 mg/kg, RA decreased TBARS levels in kidney and liver of STZ-induced diabetic rats. This effect was mainly conferred by its ability to increase superoxide dismutase (SOD) and catalase (CAT) activity and to reverse the decrease in ascorbic acid and of non-protein thiol levels in diabetic rats [40]. RA administration also ameliorated oxidative stress markers in diabetic rats and water consumption and urination. Thus, it was proposed that RA mitigates STZ-induced diabetic manifestations by protecting rat’s tissues against free radicals’ damaging effects [15]. At 100 mg/kg, RA significantly increased insulin index sensitivity and reduced blood glucose, advanced glycation end-products, HbA1c, IL-1β, TNFα, IL-6, p-JNK, P38 mitogen-activated protein kinase (MAPK), and NF-κB levels. Moreover, it significantly reduced free fatty acids (FFA), triglycerides, serum cholesterol, AOPPs, lipid peroxides, and protein carbonyls levels in plasma and pancreas of diabetic rats. The reduced activities of CAT, SOD, glutathione S-transferases (GST), and glutathione peroxidase (GPx) and the reduced levels of vitamins C and E, ceruloplasmin, and GSH in plasma of diabetic rats were also significantly recovered by RA application. Furthermore, it protects pancreatic β-cells from oxidative stress in HFD-STZ-induced experimental diabetes [41]. The protective effects of RA (30 mg/kg) against hypoglycemia, hyperlipidemia, oxidative stress, and an imbalanced gut microbiota architecture was studied in diabetic rats. The treatment decreased the levels of fasting plasma glucose, total cholesterol, and triglyceride, exhibited an antioxidant and antiglycative effect, showed protective effects against tissue damage and inflammation in the abdominal aorta, increased the population of diabetes-resistant bacteria, and decreased the number of diabetes-sensitive bacteria [12].



RA also reduced diabetes occurrence and preserved normal insulin secretion, ROS, and reactive nitrogen species (RNS) by regulating antioxidant enzymes, and attenuating the pro-inflammatory T helper 2 and T regulatory cells levels [42]. At a concentration of 10 mg/kg, RA treatment significantly reduced lipid peroxidation levels in the hippocampus (28%), cortex (38%), and striatum (47%) of diabetic rats [43]. In Wistar rats, RA administrated orally at 50 mg/kg for 10 weeks in STZ-induced diabetes diminished endothelium-dependent relaxation accompanied by IL-1β, TNF-α, preproendothelin-1, and endothelin converting enzyme 1 overexpression. It also provided aortic endothelial function protection against diabetes-induced damage [44]. Finally, it significantly inhibited the carbohydrate-induced adaptive increase of sodium-dependent glucose cotransporter 1 (SGLT1) in the enterocyte brush border membrane [45].




3.3. Antimicrobial Activity


Regarding RA antimicrobial activity, it exerted antibacterial effects against Staphylococcus aureus strains, and the lowest blocking concentration was found to be 0.8 and 10 mg/mL against S. aureus and methicillin-resistant S. aureus (MRSA), respectively. Moreover, it displayed synergistic effects with amoxicillin, ofloxacin and vancomycin antibiotics against S. aureus, and only with vancomycin against MRSA. Time-kill analysis showed that using a combination of RA with antibiotics is more effective than using individual antibiotics. Microbial surface components recognizing adhesive matrix molecules (MSCRAMM) adhesion protein expression in MRSA and S. aureus was also significantly suppressed by using a combination of RA with vancomycin rather than RA alone [46].



On the other hand, RA administration reduced biofilm formation in a concentration- and time-dependent manner, suggesting that it could be used as an effective antimicrobial agent to kill the planktonic cells activity and to reduces the biofilm formation activity in early-stage development [47]. RA also exerts inhibitory effects against Escherichia coli K-12 and Staphylococcus carnosus LTH1502 growth, through decreasing cell counts and cell number [48]. Under acidic conditions, RA was reacted with nitrite ions to give 6,6-nitro and 6-dinitrorosmarinic acids. These compounds were active as HIV-1 integrase inhibitors at sub-molecular levels and inhibited viral replication in MT-4 cells. Without increasing cellular toxicity levels, RA nitration A strongly improved anti-integrase inhibition and antiviral effects [49]. Moreover, RA also exerted antimicrobial effects against Enterobacteriaceae spp., Pseudomonas spp., lactic acid bacteria, yeast and mold, and psychotropic counts, as well as fate Listeria monocytogenes inculcated in chicken meats [50]. Finally, RA also displayed inhibitory effects against S. aureus cocktail through inducing morphological changes and reducing viable cells counts and causing morphological changes in cheese and meat samples, such as cell shrinkage and appearance of blabbing-like structures in cell surfaces [51,52,53].




