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    According the World Health Organization, the overwhelming majority of people, both in the developed and the developing world, rely on alternative and complementary medicines and botanicals for the prevention and treatment of diseases. The world market of botanicals already exceeds 100 billion USD with a CGAR of 21.7%, making it one of fastest growing industries globally. With the importance of herbal products in health and economy, the field is receiving much attention of the scientific community, particularly with respect to safety, efficacy, standardization and method development towards regulatory compliance. Culinary herbs and spices have several added advantages over other non-dietary herbs. Since they are nontoxic, palatable, and culturally acceptable, they therefore occupy a high place in the global business of botanicals. These fascinating herbs are now used in all kind of products, including nutraceuticals and health supplements. Personal care items, beverages, aromatherapy products, fragrances or cosmetics are other fields in which they are commonly found. The key objective of this book series entitled “Science of Spice & Culinary Herbs” is to provide a comprehensive account of the most recent scientific researches, carried out on the most common spices and dietary herbs. The first three volumes of the book series have received immense appreciation and overwhelming interest. The 4th volume of the series contains five comprehensive review articles, covering scientific studies on pharmacological, clinical and industrial uses of several common herbs and spices.




    The review by Boskabady et al is focused on recent studies on molecular and cellular aspects of anti-inflammatory, antioxidant, and immunomodulatory effects of Curcuma longa, commonly known as turmeric. These studies firmly establish the therapeutic potential of this well-known spice against various diseases. Flax seeds (Linum ustatissimum) have attracted major scientific and general interest in recent years due to the omega-3-fatty acid and fiber contents which make it an attractive health food. Chandra et al have contributed a review on pharmacological and clinical studies on flax seeds in the context of their lipid lowering, anti-oxidant, anti-obesity properties as well as their role in prevention of cancers, cardiovascular, cerebrovascular, and gastrointestinal diseases. Mohi-ud-din et al have reviewed the pharmacological, clinical and phytochemical studies carried out on the globally popular traditional spice Nigella sativa (black cumin) and its main phytoconstituent thymoquinone, demonstrating iys potential for the treatment of various diseases. The Article of Escobedo-Bonilla covers an interesting aspect of the usefulness of essential oils of Mexican oregano (Lippia species) as antimicrobial agents for aquaculture industry, thus avoiding the use of synthetic antibiotics and biocidal compounds. Last article in the volume is centered around the pharmacological properties and medicinal benefits of curry leaf (Murraya koenigii). The authors (Mir et al) has also provided details of various phytochemicals obtained from this flavoring herb used in South-Asian cuisines.




    We wish to express our profound gratitude to all the authors for their excellent contributions. We would also like to thank the excellent team of Bentham Science Publishers, particularly Ms. Fariya Zulfiqar (Manager Publications) and Mr. Mahmood Alam (Editorial Director) for the timely completion and release of the 4th volume of this important book series. We sincerely hope that this volume, like the previous volumes of this book series will contribute to the better understanding of the immense health benefits of spices and culinary herbs, nature’s gifts to humanity, and trigger further research and development in this important field.
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      Abstract




      Curcuma longa (C. longa) or turmeric is a plant with a long history of use in traditional medicine, especially for treatment of inflammatory conditions. Also, pharmacological effects such as antioxidant and anti-microbial properties were described for this plant. This chapter reports the latest knowledge on anti-inflammatory, antioxidant and immunomodulatory effects of C. longa based on a literature survey using various databases and appropriate keywords until the end of July 2020. Various studies showed anti-inflammatory effects of C. longa, including decreased total white blood cells (WBC), neutrophils and eosinophils, as well as its effects on serum levels of inflammatory mediators such as phospholipase A2 (PLA2) and total protein in different inflammatory conditions. The anti-toxin effects of C. longa were also reported in several studies. The plant extracts decreased malondialdehyde and nitric oxide levels but increased thiol, superoxide dismutase, and catalase levels in oxidative stress conditions. Treatment with C. longa improved the levels of IgE, pro-inflammatory cytokines including interleukin (IL)-4, transforming growth factor beta (TGF-β) and IL-17 as well as anti-inflammatory cytokines such as interferon gamma (IFN-γ) and forkhead box P3 (FOXP3) and T helper cells 1 Th1/Th2 ratio in various conditions with disturbed immune balance. The reviewed papers showed anti-inflammatory, antioxidant and immunomodulatory effects of C. longa, indicating potential therapeutic property of the plant for treatment of inflammatory, oxidative and immune-dysregulation diseases.
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      INTRODUCTION




      Curcuma longa (C. longa) as a perennial herb, is a member of Zingiberaceae family distributed in the tropical region [1]. Turmeric is a golden spice derived from the rhizome of C. longa that has been used as a food ingredient for its color, flavor, and taste. Turmeric has been used in Ayurvedic and folk medicines for treatment of various diseases such as gastric, hepatic, gynecological, and infectious diseases for a long time [2].




      Bioactive constituents of the plant include diarylheptanoids (curcuminoids), diarylpentanoids, phenylpropenes, vanillic acid and vanillin (as phenolic compounds), monoterpenes, sesquiterpenes, diterpenes and triterpenoids (as terpenes), linoleic acid, 8,11-octadecadienoic acid, methyl ester, oleic acid and stearic acid (as various fatty acids), β-sitosterol, stigmasterol and gitoxigenin (as steroids) and other minor compounds [3].




      Several pharmacological effects were described for C. longa such as relaxant effects on various types of smooth muscle [4-7], anti-asthmatic [8], antioxidant [9-12], anti-inflammatory [13-15], and anti-cancer [16, 17] activities.




      In this chapter, anti-inflammatory, antioxidant and immunomodulatory effects of C. longa, based on experimental and clinical studies, are shown.


