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Abstract

:

Zingiber ottensii (ZO) Valeton, a local plant in Northern Thailand, has been widely used in traditional medicine. Many studies using in vitro models reveal its pharmacological activities, including the anti-inflammatory activity of ZO essential oil, extracted from ZO rhizomes. However, the scientific report to confirm its anti-inflammatory activity using animal models is still lacking. The present study aimed to evaluate the anti-inflammatory activity and explore the possible mechanisms of action of ZO essential oil in rats. The results revealed that ZO essential oil significantly reduced the ear edema formation induced by ethyl phenylpropiolate. Pre-treatment with ZO essential oil significantly reduced the carrageenan-induced hind paw edema and the severity of inflammation in paw tissue. In addition, pre-treatment with ZO essential oil exhibited decreased COX-2 and pro-inflammatory cytokine TNF-α expression in paw tissue, as well as PGE2 levels in serum. On this basis, our study suggests that ZO essential oil possesses anti-inflammatory activity in animal models. Its possible mechanisms of action may involve the inhibition of TNF-α expression as well as the inhibition of COX-2 and PGE2 production. These findings provide more crucial data of ZO essential oil that may lead to new natural anti-inflammatory product development in the future.
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1. Introduction


Inflammation is an immunological response of the body against mechanical injury, burns, allergens, and noxious stimuli [1]. This defense mechanism involves the migration of leukocytes, such as neutrophil, monocyte, and macrophage; production of inflammatory mediators, such as serotonin, bradykinin, histamine, prostaglandin E2 (PGE2), and nitric oxide; and production of pro-inflammatory mediators, such as tumor necrotic factor-alpha (TNF-α) and interleukin-1,6 (IL-1,6), to eliminate and limit any further injuries to prevent host tissue damage and initiate tissue repair [2]. Persistent unresolved inflammation can lead to various inflammatory disorders, such as atherosclerosis, diabetes, rheumatoid arthritis, inflammatory bowel disease, cancer, Alzheimer’s disease, and obesity [3,4].



Non-steroidal anti-inflammatory drugs (NSAIDs) such as ibuprofen, naproxen, and indomethacin are commonly prescribed medications for treating inflammation, fever, and pain by inhibition of the cyclooxygenase (COX) enzyme that affects the conversion of arachidonic acid to prostaglandins (PGs) [5]. However, NSAIDs have many side effects with long-term medication, such as gastrointestinal lesions, bleeding, and peptic ulcers [6,7,8]. The findings of new and effective natural products exhibiting anti-inflammation with safety and fewer adverse effects will be the alternative way for patients.



Plants in the Zingiberaceae family are widely distributed in the tropical and subtropical areas in Southeast Asia. Their rhizomes have been extensively used as food, spices, and in traditional medicine [9,10,11]. Although studies about the anti-inflammatory activity of the rhizomes of these plants have been reported [12,13], the confirmation of this activity in some plants in this family is still lacking.



Zingiber ottensii (ZO) Valeton or “Phlai dum” (in Thai), a local plant in Northern Thailand, is a medicinal plant that belongs to the Zingiberaceae family. Leaves and rhizomes of this plant have many traditional uses in Southeast Asia, including Thailand, Indonesia, and Malaysia, for curing peptic ulcers, stomachache, constipation, lumbago, myalgia, wounds, sprain, and bruising [14,15]. The major phytochemical compounds of ZO essential oil, extracted from ZO rhizomes, are a group of terpenes, with zerumbone as a major compound [15,16]. Many studies using the in vitro models reveal the anticancer, antidiabetic, antimicrobial, and anti-inflammatory activities of ZO essential oil [17,18,19,20]. However, the scientific reporting to confirm its anti-inflammatory activity using animal models is still lacking. Thus, the present study aimed to evaluate the anti-inflammatory activity using the well-known animal models and explore the possible mechanisms involved in the anti-inflammatory activity of ZO essential oil from rhizomes of ZO grown in Thailand. The results of this study provide additional necessary information of ZO essential oil that strengthens the possibility of ZO essential oil being developed into new herbal health products/medicines as alternative ways for anyone who denies using modern medicines in the future.