3.4. Cardioprotective Activity


RA at 25, 50, 10 mg/L had the capacity to maintain ATP levels in cells and inhibit the decrease in H/R-induced cell viability, lactate dehydrogenase (LDH) leakage, and excessive ROS. It also inhibited H/R-induced cardiomyocyte apoptosis and down-regulated p-AKt cleaved caspase expression [54].



The endothelial protein C receptor (EPCR) has a prominent role in inflammation and coagulation, whereas its activity is significantly changed by ectodomain cleavage and release as the soluble protein (sEPCR). RA has been found to be a strong anti-inflammatory agent. Monitoring RA effects in TNF-α, phorbol-12-myristate 13-acetate (PMA), IL-1β and in cecal ligation and puncture (CLP)-mediated EPCR shedding and underlying mechanisms, it was found that RA treatment led to a potent inhibition of PMA, TNF-α, and IL-induced EPCR shedding through TACE expression suppression. Furthermore, RA reduced extracellular regulated kinases (ERK) 1/2, PMA-stimulated p38, and c-Jun N-terminal kinase (JNK) phosphorylation. These results support the upcoming use of RA as an anti-sEPCR shedding reagent against IL-1β, TNF-α, PMA, and CLP-mediated EPCR shedding [55,56].



RA administration in fructose-fed rats (FFR) significantly enhanced insulin sensitivity, reduced lipid levels, oxidative damage, and a p22phox subunit of nicotinamide adenine dinucleotide phosphate reduced oxidase expression as well as prevented cardiac hypertrophy. RA lowered fructose-induced blood pressure through decreasing angiotensin-converting enzymes activity and endothelin-1 and increasing the level of nitric oxide (NO) [57]. RA also reduced fasting serum levels of vascular cell adhesion molecule 1 (VCAM-1), inter-cellular adhesion molecule 1 (ICAM-1), plasminogen-activator-inhibitor-1 (PAI-1), and increased GPX and SOD levels [58]. RA also intervenes in many important steps of angiogenesis, including adhesion, migration, proliferation, and tube formation of human umbilical vein endothelial cells (HUVEC) in a dose-dependent pattern. It also decreased IL-8 release from endothelial cells, H2O2-dependent vascular endothelial growth factor (VEGF) expression, and intracellular ROS levels [59]. Finally, in H9c2 cardiac muscle cells, RA inhibited apoptosis by decreasing intracellular ROS generation and recovering mitochondria membrane potential [60,61].




3.5. Antioxidant Activity


RA exhibited free radicals scavenging activity in hepatic stellate cells (HSCs) as a result of its antioxidant effects by boosting GSH synthesis and participating in NF-κB-dependent inhibition of MMP-2 activity. It also has the ability to reverse activated HSCs to quiescent cells and ultimately inhibits MMP-2 activity. RNA interference-imposed knockdown of NF-κB abolished MMP-2 down-regulation by RA. NF-κB inactivation mediated by RA could be blocked by the diphenyleneiodonium chloride, a potent inhibitor of NADH/NADPH oxidase. Moreover, transfection of dominant-negative (DN) mutant JNK1, p38α kinase, or extracellular signal-regulated kinases 2 (ERK2) had no such effect. At once, RA suppresses lipid peroxidation (LPO) and ROS generation, whereas in HSC-T6 cells it increases cellular GSH. Additionally, it significantly increases Nrf2 translocation and catalytic subunits from glutamate cysteine ligase (GCLc) expression but was not able to modulate GCL (GCLm) subunits and antioxidant response element (ARE)-mediated luciferase activity. GClc up-regulation mediated by RA is inhibited by shRNA-induced Nrf2 knockdown. The knocking down of Nrf2 abolished RA-mediated inhibition of ROS [16,62].



On the other hand, lycopene and RA administration reduced elevated blood urea nitrogen, renal malondialdehyde (MDA), proapoptotic protein (Bax) immuno-expression, serum creatinine, inducible nitric oxide synthase (iNOS), and autophagic marker protein (LC3/B) levels induced by gentamicin. This combination also increased the reduced SOD, an antiapoptotic protein (Bcl2) immuno-expression, GPx, and GSH levels and ameliorated gentamicin-induced histopathological changes. Moreover, it also evidenced a greater protective effect than corresponding monotherapy [63].