    




    

      METHODS




      Studies regarding anti-inflammatory, antioxidant, and immunomodulatory effects of C. longa were retrieved from various databases such as Google Scholar, Scopus, PubMed, and Web of Science using appropriate keywords, such as Curcuma longa, turmeric, anti-inflammatory, antioxidant, and immunomodulatory. The data until the end of July 2020 was retrieved.




      

        Anti-inflammatory Effects of C. longa




        In various inflammatory conditions, macrophages, neutrophils and other inflammatory cells secrete considerable amount of different inflammatory mediators which cause tissue damage, resulting in various inflammatory disorders [18]. Therefore, natural products with anti-inflammatory properties could be considered potential candidates for treating inflammatory disorders. This topic has gained significant interest in recent years.




        Three properties of turmeric are responsible for its anti-inflammatory effect. Firstly, turmeric decreases the production of histamine-induced inflammation. Secondly, the plant is able to increase and prolong the effect of cortisol which is a natural anti-inflammatory hormone of the body secreted by adrenal glands. Thirdly, turmeric increases blood flow leading to the removal of toxins from the small joints in which cellular waste and inflammatory compounds are often trapped [19].


      




      

        Anti-inflammatory Effects of C. longa, Animal Studies




        Potent anti-inflammatory effects were shown for the volatile oils of C. longa and curcumin in acute inflammation. Oral administration of C. longa in rats with Freund’s adjuvant-induced arthritis significantly reduced inflammatory swelling compared to controls. In addition, curcumin inhibited neutrophil aggregation associated with inflammation in monkeys. Oral administration of curcumin was as effective as cortisone and phenylbutazone in cases of chronic inflammation [19]. C. longa ethanolic extract (250, 500 and 1000 mg/kg b.w) prevents edema in albino rats and its anti-inflammatory activity (at the dose of 1000mg/kg b.w) was comparable to aspirin. These findings indicate anti-inflammatory effects of C. longa and suggest its potential to prevent and treat inflammatory diseases such as edema [20]. Also, bone erosion was controlled by 60 mg/kg and osteophyte formation did not occur. The bone erosion in the ankle joints was also successfully prevented by C. longa at a dose of 110 mg/kg. Also, C. longa suppresses the production of pro-inflammatory cytokines especially IL-1 and TNF-α. The results showed that radiological changes in CIA rats were supressed in group treated with C. longa. Therefore, in diseases like arthritis, C. longa has a preventive effect by its anti-inflammatory properties [13].




        In carrageenan-, dextran-, and formalin-induced inflammation in mice treated with turmeric oil dissolved in paraffin oil and given orally at different doses for 30 days, reduction of the paw thickness in carrageenan, dextran-induced acute inflammation, and formalin-induced chronic inflammation at dose of 1000 mg/kg b.w was shown when compared with the control group. These results demonstrated that turmeric oil reduced both acute and chronic inflammatory processes [21]. In both acute exudative (xylene-induced ear edema) and chronic proliferative (cotton pellet granuloma) inflammation models in male albino Swiss mice and albino Wistar rats, curcuminoids and oil-free aqueous extract (COFAE) of C. longa at doses of 45, 90, and 180 mg/kg, revealed a significant anti-inflammatory potential due to the presence of bioactive principles in the extract. The COFAE of C. longa significantly inhibited the wet and the dry weights of the pellets which correlated with transudative and proliferative (granuloma tissue) components of inflammation. COFAE also reduced the number of fibroblasts and the synthesis of collagen and mucopolysaccharides that are involved in the formation of granuloma tissue. Therefore, COFAE of C. longa demonstrates anti-inflammatory effects on acute and chronic inflammation [22].




        In inflammatory bowel disease with impaired intestinal motility, C. longa showed anti-inflammatory effects as an antidiarrheal symptomatic drug which has also been used in inflammatory bowel disease (IBD) in traditional medicine. C. longa extract caused direct and indirect (through a reversible and non-competitive interaction with the cholinergic receptors) myorelaxant effect on mouse ileum and colon. These findings suggest the potential of the plant extract in IBD due to its anti-inflammatory and spasmolytic effects [23].




        The effect of C. longa (0.75, 1.50, and 3.00 mg/ml) on reducing eosinophils, neutrophils, monocytes, inflammatory cells in a rat model of asthma, was shown; obtained results provided evidence for the potential effect of the plant on asthmatic airways [24]. Administration of C. longa or curcumin showed a significant reduction in total and differential WBC in the blood and tracheal responsiveness to methacholine and ovalbumin (OVA) which were similar or even more potent than the effect of dexamethasone. These results indicate a preventive effect of C. longa on lung inflammation and tracheal responsiveness in sensitized rats suggesting a therapeutic potential for the plant on asthma [25, 26]. Ameliorative effect of C. longa extract on tracheal hyper-responsiveness in animal models of asthma was also shown and confirmed the anti-inflammatory effect of the plant. A study showed that the plant attenuated the development of asthma by inhibition of NF-κB activation [27].




        In OVA-sensitized mice, turmeric (100 mg/kg) treatment reduced food allergy symptoms, and improved OVA-induced food allergy by maintaining Th1/Th2 balance. Turmeric also inhibited the levels of immunoglobulin (Ig)E, IgG1 and mouse mast cell protease-1 (mMCP-1), decreased Th2 -related cytokines (IL-4, IL-5, and IL-13) and enhanced Th1-related cytokine (IFN-γ and IL-4). Therefore, turmeric showed modulatory effects on the immune system by maintaining the Th1/Th2 balance as an anti-allergen factor in a food allergy mouse model. Turmeric as an anti-allergic agent showed immune regulatory effects through maintaining Th1/Th2 immune balance, whereas curcumin produced immune suppressive effects. Therefore, this study suggests that turmeric may be useful to ameliorate Th2-mediated allergic disorders such as food allergy, atopic dermatitis, and asthma [28].