2. Results


2.1. Effect of Zingiber ottensii (ZO) Essential Oil on Ethyl Phenylpropiolate (EPP)-Induced Ear Edema in Rats


The effects of ZO essential oil on inflammation in the ear edema induced by EPP of rats were investigated. The mean change of ear edema thickness is presented in Figure 1A. ZO essential oil at the dose of 3 mg/ear significantly reduced ear edema formation at 30, 60, and 120 min post-induction by 45.00, 128.40, and 156.60 µm, respectively, while ibuprofen can significantly reduce ear edema formation at 15, 30, 60, and 120 post-induction by 46.70, 93.30, 136.70, and 161.60 µm, respectively, (p < 0.05). The percentages of inhibition at 15, 30, 60, and 120 min post-induction of ZO essential oil (16.42, 20.93, 40.53, and 58.39) and ibuprofen (41.79, 43.41, 43.16, and 60.25) groups are shown in Figure 1B.




2.2. Effect of ZO Essential Oil on Carrageenan-Induced Hind Paw Edema in Rats


The effect of ZO essential oil on inflammation induced by carrageenan in the rat paw was revealed (Figure 2 and Figure 3). The gross pathological changes of paws of rats pretreated with ibuprofen (100 mg/kg) and ZO essential oil (200, 400, and 800 mg/kg), at 6 h after carrageenan injection, showed a reduction of paw edema when compared with the control group (Figure 2). In addition, both ZO essential oil (400 and 800 mg/kg) and ibuprofen significantly reduced hind paw edema when compared with the control group at 1, 3, 5, and 6 h after carrageenan injection. ZO essential oil at 200 mg/kg could also insignificantly reduce hind paw edema at 1 h after carrageenan injection (Figure 3A). The percentages of inhibition at 1, 3, 5, and 6 h after carrageenan injection of various doses of ZO essential oil and ibuprofen groups are shown in Figure 3B.




2.3. Effect of ZO Essential Oil on Carrageenan-Induced Hind Paw Edema in Rats: Histopathological Changes


The effect of ZO essential oil on inflammation induced by carrageenan in the rat paw, in terms of histopathological changes, is shown in Figure 4. The normal control group (no carrageenan injection) showed no significant edema formation and inflammatory cell infiltration in the paw tissue. Meanwhile, the control group showed moderate–severe inflammation, in terms of edema formation, loosening of connective tissues around the inflammatory sites, and the presence of inflammatory cell infiltration. On the other hand, the ibuprofen and ZO essential oil at 400 and 800 mg/kg groups showed only mild–moderate severity of inflammation, while ZO essential oil at 200 mg/kg showed moderate severity of inflammation.




2.4. Effect of ZO Essential Oil on Carrageenan-Induced Hind Paw Edema in Rats: Immunofluorescence Detection of COX-2 Expression


Determination of COX-2 expression in rat paw edema after inflammatory induction by carrageenan was investigated by immunofluorescence staining. The results showed no COX-2 expression in the normal control group (no carrageenan injection) (Figure 5). While COX-2 expression was found in the control and ZO essential oil (200 mg/kg) groups, the expression was reduced in the ibuprofen and other ZO essential oil (400 and 800 mg/kg) groups.




2.5. Effect of ZO Essential Oil on Carrageenan-Induced Hind Paw Edema in Rats: The PGE2 Level in Rat Serum


Carrageenan injection into rat paw caused an increased PGE2 concentration in the serum. Serum PGE2 concentrations of the carrageenan-injected rats were significantly higher than those of the normal control group (no carrageenan injection) (Figure 6). The considerably lower PGE2 concentrations than the control rats were observed in the rats pretreated with ibuprofen and ZO essential oil. The alteration in serum PGE2 level appeared to occur in a dose-dependent manner. As the dose of ZO essential oil increased, the level of serum PGE2 became lower.




2.6. Effect of ZO Essential Oil on Carrageenan-Induced Hind Paw Edema in Rats: Immunofluorescence Detection of TNF-α Expression


Determination of TNF-α expression in rat paw after inflammatory induction by carrageenan was investigated by immunofluorescence staining. The results showed no TNF-α expression in the normal control group (no carrageenan injection) (Figure 7). While TNF-α expression was found in the control and ZO essential oil (200 mg/kg) groups, the expression was reduced in the ibuprofen and other ZO essential oil (400 and 800 mg/kg) groups.