The in vivo antioxidant defense system consists of antioxidant enzymes including CAT, GPx, SOD, and nutritional antioxidants. Any disturbance in normal antioxidant defense system triggers several diseases, including diabetes, cancer, atherosclerosis, and degenerative diseases [64]. In experimental animals, carbon tetrachloride (CCl4) induced neurotoxicity, whereas CCl4 skin absorption, inhalation, and ingestion increased lipid peroxidation and reduced protein and antioxidant enzymes contents. This molecule produces free radicals in the lungs, heart, blood cells, and kidney. Under aerobic conditions, CCl4 is converted into highly reactive trichloromethyl radicals through the action of the cytochrome P450 system [65].



Brain amyloid-β (Aβ) accumulation is a hallmark of Alzheimer’s disease (AD) and has an important role in cognitive dysfunction [66]. At a dose of 0.25 mg/kg, RA significantly enhanced cognitive function and object discrimination and recognition test. Furthermore, RA decreased the time to reach the platform and increased the number of crossings over the removed platform, when compared with Aβ25-35-induced group in Morris water maze test; moreover, it reduced NO and MDA levels in kidney, brain, and liver [67]. RA also suppresses AD development by reducing amyloid β aggregation by increasing monoamine secretion in mice [68].



RA also prevented oxidative stress in C6 glial cells by increasing cell viability and inhibiting lipid peroxidation. It also decreased H2O2-induced COX-2 and iNOS expression at the transcriptional level and down-regulated COX-2 protein expression and iNOS in C6 glial cells treated with RA [67]. It significantly reduced oxidative stress and increased antioxidant status in Wistar rats post-spinal cord injury (SCI). RA also facilitated the inflammatory process through pro-inflammatory post-SCI and down-regulated NF-κB [69]. It also exerted a significant cytoprotective effect through covering the intercellular ROS in HaCat keratinocytes. RA also increased CAT, SOD, heme oxygenase-1 (HO-1), and transcription factor Nrf2 expression and activity, markedly reduced by UVB radiation [70].



On the other hand, in G93A-SOD1 transgenic mice with amyotrophic lateral sclerosis (ALS), RA application at a daily dose of 400 mg/kg significantly increased their survival by reliving function motor neurons deficits. These types of systematic changes were closely correlated with a decrease in neuronal loss and oxidative stress in ventral horns of G93A-SOD1 mice [71]. RA also increased SOD, GSH and GPx activities and decreased MDA levels in kidney and liver of sepsis-induced rats [72].



RA also reduced threshold shift, attenuated noise-induced hearing loss, and promoted hair cells survival. Moreover, it enhanced the endogenous antioxidant defense system by decreasing SOD production and up-regulation and decreased 4-HNE expression [73,74]. SOD, CAT, and GPx activities were increased through RA application at a dose of 50, 100, and 200 mg/kg. Furthermore, it induced structural changes in the kidney and liver at a dose of 200 mg/kg [75,76].




3.6. Hepatoprotective Activity


Sepsis, shock, and renal artery stenosis are the major clinical problems of acute renal failure, usually associated with high morbimortality rates. Ischemia-reperfusion (I-R) injury provokes cell damage, cell death, tissue necrosis, multiorgan dysfunction and increases vascular permeability. These types of physiopathological processes include RNS, ROS, neutrophils, cytokines, platelets, coagulation system, endothelium, and xanthine oxidoreductase enzyme system activation. During I-R injury, cell death occurs as a result of both apoptosis and necrosis [77,78,79]. RA modulates lipid peroxidation, production of ROS, peroxynitrite formation, complement factors and proinflammatory mediators, such as cytokines and chemokines. These processes are involved in hepatic diseases [80].



On the other hand, RA at dose of 150 mg/kg was able to treat rats with I-R, lowered lipid peroxidation and nitro tyrosine levels, enhanced GSH contents, and reduced neutrophil infiltration, hepatocellular damage, and all oxidative or nitrative stress markers. It also exerted anti-inflammatory and antioxidant effects in the ischemic liver, protecting hepatocytes from ischemic injury [81,82]. Moreover, it also conferred marked protection against oxidative stress through increasing CAT and GPx contents, thus preventing hepatic steatosis. Different RA derivatives have also been reported as having anti-secretory and antiulcer effects in epithelial tissues, being able to heal gastric ulceration [83]. Indeed, RA led to a significant reduction in hepatic toxicity, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), lipid peroxidation, and oxidized glutathione levels and improved antioxidant effects of GPx, CAT, and SOD enzymes [26]. A marked improvement in liver serum markers and histology and inflammatory process decrease were also stated after RA administration at a dose of 10, 25, and 50 mg/kg by gavage once daily for two consecutive days against CCl4-induced hepatic necrosis. Furthermore, RA prevented α-smooth muscle actin (α-SMA) and transforming growth factor β1 (TGF-β1) expression, suggesting profibrotic response suppression [84].