        Reduction of peribronchial inflammation, alveolar congestion and intraluminal hemorrhage in the bronchus, and suppression of total and differential WBC count and lung pathological changes in sensitized rats due to treatment with C. longa methanolic extract at doses of 100 and 200 mg/kg (oral administered) were also shown. So, further pharmacological studies and clinical investigation of curcumin are required to confirm potential curative effects of the plant and its constituents for the treatment of clinical asthma [8].




        The inhibitory activity of ethanolic extract of C. longa on lipoxygenase from the cytosolic fraction of rat lung was mediated by an inhibitory activity on the specific form of lipoxygenase (LOX). These data showed the importance of the role of polysaccharides from this plant in suppression of acute and chronic inflammation [29, 30].




        The anti-inflammatory effects of C. longa shown by animal studies are summerized in Table 1.




        

          Table 1 Anti-inflammatory effects of C. longa (experimental and clinical studies).




          

            

              

                	Plant Preparation



                	Effect



                	Experimental Model



                	Dose, Duration



                	Refs.

              


            



            

              

                	Methanolic extract of C. longa




                	Decreased total and differential WBC, NO2 in BALF, MPO, TP, MDA in lung tissue, lung pathology



                	Sensitized rats



                	100 and 200 mg/kg, oral



                	[5]

              




              

                	C. longa



                	Inhibited degenerative changes in the bone and joints



                	Collagen-induced arthritic rats



                	110 mg/ml/kg body weight



                	[10]

              




              

                	C. longa



                	Reduced inflammatory swelling compared to controls



                	Freund’s adjuvant-induced rats arthritis



                	Oral administration



                	[15]

              




              

                	
C. longa, ethanolic extract of



                	Inhibited the development of edema



                	Carrageenan-induced paw oedema



                	250, 500 and 1000mg/kg body weight



                	[16]

              




              

                	Turmeric oil dissolved in paraffin oil



                	Reduced the paw thickness in carrageenan, dextran-induced acute inflammation and formalin-induced chronic inflammation



                	Mice



                	1000 mg/kg b.w



                	[17]

              




              

                	Oil-free aqueous extract (COFAE)



                	Reduced ear weight, wet and dry weights of cotton pellets



                	Albino Swiss mice and albino Wistar rats



                	45, 90, and 180 mg/kg



                	[18]

              




              

                	C. longa



                	Reduced spontaneous ileum and colon contractions



                	Mice colitis model



                	200 mg/kg/day



                	[19]

              




              

                	C. longa



                	Reduced eosinophils, neutrophils, monocytes, inflammatory cells and inflammation of the airways



                	Asthma model of rats



                	0.75,1.50, and 3.00 mg/ml



                	[20]

              




              

                	Hydroethanolic extract of C. longa




                	Reduced Total WBC, NO2 and NO3, Increased SOD, CAT and thiol



                	Rat model of asthma



                	0.1, 0.2, and 0.4mg/mL



                	[22]

              




              

                	
C. longa hydroethanolic extract



                	Effect on IL-4, IL-5, IL-13, IFN-ã, IFN-ã/IL-4 and IgE



                	Ovalbumin-sensitized mice



                	100mg/kg, oral



                	[24]

              




              

                	Polysaccharide rich C. longa extract



                	Reduced in pain at OA, protective effect against inflammation in osteoarthritis patients



                	Clinical trial OA



                	500 mg/capsule



                	[27]

              




              

                	Turmeric extract



                	Decrease IBS prevalence, abdominal pain/discomfort



                	IBS patients [500 cases)



                	Tablets, 1 or 2 g/day, 8 weeks



                	[29]

              


            

          




          

            BALF: bronchoalveolar lavage fluid, CRCT: crossover randomized controlled trial, IBS, OA: Osteoarthritis.

          




        


      




      

        Anti-inflammatory Effects of C. longa, Clinical Studies




        In acute and chronic models of inflammation, turmeric oil displayed significant anti-inflammatory activities. In addition, turmeric oil acted as an anti-inflammatory, anti-nociceptive agent by scavenging the free radicals formed in the body [21].




        C. longa which contains polysaccharides showed a protective effect against inflammation in osteoarthritis patients in a clinical trial. A significant reduction in pain of patients with osteoarthritis (OA) by polysaccharide-rich C. longa extract (NR-INF-02) at a dose of 500 mg/capsule, was shown. In this study, it was also shown that polysaccharides are the active components responsible for prevention of inflammation and atherosclerosis, as they play a role in free radical scavenging and exert antioxidant effects. The results of this study showed acceptable efficacy and tolerability of NR-INF-02 and suggested that it colud be considered for management of pain in OA [31].




        The treatment of colon, lung and breast cancer and inflammatory bowel disease, which are chronic diseases with the elements of inflammation, with curcuminoids showed a significant therapeutic potential for curcuminoids in various cancers [32].




        Five hundred subjects were screened for irritable bowel syndrome (IBS) by the Rome II criteria and prescribed standardized turmeric extract tablets, 1 or 2 g/day for 8 weeks. The results showed a decrease in the IBS prevalence in both 1 and 2 tablet groups. The abdominal pain/discomfort score was also reduced in the 1 and 2 tablet groups. Symptom-related quality of life scales were improved and self-reported bowel effectiveness was shifted favorably. Therefore, turmeric could effectively reduce IBS symptoms [33, 34].




        The anti-inflammatory effects of C. longa shown by clinical studies are reported in Table 1.


      




      

        Antioxidant Effects of C. longa




        Oxidative stress is an imbalance between free radicals and antioxidants parameters in the body [35]. Free radicals can initiate degenerative diseases by oxidization of nucleic acids, proteins, and lipids [36]. Natural products with antioxidant activities have been considered a therapy and they were examined using cyclic voltammetry as an accepted and a simple method for screening and estimating the antioxidant activity of foods and medicinal plants [37-39]. Antioxidant compounds, including phenolic acids, polyphenols, and flavonoids scavenge free radicals and therefore, prevent the oxidative mechanisms [40, 41]. Oxidative stress parameters such as lipid peroxidation, malondialdehyde (MDA), and antioxidants including, glutathione (GSH), superoxide dismutase (SOD) and catalase (CAT) are focussed for investigating antioxidant effects of various agents [38]. The antioxidant effect of C. longa was shown both in experimental and clinical studies.