Peroxisome proliferator-activated receptor γ (PPARγ) is required for HSCs differentiation, and its epigenetic repression carries on the HSCs activation. RA inhibits HSCs signaling and expression by canonical Wnts as well as suppresses liver fibrosis progression and activation [85,86,87]. In CCl4-induced rat liver fibrosis model, RA inhibited HSCs proliferation and TGF-βl, connective transforming growth factor (CTGF), and α-SMA expression. Much evidence has shown that RA can decrease fibrosis grade and ameliorate biochemical and histopathological morphology in CCl4-induced liver fibrosis [88].



In lipopolysaccharide (LPS)-activated RAW164.7 cells, RA concentration-dependently down-regulated IL-6, TNF-α, and high mobility group box1 protein levels. RA also inhibited I kappa B kinase pathway and modulated NF-κB. RA intravenous injection also decreased puncture-induced lethality and cecal ligation in rats. Additionally, RA down-regulated serum IL-6 and TNF-α levels, triggering receptor expressed on myeloid cells, high mobility group box1 protein, and endotoxin whilst up-regulating the serum IL-6 level. Moreover, post-RA injection, a marked decrease in serum enzyme activities was observed, along with amelioration of liver, lungs, and small intestine hemodynamics; this anti-inflammatory mechanism may be explained through inhibition of NF-κB pathway activation by inhibiting I kappa B kinase activity [89]. RA also decreased ROS production and protein and DNA synthesis inhibition in a dose-dependent manner [90].



In extrahepatic cholestasis rat model by bile-duct ligation, RA showed hepatoprotective effect via mechanisms involving resolution of oxidative burden and down-regulation of HMGB1/TLR4, NF-κB, AP-1, and TGF-β1/Smad signaling [91].




3.7. Antidepressant Potential


RA effects at a dose of 0, 3, 10, or 30 mg/kg were investigated in female C57BL/6 mice for 60 min before pilocarpine (300 mg/kg) or pentylenetetrazol (PTZ, 60 mg/kg) injection. Generalized seizure duration and myoclonic generalized tonic-clonic seizure latencies were analyzed by electroencephalographic (EEG) and behavioral methods. The effect of an acute RA dose on mice was also evaluated in behavior in the open field, rotarod, novel object recognition, and forced swim tests. In the PTZ model, RA dose-dependently increased generalized seizures and latency to myoclonic jerks and improved pilocarpine-induced myoclonic jerks’ latency. Additionally, RA (30 mg/kg) improved the time at the center of the open field, the crossings number and the immobility time in forced swim test [92].



Worldwide mood disorders are the most spreading forms of mental illness and, in main cases, morbidity. According to the World Health Organization (WHO), depression is one of the top causes of morbimortality throughout the world. Depression is a recurrent, potentially life-threatening, and chronic mood disorder that has been estimated to affect about 21% of the world population [93]. RA administration (10 mg/kg, daily) in chronic stress Sprague Dawley rats changed depressive behaviors in rats exposed to impulsive stress modal and restored hippocampal brain-derived neurotrophic factor (BDNF) and pERK1/2 protein expression. Thus, RA could be conceived as a great molecule in the treatment of depression and in triggering changes in BDNF levels and in ERK11/2 signaling in pharmacological science [94]. In PC 12 cells, RA showed significant neurotrophic effects and improved cholinergic functions in correlation with the ERK1/2 signaling pathway and MAPK. RA also caused an extensive up-regulation of pyruvate carboxylase (PC) and tyrosine hydroxylase (TH), involved in serotonergic, GABAergic, and dopaminergic pathways regulation, whereas against corticosterone-induced toxicity it provides neuronal cells protection [95].




3.8. Nephroprotective Activity


Currently, the most often used antimicrobial agents provoke an acute renal injury in 60% of acquired infections in hospitals with noticeable morbimortality rates [96]. Among them, aminoglycosides have been frequently used to treat bacterial infections, and gentamicin is the most commonly used aminoglycoside, given its lower costs and lower rate of antibiotic-acquired resistance; nevertheless, its therapeutic use at 80 mg/kg/day for more than 7 days induces nephrotoxicity in about 30% of patients [97]. Acute renal toxicity characterization is assessed by the sudden decrease of kidney function due to the accumulation of urea, creatinine, and other waste products. Gentamicin-induced nephrotoxicity is related to enhanced oxidative stress levels, which may be a major contributing factor for renal injury [98].



RA led to a decrease in serum blood urea nitrogen and creatinine levels in Sprague Dawley rats and ultimately decreased myeloperoxidase and MDA levels. In fact, the level of incident injury decreased in the RA-treated group. In addition, RA extensively reduced Bowman’s capsules dilatation, glomerular necrosis, tubular epithelium degeneration, tubular epithelium necrosis and dilatation, and focal glomerular necrosis [99].



RA at doses of 1, 2, and 5 mg/kg for 2 days significantly increased serum creatinine and blood urea nitrogen levels and reduced cisplatin (CP)-induced histopathological changes. RA also reduced CP-produced oxidative stress and amplified cytochrome P450 2E1 (CYP2E1), HO-1, and renal-4-hydroxynonenal expression. Additionally, RA repressed TNF-α and NF-κB expression, as stated through inflammation inhibition. Moreover, RA reduced p53, phosphorylated p53, and active caspase-3-expression in kidney through exerting antiapoptotic activity [100]. RA also notably reduced MDA, tubular necrosis, urea, and creatinine levels, and increased renal GSH, SOD, CAT, GPS, volume density creatinine clearance, and PCT [101]. Finally, RA could provide protective effects against 6-hydroxydopamine-induced neurotoxicity via its antioxidant activity [102].




3.9. Anti-Aging Activity


RA administration could effectively reverse chaperones- and Pin1-induced abnormal changes and suppress P-tau and insoluble P-tau formation, induced by chronic restraint stress (CRS), particularly in middle-aged mice [103].



AD is a progressive neurodegenerative disorder that causes dementia in older people. Disease indicators include the appearance of plaques and tangles in brain tissues, which progressively kill neurons from brain cortex, amygdala, hippocampus, and other non-regeneratable brain regions. Consequently, acetylcholine (ACh) levels decline, the widely known cholinergic deficit hypothesis for AD. ACh has a significant role in brain functions, such as thinking, reasoning, remembering, and behavioral abilities [104,105].



In AD, stress is an important risk factor, since it induces tau phosphorylation and enhances tau insolubility in the brain. RA application is able to dominantly suppress the increase in tau phosphorylation levels and insoluble P-tau formation, facilitated by chronic resistant stress, and overturn the abnormal changes in middle-aged mice [103]. At 1.6, 16 and 32 mg/kg, RA exerted markedly useful effects on memory and learning and also reduced the levels of protein carbonyls in the hippocampus [106]. In ALS, a neurodegenerative disease, RA significantly delays motor neuron dysfunction in paw grip endurance tests, through attenuating motor neurons degeneration and extending the life span of ALS mice model, detected at later stages, and about 2% patients present an associated mutation in the gene encoding Cu/Zn-SOD [107].



RA also exerted protective effects against 6-hydroxydopamine-facilitated neurotoxicity and prevented 1-methyl-4-phenypyridinium effects in MES23.5 dopaminergic cells. In fact, 1-methyl-4-phenylpyridinium treatment reduces cell viability and dopamine contents, as well as causes apoptotic morphological changes. Additionally, 1-methyl-4-phenylpyridinium precedes mitochondrial dysfunction, easily detected through inhibiting mitochondrial respiratory chain complex 1-associated activity, suggesting mitochondrial transmembrane collapse and ROS generation. Thus, RA pretreatment was able to restore mitochondrial respiratory chain complex 1 activity and to reverse the other MPP positive damaging effects [91,92] partially. In mice, RA improves oxidative stress parameters and mitochondrial respiratory chain activity [108]. RA also proved to be effective in preventing in vitro amyloid peptide aggregation and in delaying disease progression in animal models [109]. It also provided neuroprotective effects against Aβ-induced toxicity by lowering lipid peroxidation, DNA and ROS formation, and inhibiting phosphorylated p38 MAPK levels [110,111]. RA improved antioxidant properties and healthspan via the IIS and MAPK pathways in Caenorhabditis elegans [112].



N2A cells’ H2O2-induced cytotoxicity is also positively affected by RA; in fact, it is able to attenuate LDH, intercellular ROS, and mitochondrial membrane potential disruption. RA also promoted TH and BDNF genes up-regulation and prevented genotoxicity [113,114]. Clovamide in combination with RA, at the rate of 10–100 µM, in SH-SY5Y cells significantly enhanced PPARγ expression and inhibited NF-κB translocation, respectively [115].