      




      

        Antioxidant Effects of C. longa, Animal Studies




        It was shown that the C. longa varieties from Bangladesh are promising sources of natural antioxidants, as indicated by their high contents of polyphenols, flavonoids, tannins, and ascorbic acid, determined using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical-scavenging activities and ferric reducing antioxidant power (FRAP). The extraction yields of both aqueous and ethanol extracts of C. longa varieties suggested that higher antioxidant compounds could be obtained using ethanol. Therefore, turmeric could be a useful source of natural antioxidants as it can offer protection against free radical damage [42].




        The aqueous extract of C. longa (10, 30 and 60 mg/kg/day for 11 days) in Salmonella typhi infected rats, significantly decreased NO, MDA and alkaline phosphatase (ALP) levels while significantly increased CAT and peroxidase activity in tissues and serum, and normalized the levels of mentioned markers when compared with the control group. Therefore, the aqueous extract of C. longa could be used to protect tissue damages in oxidative stress conditions [43]. C. longa extract (45 µg/mL for 24 hr) in γ-irradiated primary rat hepatocytes showed radio protective properties. Daily treatment of rats with the aqueous extract of C. longa (200 mg/kg) for 28 days significantly decreased aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activity and lipid profile. Moreover, C. longa extract significantly increased the levels of GSH and up-regulated SOD-1 and peroxiredoxin (PRDX-1), while reduced the level of MDA to the normal ranges in γ-irradiated rats. Additionally, C. longa extract showed hepatoprotective effects towards morphological changes in the liver of rats exposed to γ-irradiation, as evidenced by the occurrence of regular hepatic lobules with normal circular nuclei and a normal central vein. These findings showed a radioprotective effect for C. longa against radiation-induced oxidative stress, supporting the antioxidant activities of the plant [44].




        Ethanolic extract of C. longa (100 and 200 mg/kg b.w, for two weeks) in a model of potassium bromate (KBrO3)-induced cardiac oxidative damage, significantly improved the heart weight, body weight gained, and lipid profile with an increase in high-density lipoprotein (HDL)-cholesterol and decrease in (low-density lipoprotein (LDL)-cholesterol and total cholesterol. C. longa extract also showed antioxidant properties in the heart with increased GSH, and CAT, but reduced MDA level that were altered by KBrO3-induced cardiotoxicity in rats. Therefore, C. longa could be used for treatment/management of patients with cardiovascular disorders associated with oxidative stress [45]. Oral administration of ethanolic or water extract of C. longa (200 mg/kg) in rats with doxorubicin-induced cardiotoxicity, significantly reduced mortality, creatine kinase MB (Ck-MB) and lactate dehydrogenase (LDH)-activities. Moreover, the extract significantly increased GSH but decreased the level of MDA in cardiac tissue and serum. Ethanolic and water extract of C. longa also significantly reduced serum NO, and ameliorated the antioxidant enzymes activities. These results indicate that C. longa is effective on doxorubicin cardiotoxicity due to its antioxidant activity and suggest that the plant could be used as a novel adjuvant therapy in oxidative stress disorders of the cardiovascular system [46].




        Hot water extract of C. longa (50 and 100 μg/mL) on HepG2 cells treated with free fatty acid (FFA) for 24 hr to induce fatty liver, significantly decreased the levels of reactive oxygen species (ROS) and MDA in the cell culture. Hot water extract of C. longa (300 mg/kg b.w) in C57BL/6 mice fed with 60 kcal% high-fat (HF) diet for 8 weeks to induce fatty liver, significantly decreased the serum levels of ALT and AST. C. longa extract also significantly increased the levels of CAT, SOD, glutathione S-transferase (GST), glutathione peroxidase (GPx), glutathione reductase (GR), and GSH. Furthermore, supplementation with C. lon-ga significantly decreased the levels of intracellular ROS and MDA productions. C. longa extract also suppressed the expression levels of cluster of differentiation 36 (CD36), fatty acid transport proteins (FATP2 and FATP5), increased by HF-diet. Therefore, C. longa could be potentially used for prevention of fatty liver disease through reducing fatty acid uptake and antioxidant effects [47]. Intragluteal administration of C. longa extract (50 and 100 mg/kg, i.g.) to rats with carbon tetrachloride (CCl4)-induced hepatotoxicity, significantly increased SOD, CAT and GPx activities, compared to the CCl4-treated group indicating that the protective effects of the plant on hepatotoxicity are mediated by antioxidant activities [48].




        Chronic administration of hydroalcoholic extract of C. longa (1000 mg/kg b.w.) in rats with adriamycin-induced hepatotoxicity decreased oxidative stress injuries in the liver [49]. Treatment with a combination of C. longa (1000 mg/kg) and Nigella sativa (200 mg/kg) in drinking water, decreased MDA level, but increased the level of thiol and SOD and CAT activities in rats with adriamycin-induced liver tissue damage.




        The results of these two studies showed protective effect of chronic administration of C. longa on hepatotoxicity mediated by decreased oxidative stress injuries in the liver tissue [50]. Administration of C. longa (200 mg/kg b.w) twice a week for 4 weeks before or after treatment with CCl4-induced hepatotoxicity in rats, significantly decreased the activities of AST and ALT and lipid levels in serum. C. longa significantly increased antioxidants, including SOD, CAT and GPx. Moreover, total protein and albumin contents were restored to near normal levels after C. longa treatment [50]. C. longa ethanolic extract (250 and 500 mg/kg) reduced liver enzymes, MDA, nitrotyrosine, and urinary 8-OH-dG levels in thioacetamide-induced liver cirrhosis in rats. C. longa also increased antioxidant enzymes such as SOD and CAT and reduced inflammatory factors [51]. The results of these two studies also support the protective effect of the plant on liver disorders associated with oxidative stress.