3.10. Anti-Allergic Activity


RA significantly decreased murine double minute (MDM) 2 and thymic stromal lymphopoietin (TSLP) expression in induced mast cells proliferation. It also significantly decreased the levels of phosphorylated signal transducer, IL-13, and transcription-6 activation in TSLP-stimulated HMC-1 cells. Moreover, RA triggered an increment of p53 levels, poly-ADP-ribose polymerase cleavage, caspase-3 activation, and a reduction in Bcl2 and procaspase-3 levels. Furthermore, it significantly reduced TNF-α, IL-6, and IL-1β production in TSLP-stimulated HMC-1 cells. It also reduced IL-4, immunoglobulin E (IgE), and TSLP levels in short ragweed pollen-induced allergic conjunctivitis mouse model [116].



In murine model of respiratory allergy caused by Bloma tropicalis (Bt) mite, RA led to a considerable decrease in leukocytes or eosinophils numbers in bronchoalveolar lavage (BAL), of mucus presence in the respiratory tract, reduced lung histopathological changes, and eosinophil peroxidase activity and IL-4 changes [117,118]. At a dose of 1 or 5 μM in NC/Nga mice under specific pathogenic free conditions, RA was shown to be the most effective treatment against 2,4-dinitrofluorobenzene (DNFB)-induced AD-like skin lesion. Moreover, it suppressed IL-4 and interferon (INF) production by activated CD4+ cells. RA also inhibited skin lesions and ears thickness development and increased total serum IgE levels in DNFB-treated NC/Nga mice [119]. Furthermore, it inhibited IgE levels increase in spleen, nasal mucosa, and serum, inhibited the increase in rubs number, and reduced histamine levels in ovalbumin unsensitized (OVA) mice. RA also inhibited protein levels and mRNA expressions of IL-6, IL-1β, and TNF-α in nasal mucosa or spleen tissues in OVA-sensitized mice [120,121]. In a murine model of allergic asthma triggered by house dust mites (HDMs), RA inhibited the boost up of mononuclear, eosinophils, and neutrophils cells levels around airways and in BAL fluid. Moreover, it also significantly inhibited IL-13 expression increased by HDM allergen [122].



RA (200 mg or 50 mg for 21 days) also reduced the number of eosinophils and neutrophils considerably in nasal lavage fluid. Up-regulation of VCAM-1, COX-2, MIP-2, and ICAM-1 by 2-tetradecanoylphorbol 13-acetate (TPA) were significantly reduced with RA pretreatment. ROS production detected as LPO, 8-hydroxy-2′deoxyguanosine (8OH-dG) and thiobarbituric acid reactive substance (TBARS) and TPA levels were markedly reduced by RA pretreatment. Furthermore, RA is conceived as a potential agent against seasonal allergic rhino conjunctivitis (SAR), through mediated polymorphonuclear leukocytes (PMNL) infiltration inhibition [123].



RA also inhibited significantly the increases in eosinophils levels in BAL fluid along with murine airways. In the lungs of sensitized mice, RA inhibited the increase in protein expression of IL-5, IL-4, and eotaxin. Thus, RA seems to be a successful intervention for allergic asthma, given its ability to increase chemokines, cytokines, and allergen-specific antibody levels [124]. Additionally, RA reduced inflammation and allergic immunoglobulin responses occurring in mice PMNL. It also noticeably increased the response rates for itchy eyes, watery eyes, and itchy nose and reduced eosinophils and neutrophils levels in nasal lavage fluid of SAR [125].




3.11. Anti-Inflammatory Activity


RA administration (40 mg/kg) in a rat model of sciatic nerve chronic constriction injury (CCI)-induced neuropathic pain reduced spinal inflammatory markers, such as matrix metallopeptidase 2 (MMP2), prostaglandin E2 (PGE-2), IL-1β, and COX-2 [126]. In addition, RA administration (75, 150, and 300 mg/kg) in hepatocellular carcinoma (HCC) for 10 days reduced inflammatory and angiogenic factors levels, including TNF-α, IL-6, IL-1β, TGF-β, and VEGF. Moreover, it also decreased NF-κB and p65 expression in the xenograft microenvironment [127].



On the other hand, RA (IC50 = 14.25 µM) inhibited LPS-induced NO production in RAW 264.7 cells. It also repressed LPS-induced pro-inflammatory cytokines expression, including INF-β, MCP-1, iNOS, IL-1β, IL-6, IL-10, and NF-κB activation. In dependent and independent pathways, down-regulation of iNOS by RA was due to myeloid differentiation primary response gene 88 (MyD88). Additionally, RA triggered HO-1 expression through inducing Nrf2 activity [92,128].