        Oral administration of C. longa oil (100 and 500 mg/kg b.w) for one month to mice significantly increased SOD, GSH, and glutathione reductase enzyme levels in the blood and GST and SOD enzymes in the liver. C. longa oil also significantly reduced paw thickness in acute and chronic inflammation. These data showed that turmeric oil scavenges the free radicals [21]. Oral administration of C. longa extract (100 mg/kg b.w) in Sprague-Dawley rats significantly increased SOD and G-Px in erythrocytes and decreased MDA in the plasma, during the third day of administration compared to the control group indicating the antioxidant effect of the plant [52].




        The supplementation of a herbal mixture that included C. longa to rats with nonalcoholic fatty liver diseases, reduced lipid profile and liver injury markers in the serum to the normal range. This supplementation increased the serum albumin and normalized the hepatic antioxidant in treated animals. Therefore, treatment with the herbal mixture including C. longa, reduced hepatocyte fat accumulation and prevented the oxidative stress [53]. Supplementation of poultry feed contaminated with aflatoxins (AF) with C. longa (3 and 5 g/kg) improved the liver antioxidant status, reduced MDA concentration, increased serum SOD and CAT activities and improved the total antioxidant capacity. In addition, C. longa significantly reduced the adverse effects of AF on body weight loss, decreased serum total protein, relative liver weight gain. C. longa also reduced the severity of liver histological pathologies, including periportal fibrosis, hyperemia, and leukocyte infiltration. The results showed that C. longa reduced the adverse effects of AF mainly due to its antioxidant effects [54].




        Effects of C. longa (100 mg/kg, p.o. for 60 days) on cerium chloride (CeCl3, i.p.)-induced mouse brain injury, modified the behavior of animals. C. longa also attenuated CeCl3-induced oxidative stress and increased the activities of SOD and GPx. In addition, the extract decreased acetylcholinesterase (AChE) activity in the CeCl3-treated mouse brain suggesting neuroprotective effect of C. longa on CeCl3-induced oxidative stress [55].




        The ethanolic extract of C. longa (200 mg/kg b.w for 28 days) against trimethyltin (TMT)-induced oxidative stress in Sprague Dawley rats prevented oxidative stress by decreasing plasma and brain MDA levels and increasing SOD, CAT and GPx activities and GSH levels in the brain. Therefore, the ethanolic extract of C. longa exerts neuroprotective effects on TMT-exposed rats by reducing oxidative stress [56].




        The hydro-ethanolic extract of C. longa (0.75, 1.50, and 3.00 mg/ml) significantly reduced total WBC, nitrogen dioxide (NO2) and nitrate (NO3) in rats with asthma compared to the untreated asthmatic group. C. longa extract also significantly decreased the level of MDA, but increased SOD, CAT and thiol in treated animals compared to untreated asthmatic group. This study suggests a therapeutic potential for C. longa on asthma [26].




        C. longa (1% w/w) in nitrate (550 mg/L, p.o.) induced adverse reproductive effects in male rats showed protective effects on decreased levels of testosterone, dehydroepiandrosterone (DHEA) and total protein, RNA and DNA contents in serum and testis. In addition, testicular antioxidant components such as SOD, GSH, and γ-glutamyltranspeptidase (γ-GT) were increased in the testis of treated rats. These findings indicated that tumeric is a promising treatment for male infertility due to the antioxidant effect of the plant [57]. The antioxidant effects of C. longa in animal studies are shown in Table 2.




        

          Table 2 Antioxidant effects of C. longa (experimental and clinical studies).




          

            

              

                	Plant Preparation



                	Effect



                	Experimental Model



                	Dose, Duration



                	Refs.

              


            



            

              

                	Aqueous extract



                	Decreased NO, MDA and ALP levels, increased CAT and peroxidase activity in tissues and serum to normalization levels



                	
Salmonella typhi infected rats



                	10, 30 and 60 mg/kg/day



                	[43]

              




              

                	Aqueous extract



                	Radioprotective properties on the cells.



                	Rat hepatocytes



                	45 µg/mL



                	[44]

              




              

                	Ethanolic extract



                	Reduced GSH, ascorbic acid, catalase, reduce MDA level



                	KBrO3-induced cardio toxicity rats



                	100 and 200 mg kg–1 b.w



                	[89]

              




              

                	Ethanolic or water extract



                	Reduced mortality, serum Ck-MB, LDH activities, NO, and MDA in cardiac tissue and serum, increased GSH



                	Rats



                	200 mg/kg



                	[46]

              




              

                	Hot water extract



                	Decreased reactive ROS and MDA levels



                	Hepg2 cells



                	50 and 100 ìg/m



                	[47]

              




              

                	Hot water extract



                	Decreased ALT and (AST) serum levels and intracellular ROS and MDA productions, increased CAT, SOD, GST, GPx, GR, and GSH levels



                	C57BL/6 mice, HF-diet



                	300 mg/kg b.w



                	[47]

              




              

                	Powder



                	Increased SOD, CAT and GPx activities in CCl4-induced hepatotoxicity



                	Rats



                	50, 100 mg/kg, i.g.



                	[48]

              




              

                	Hydroalcoholic extract



                	Decreased oxidative stress in the liver tissue of adriamycin-induced hepatotoxic rats



                	Rats



                	1000 mg/kg, p.o.