RA (5, 10, and 20 mg/kg) also inhibited Th2 cytokines in BAL fluid, increased inflammatory cells, ameliorated hyper airway responsiveness (AHR), and reduced total IgE and Ova-specific IgE concentrations in a murine model of asthma (female BALB/c mice). In upper airways, RA reduced the number of mucus hypersecretion and inflammatory cells. It seems that RA protective effects might be mediated by p38 phosphorylation, JNK, and ERK suppression. Additionally, RA pretreatment provoked the reduction of Ym2, CC chemokine receptor 3 (CCR3), CCL11 (eotaxin), AMCase, and E-selectin mRNA expression in lung tissues [129]. In SPI, RA noticeably increased antioxidant status and reduced oxidative stress levels in Wistar rats post-SCI. It also improved inflammatory mechanisms through pro-inflammatory cytokines reduction and NF-κB down regulation [69]. RA (10, 25, and 50 mg/kg) also remarkably decreased the serum transaminases (ALT and AST) and LDH concentration in liver ischemia-reperfusion rats. Furthermore, it reduced multiorgan dysfunction markers (lung, liver, and kidney) through metalloproteinase-9 and NF-κB modulating [130]. RA also displayed both peripheral and central antinociceptive effects and anti-inflammatory activity against chronic and acute inflammation [83,131,132,133]. In Freund’s complete adjuvant (FCA)-induced arthritic rats, RA attenuates inflammation [134].



RA also decreased blocked TNF-α-induced NF-κB activation and cytotoxicity, oxygen-glucose deprivation (OGD)-induced apoptosis, and high-mobility group box1 (HMGB1) expression in SH-SY5Y cells. It also decreased brain edema, reduced NF-κB activation and HMGB1 expression, and attenuated histopathological damage at a dose of 50 mg/kg [135]. RA also considerably lowered allergic asthma through a significant decrease in the number of leukocytes/eosinophils, of mucus present in the respiratory tract, eosinophil peroxidase activity, and IL-4 and histopathological changes in lung BAL fluid [117,136]. RA-derived water and ethanol extract also markedly inhibited LPS-stimulated PGE-2 and NO production in a dose-dependent manner in RAW 264.7 mouse macrophages [137].





4. Conclusions


Current evidence supports the deepened exploration of RA as a promising therapeutic agent against a wide variety of modern lifestyle disorders (Table 1). However, mechanisms underlying RA’s therapeutic activity need further investigation. Initial studies indicate that RA may act through various mechanisms, such as exerting anti-inflammatory and antioxidant effects as well as inhibiting cell proliferation, migration, and selectively inducing cancer cells apoptosis. In addition, RA’s anti-angiogenic effects, as demonstrated through human umbilical vein endothelial cells proliferation, migration, adhesion, and tube formation inhibition, suggest that it can be beneficial in preventing tumor growth and metastasis. Thus, given the above-highlighted aspects, rosemary extract can be conceived as a rich source of potential candidates to be included in the diet with promising effects at pre-determined doses, avoiding toxicity.
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Figure 1. Chemical structure of rosmarinic acid. 
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Figure 2. Rosmarinic acid and its potential functions. 
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Figure 3. Mechanism of rosmarinic acid as an anticancer agent. 
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Table 1. Bioactive effects of rosmarinic acid.






Table 1. Bioactive effects of rosmarinic acid.





	
Bioactive Effects

	
Mechanisms

	
References






	
Anticancer

	
Prevent tumor formation development, reduce lipid peroxidation byproducts and proapoptotic proteins expression

	
[18]




	
Cause cell cycle arrest and stimulate MMP dysfunction-activated PARP-cleavage

Block p65 translocation from cytosol to the nucleus

	
[20]




	
Inhibit HL-60 promyelocytic leukemia cells’ growth and development

Induce apoptosis

	
[23,24]




	
Inhibit transcription factor HIF-1α expression

	
[21]




	
Promote Nrf2 translocation from cytoplasm to the nucleus

Increase MRP2 activity efflux

	
[19]




	
Stop tumor formation and proliferation

Reduce TNF-α, COX-2, IL-6 levels and modulates p65 expression

	
[25]




	
Modulate histone deacetylases expression

	
[31]




	
Antidiabetic

	
Increase key genes expression involved in mitochondrial biogenesis like PGC-1α, SIRT-1, and TFAM via AMPK activation