                	[90]

              




              

                	Aqueous extract



                	Decreased MDA level, but increased thiol, level, SOD and catalas activity in adriamycin-induced liver injury



                	Rats



                	
C. longa, 1000 mg/kg, N, Sativa, 200mg/kg



                	[91]

              




              

                	Powder



                	Decreased AST, ALT and lipid serum levels, increased SOD, CAT and GPx



                	Rats



                	200 mg/kg b.w



                	[50]

              




              

                	
C. longa oil



                	Increased SOD, GSH, and glutathione reductase levels in blood and glutathione-S-transferase and SOD in liver, reduced paw thickness



                	Acute and chronic inflammation in mice



                	100 and 500 mg/kg b.w



                	[21]

              




              

                	Powder



                	Increased SOD and G-Px in erythrocytes, decreased MDA serum level



                	Rats



                	100 mg/kg b.w



                	[52]

              




              

                	Powder



                	Improved liver MDA, increased the serum SOD and CAT



                	AF feed Poultry



                	3 and 5 g/kg



                	[54]

              




              

                	Powder



                	Decreased CeCl3-induced oxidative stress, increased SOD and GPx activities



                	Mouse



                	100 mg/kg, p.o.



                	[55]

              




              

                	Ethanolic extract



                	Decreased plasma and brain MDA levels, increased SOD, CAT, GPx and GSH in the brain of TMT-induced oxidative stress



                	Rats



                	200 mg/kg b.w



                	[56]

              




              

                	Hydro-ethanolic extract



                	Reduced Total WBC, NO2 and NO3, MDA, increased SOD, CAT and thiol



                	Rats model of asthma



                	0.75, 1.50, and 3.00 mg/ml



                	[26]

              




              

                	Hydroalcoholic extract



                	Improved knee osteoarthritis due to reduction of inflammation and oxidative stress



                	Knee osteoarthritis



                	1500 mg/day



                	[60]

              




              

                	Powder



                	Reduced MDA level, increased GPX, GR, and CAT levels



                	HD patients



                	500 mg, 8 weeks



                	[61]

              




              

                	Unknown



                	Reduced ROS and MDA, resence of joint crepitation numbers, stiffness and effusion



                	Human



                	500 mg, 120 day



                	[62]

              


            

          




          

            RBCs: red blood cells, ROS: oxygen species, MDA: malondialdehyde, SOD: superoxide dismutase, CAT: catalase, GPx: glutathione peroxidase, CCl4: carbon tetrachloride, DHEA: dehydroepiandrosterone, GSH: glutathione, γ-GT: γ-glutamyltranspeptidase, Ck-MB: creatine kinase MB, TMT: trimethyltin, ALT: alanine aminotransferase, AST: aspartate aminotransferase, AF: Aflatoxins, HPL: Human peripheral lymphocytes, TPA: tetradecanoylphorbol-13-acetate, Y: years, HD: hemodialysis, GR: glutathione reductase, PRDX-1: peroxiredoxin.

          




        


      




      

        Antioxidant Effects of C. longa, Clinical Studies




        It has been reported that topical gel containing C. longa effectively reduced the oral symptoms of mucositis in patients with head and neck cancer undergoing radiotherapy due to anti-inflammatory and antioxidant effects of C. longa. This topical gel not only decreased the grade of mucositis but also reduced the size of oral lesions resulted from radiotherapy, possibly due to the antioxidant effect of the plant [58].




        N. sativa and C. longa alone and in co-administration at lower doses were given to male patients with metabolic syndrome (MetS), (n = 250) for 8 weeks; results showed significant effects on all parameters of MetS, with negligible adverse effects. Therefore, turmeric can be considered for preventing of complications and progression of MetS [59].




        Efficacy and safety 4-week administration of C. domestica extract (1500 mg/day) and ibuprofen (1,200 mg/day) in 367 primary knee osteoarthritis patients with a pain score of 5 or higher were investigated. The baseline characteristics were not different between C. domestica extract and ibuprofen treated groups. The mean pain scores at weeks 0, 2, and 4 showed significant improvement when compared with the baseline in both groups. The results of this study indicated that C. domes-tica extracts are as effective as ibuprofen for the treatment of knee osteoarthritis presumably due to reduction of inflammation and oxidative stress. The side effects were similar with fewer gastrointestinal adverse events reported in the C. domestica extracts group [60].




        Oxidative stress is considered a major player in uremia-associated morbidity and mortality in hemodialysis (HD) patients. Treatment with C. longa in 50 HD patients aged 18–60 years for 8 weeks, reduced MDA level and the ratio of decrease was higher in the C. longa group compared to the placebo group. The levels of enzymes GPX, GR, and CAT were increased. Therefore, turmeric reduces oxidative stress levels in HD patients without any adverse effects [61]. In a randomized, double-blind, clinical trial in 160 patients with osteoarthritis of the knee (KOA), C. longa extract (500 mg) significantly reduced biomarkers of oxidative stress including ROS and MDA on day 60 and 120 compared to the placebo treated group. C. longa extract also significantly reduced the levels of interleukin (IL)-1b, when compared to baseline values. Furthermore, C. longa significantly reduced the joint crepitation, stiffness and effusion compared to the placebo. Therefore, chronic administration of C. longa suppressed oxidative stress and improved clinical symptoms in patients with KOA [62]. The antioxidant effects of C. longa reported by clinical studies are shown in Table 2.


      




      

        Immunomodulatory Effects of C. longa




        The acquired immune system is one of the two main immunity system found in vertebrates. Acquired immunity creates immunological memory after an initial response to a specific pathogen and leads to an enhanced response to subsequent encounters with that pathogen.




        C. longa and its constituents, curcumin were shown to improve the immune system in several immune disorders. Several in vitro and in vivo (both animal and human) studies demonstrated C. longa (turmeric extracts) immunomodulatory activities [63].


      




      

        Immunomodulatory Effects of C. longa, Animal Studies




        Animal experiments and clinical trials have demonstrated that turmeric and curcuminoids can effectively reduce atherosclerosis, cardiac hypertrophy, hypertension, ischemia/reperfusion injury, and diabetic cardiovascular complications with anti-inflammatory/anti-oxidative mechanisms [64].




        Aqueous based extract of C. longa increased the viability of lipopolysaccharide (LPS)-stimulated and non-stimulated splenocytes . Treatment with aqueous based NR-INF-02 significantly increased NO, IL-2, IL-6, IL-10, IL-12, IFN-γ, TNF-α and MCP-1 production in non-stimulated mouse splenocytes and mouse macrophages. In addition, NR-INF-02 showed a potent inhibitory effect on the release of PGE2 and IL-12 in LPS-stimulated mouse splenocytes. Furthermore, NR-INF-02 was fractionated into polysaccharide fraction (F1) and mother liquor (F2) to study their immunomodulatory effects. F1 was found to be more potent than F2 in terms of inhibiting PGE2 and IL-12 in LPS-stimulated splenocytes. However, NR-INF-02 increased NO levels in mouse macrophages; this can induce immune-stimulating activity of macrophages and play an important role against invading pathogens. Polysaccharide fraction (F1) derived from extract of C. longa showed potent immune stimulatory activity on the proliferation of splenocytes cell and IL-10 secretion compared to F2. Polysaccharide fraction of the rhizome of C. longa affects proliferative response and cytokine production in peripheral blood mononuclear cells (PBMC) in vitro. Therefore, NR-INF-02 and its polysaccharide fraction indicated an immunomodulatory effect by inhibiting the secretion of IL-12 and PGE2 in vitro [65]. The extract of C. longa (500 mg) also activated the macrophages, which secreted several inflammatory mediators such as PGE2, IL-6, IL-12 and TNF- α. These results indicate the potential use of C. longa for cancer patients, to stimulate their immune activities during chemotherapy [66].




        Administration of C. longa extract (110 mg/ml/kg) arrested the degenerative changes in the bone and joints of collagen-induced arthritis in rats which was in part due to the immunomodulatory effect of the plant [13]. Curcuminoid and BDMC-loaded liposomes inhibited macrophage inflammation and osteoclast differential activities with low cytotoxicity a and prevented liposome-dependent inhibition of osteoblast differentiation and mineralization. Curcuminoid-loaded liposomes in IL-1β-stimulation, down-regulated the expression of inflammatory markers on osteoblasts and showed a high osteoprotegerin (OPG)/receptor activator of nuclear factor κB ligand (RANKL) ratio to prevent osteoclastogenesis. Therefore, Curcumin and BDMC encapsulated in liposomes may reduce osteoarthritis progression [67].




        One-month treatment with turmeric essential oils (TEO, i.p.) inhibited joint swelling (90-100% inhibition) in female rats with the streptococcal cell wall (SCW)-induced arthritis but it was accompanied by significant morbidity and mortality. Administration of a 20-fold higher dose of TEO, p.o. was not toxic, but showed a mild joint-protective (20% inhibition) effect. Therefore, the isolation of TEO is potentially safe in vertebrates but is not recommended for arthritis treatment [68].




        Curcuminoids isolated from C. longa (27 and 54 mM, for 14 days) and demethoxycurcumin (DMC) inhibited the migration of vascular smooth muscle cell (VSMC) by reducing the expression of matrix metalloproteinase 2/9 through down-regulation of the focal adhesion kinase/phosphatidylinositol 3-kinase (PI3K)/AKT (protein kinase B) and phosphoglycerate kinase 1/extracellular signal regulated kinase 1/2. The effect of DMC treatment on reducing intima/media ratios and the number of proliferating cells was more potent than the other curcuminoids in a rat carotid arterial injury model. The results indicate that DMC may be used for preventing VSMC injuries [69].




        C. longa extract (25 mg) exhibited potent anti-hyperglycemic activity in STZ diabetic rats. The extract improved immune functions by increasing total IgE, decreasing inflammatory cytokines (IL-6, IL-1β, and TNF-α), and total WBC count with increasing neutrophil count. Thus, turmeric might serve as a natural hypoglycemic antioxidant that could attenuate diabetic complications by reducing oxidative stress and improving immune functions [70].




        Treatment with combined Rhodiola rosea and C. longa decreased TNF-α and IL-6 levels, suggesting synergic interaction of the two extracts in a chronic mild stress (CMS) rat model. Significant increases in the serum IL-6 levels in a rat model of CMS were observed. Administration of C. longa and Rhodiola rosea 250 and 500 mg/kg, Curcuma 250 and 500 mg/kg, Rhodiola rosea 250 mg/kg + Curcuma 250 mg/kg did not prevent stress-induced increases in serum IL-6 levels. The combination treatment with Rhodiola rosea and C. longa showed synergic effect on their immunomodulatory and anti-stress effects [71].




        Turmeric (100 mg/kg, oral) significantly ameliorated symptoms in a mouse model of food allergy, inhibited IL-4 levels and enhanced IFN- γ levels. Treatment of OVA-sensitized mice with 100 mg/kg body weight of turmeric extract by oral gavage showed immunomodulatory effects by adjusting the balance of cluster of differentiation (CD)4+ CD25+ regulatory T cells (Tregs)/Th. Turmeric as an anti-allergic agent showed immunomodulatory effects through maintaining Th1/Th2 immune balance. Therefore, it was suggested that turmeric administration may be useful to ameliorate Th2-mediated allergic disorders, such as food allergy, atopic dermatitis, and asthma [28]. The effect of oral methanolic extract of C. longa at doses of 100 and 200 mg/kg, in a rat model of asthma reduced total and differential WBC count in the bronchoalveolar lavage fluid (BALF). This study recommends the use of C. longa in the treatment of asthma, due to the immunomodulatory effect of the plant [72].