Decrease serine IRS-1phosphorylation and enhance GLUT4 translocation

	
[37]




	
Increase GLUT4 expression and decrease PEPCK expression

	
[38]




	
Enhance antioxidant defense system

	
[39]




	
Reduce blood glucose, advanced glycation end-products, HbA1c, IL,1β, TNFα, IL6, p-JNK, P38 MAPK, and NF-kB

Reduce FFA, triglycerides, serum cholesterol, AOPPs, lipid peroxides, and protein carbonyls levels

	
[41]




	
Preserve normal insulin secretion

Attenuate pro-inflammatory T helper 2 and T regulatory cells

	
[42]




	
Increase the population of diabetes-resistant bacteria and decrease the number of diabetes-sensitive bacteria

	
[12]




	
Antimicrobial

	
Exhibit antibacterial activity against S. aureus

Suppress MSCRAMM’s protein expression in S. aureus

	
[46]




	
Exert antimicrobial activity against Enterobacteriaceae, lactic acid bacteria, Pseudomonas spp., psychotropic, yeast, and mold

	
[50]




	
Inhibit S. carnosus LTH1502 and E. coli K-12 LTH4263 growth

	
[48]




	
Cardioprotective

	
Inhibit H/R-induced cardiomyocyte apoptosis and down-regulate the expression of cleaved caspase of p-AKt

	
[54]




	
Improve insulin sensitivity, reduce lipid levels and p22phox subunit of nicotinamide adenine dinucleotide phosphate reduced oxidase expression

	
[57]




	
Inhibit PMA, TNF-α, IL-induced EPCR shedding by TACE expression suppression

Reduce ERK1/2, PMA-stimulated p38 and JNK phosphorylation

	
[55,56]




	
Oxidative stress

	
Enhance cognitive function

Reduce nitric oxide and MDA levels

	
[67]




	
Inhibit cellular lipid peroxidation and decrease H₂O₂-induced COX-2 expression

	
[67]




	
Enhance defense system of endogenous antioxidant

Decrease 4-HNE expression

	
[73,74]




	
Down-regulate NF-kB

	
[69]




	
Increase CAT, HO-1, SOD activity and expression

Reduce factor Nrf2 transcription

	
[70]




	
Inhibit liver fibrosis progression and activation

	
[85,86]




	
Prevent α-SMA expression and TGF-β1

	
[84]




	
Antidepressant

	
Restore hippocampal BDNF and pERK1/2 protein expression

	
[94]




	
Inhibit monoamine oxidase and monoamine transporters

	
[138]




	
Up-regulate PC and TH

	
[95]




	
Nephroprotective

	
Decrease serum levels of blood urea nitrogen and creatinine

Decrease myeloperoxidase and MDA levels

	
[99]




	
Repress TNF-α and NF-κB expression, demonstrating inhibition of inflammation

Reduce p53, phosphorylated p53, and active caspase-3-expression

	
[100]




	
Anti-aging

	
Reduce protein carbonyls in the hippocampus

	
[106]




	
Attenuate disruption of LDH, intercellular ROS, and mitochondrial membrane potential

	
[113]




	
Improves oxidative stress parameters and mitochondrial respiratory chain activity

	
[108]




	
Inhibit phosphorylated p38 MAPK

	
[110,111]




	
Exert antioxidant effects against 6-hydroxydopamine facilitate neurotoxicity

Restore activity of complex 1 of mitochondrial respiratory chain

	
[139,140]




	
Prevent amyloid peptide aggregation

	
[68,109]




	
Anti-allergy

	
Decrease eosinophils number

	
[118]




	
Inhibit IgE, protein levels and mRNA expressions of IL-6, IL-1β, and TNF-α and reduce histamine levels

	
[120,121]




	
Suppress IL-4 and INF production

Inhibit skin lesions development and ears thickness

	
[119]




	
Anti-inflammatory

	
Inhibit Th2 cytokines, ameliorate AHR

Reduce total IgE and Ova-specific IgE concentrations

Reduce Ym2, CCR3, CCL11, AMCase, and E-selectin mRNA expression

	
[129]




	
Inhibit LPS-induced NO production

Repress LPS-induced pro-inflammatory cytokines expression including INF-β, monocyte chemo attractant protein-1, iNOS, IL-1β, IL-6, IL-10, and activation of NF-κB

	
[92,128]




	
Decrease serum transaminases (ALT and AST) and LDH levels

Inhibit NF-κB

	
[130]




	
Reduce oxidative stress levels and down-regulate NF-κB

	
[69]
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