        The inhibitory effect of n-hexane extract of C. longa (0.028, 0.057, 0.114, 0.142, 0.171 and 0.199 mg/mL, for 24 hr) on telomerase in A549 lung cancer cell line as an in vitro model of lung cancer was also shown. C. longa showed a cytotoxic and telomerase-inhibitory effect on cell line A549 and could be considered a potential therapeutic against lung cancer [73].




        Treatment with C. longa (1 and 5 mg/kg) in Balb/c mice for 4 weeks increase IL-2, INF-γ, IL-4 and IL-10 serum level concentration-dependently. The ratio of INF-γ/IL-4 was also increased by both doses of the extract which was higher in group treated with 5 mg/kg b.w and the increase in INF-γ/IL-4 ratio was more pronounced than IL-2/IL-10 ratio. Therefore, C. longa showed modulatory effects on Th1, and increased Th1/Th2 balance suggesting its potential therapeutic effect supplement for cancer patients [74].




        In Aspergillus oryzae-infected RAW 264.7, treatment with C. longa extract (100, 200, and 400 μg/mL), TNF-α and NK cell cytotoxity decreased relative to the control group. However, messenger RNA (mRNA) expression of LP-BM5 was suppressed in curcuma extracts treated, especially in the 20% ethanol extracts group. The results of this study indicate that C. longa could be used as an effective immunomodulatory agent [75]. The results of the above studies indicate that the C. longa extracts can be used as a therapeutic agent due to their effective immunomodulating activities. The immunomodulatory effects of C. longa in animal studies are shown in Table 3.




        

          Table 3 Immunomodulatory effects of C. longa (experimental and clinical studies).




          

            

              

                	Plant Preparation



                	Effect



                	Experimental Model



                	Dose, Duration



                	Refs.

              


            



            

              

                	Extract of C. longa




                	Activated the macrophages, secreted inflammatory mediators



                	PMSC



                	500 mg



                	[61]

              




              

                	Curcuminoids isolated from C. longa




                	Inhibited the migration of VSMC



                	Rat carotid arterial injury model



                	27 and 54 mM, 14 days



                	[64]

              




              

                	Ethanolic extracts of C. longa




                	Suppressed T-cells reduced immature B-cell proliferation, inhibited cytokines production, diminished Toll-Like receptors



                	Rat model of chronic mild stress



                	35, 70 mg/kg, oral, 7 weeks



                	[65]

              




              

                	
C. longa extract



                	Improveed immune functions



                	Diabetic rats



                	25 g



                	[65]

              




              

                	
C. longa and Rhodiola extract



                	Increase in the serum IL-6 levels



                	Chronic mild stress model



                	250 and 500 mg/kg



                	[66]

              




              

                	Turmeric



                	Adjusting the balance of CD4+ CD25+ regulatory T cells (Tregs)/ T-helper (Th)



                	Ovalbumin (OVA)-sensitized mice



                	100 mg/kg



                	[24]

              




              

                	Methanolic extract of C. longa




                	Reduced total and differential WBC count in the BALF



                	Rat model of asthma



                	100, 200mg/kg,


                oral



                	[67]

              




              

                	N-Hexane extract of C. longa




                	Telomerase-inhibitory effect on cell line A549



                	Lung cancer



                	0.028-0.199 mg/mL, 24 h



                	[68]

              




              

                	
C. longa extract



                	Increased Th1/Th2 balance and INF-ã/IL-4 ratio



                	Balb/c mice



                	1 and 5 mg/kg



                	[69]

              




              

                	
C. longa extract



                	Suppressed mRNA expression of LP-BM5



                	
Aspergillus oryzae infected RAW 264.7



                	100, 200, 400 ìg/mL



                	[70]

              




              

                	Ginger and turmeric



                	Preventing effect on BMD and osteoporosis related biomarkers and micro-RNAs



                	Women with PMO



                	500 mg b.i.d., 4 month



                	[71]

              




              

                	Turmeric extract



                	Treatment of arthritis



                	Arthritis



                	1000 mg/day



                	[72]

              




              

                	Mixture extract including C. longa



                	Decrease oxidative stress, inflammation and modulating immune response



                	Type 2 diabetes



                	70 mg



                	[73]

              




              

                	Aqueous turmeric component



                	Protect DNA damage against twigs-dry leaves smoke condensate



                	Smoke patients



                	300 ng/µliter



                	[76]

              




              

                	Turmeric capsule



                	Decrease proteinuria, and reduce the progression of chronic kidney disease



                	Chronic kidney disease



                	500 mg capsule, 3/day, 3 months



                	[75]

              




              

                	
C. longa and Boswellia serrata extract



                	Decreased the serum levels of IL-6, but did not modified levels of CRP, TNF-á, and GPx



                	CKD



                	824 mg



                	[76]

              




              

                	Curcuminoid from C. longa




                	Improved biomarkers of systemic activity



                	Cancer patients



                	0.45 and 3.6 g/day, 4 months



                	[79]

              




              

                	Aromatic-turmerone from C. longa




                	Induce apoptosis in human leukemia cells



                	Infected patients



                	30 µ/ml, for 2 days



                	[81]

              




              

                	Aromatic-turmerone from C. longa




                	Anti-fungal



                	Infected patients



                	1 ìg/mL



                	[81]

              


            

          




          

            PBMC: peripheral blood mononuclear cells, WBC: white blood cell, NF-κB: nuclear factor-κB, VSMC: vascular smooth muscle cell, OVA: Ovalbumin, IL-4: interleukin-4, IgE: immunoglobulin E, BALF:bronchoalveolar lavage fluid, BALF: Broncho alveolar lavage fluid, PMO: postmenopausal osteoporosis, BMD: bone mineral density, IL-6: interleukin 6, CRP: C-Reactive protein, TNF-α: tumor necrosis factor, GPx: Glutathione peroxidase, CKD: Chronic kidney disease
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