3. Discussion


Inflammation is part of the immunological host defense process against any agents, injuries, and stimuli that can lead to the production of various pro-inflammatory mediators associated with the development of many diseases if left unresolved within a short time [21]. Acute inflammation occurs quickly with noticeable inflammatory symptoms of swelling, heat, redness, pain, and infiltration of leukocytes into inflamed tissue [22]. Meanwhile, many pro-inflammatory mediators are released, such as IL-1β, IL-6, and TNF-α, as well as the expression of COX-2 and PGE2 [21,23]. The reduction of pro-inflammatory cytokines and mediators is very important to regulate the inflammatory responses. This present study determined the anti-inflammatory activity of ZO essential oil in rats by using two acute inflammatory models: EPP-induced ear edema and carrageenan-induced hind paw edema. EPP-induced ear edema is a common model used for screening the anti-inflammatory activity of any herbal extract and providing possible mechanisms of action [24]. EPP is an irritant agent that can induce redness and edema in rat ears by increasing vascular permeability, vasodilatation, and releasing pro-inflammatory mediators such as histamine, serotonin, kinins, and PGs [24]. ZO essential oil and ibuprofen significantly reduced rat ear edema compared to the vehicle control group. This result implies that ZO essential oil has an anti-inflammatory activity with a possible mechanism of action via inhibiting the release of the mentioned pro-inflammatory mediators.



Carrageenan is a chemical agent that can induce acute inflammation in rat paw, leading to edema, redness, and pain. The inflammatory processes involve the releasing of several mediators, depending on the phases of inflammation [5,25]. The first phase (a few hours after carrageenan injection) of the biphasic phase is mainly influenced by histamine, serotonin, and bradykinin from mast cells in the inflamed area and damaged tissue. The second phase (3–6 h after carrageenan injection) is mediated by arachidonic acid metabolites, mainly PGs, and various cytokines such as IL-1β, IL-6, TNF-α, and IL-10 [25,26]. Carrageenan-induced rat hind paw edema is another widely used animal model for evaluating the anti-inflammatory activity of plant extracts [25].



In this study, the oral administration of ZO essential oil (at all doses) and ibuprofen caused reduction of paw edema as shown in the gross pathological examination (Figure 2). The significant effect of ZO essential oil and ibuprofen in reducing paw edema was confirmed when considering the mean changes in paw edema volume and the percentages of paw edema inhibition (Figure 3). In addition, histopathology of paw tissue in the ZO essential oil and ibuprofen groups showed evidence of only mild–moderate severity of inflammation. The pronounced effect of ZO essential oil and ibuprofen was found during the second phase of inflammation (3–6 h after carrageenan injection), which is correlated mainly with the elevation of inducible COX-2 activity and the synthesis of PGE2 leading to vasodilation and increased vascular permeability in the rat paw [25,27]. Pre-treatment with ZO essential oil at 400 and 800 mg/kg and ibuprofen exhibited decreased COX-2 expression in paw tissue compared to the control group (Figure 5). Meanwhile, PGE2 levels in serum were significantly reduced in rats pre-treated with ZO essential oil at 200, 400, and 800 mg/kg and ibuprofen. As expected, ibuprofen (reference drug) is a medication in NSAIDs class targeting COXs inhibition [5].



Additionally, the second phase of carrageenan-induced inflammation in rat paw is also involved with the cytokine network products including TNF-α, a crucial mediator released from mononuclear phagocytes that causes edema formation, neutrophil migration, allodynia, immune response, and helps to increase the extension of a local or systematic inflammatory process [25,28,29]. Pre-treatment with ZO essential oil at 400 and 800 mg/kg and ibuprofen could reduce TNF-α expression in rat paws. Furthermore, it was found that protein from rhizomes of ZO could inhibit pro-inflammatory cytokines, including IL-6 and TNF-α, in the macrophage cell line [20]. In addition, ZO essential oil was reported to decrease IL-6 levels in Hela cells [19]. IL-6 significantly affects the production of TNF-α (positive feedback), and IL-6 amplifies the expression of COX-2 protein and activity that subsequently enhances the formation of PGE2 [30]. From our previous study about the phytochemical profile of ZO essential oil, results revealed that ZO essential oil had been found to contain sesquiterpene and monoterpene compounds including zerumbone (24.73%), terpinene-4-ol (18.75%), and sabinene (15.19%) [15]. Notably, zerumbone and terpinene-4-ol are fascinating natural compounds reported to manifest a broad spectrum of pharmacological activities, e.g., anti-inflammation, antioxidant, and anticancer, in many studies [19,31,32]. Furthermore, sabinene also exhibited anti-inflammatory activity [33]. According to all of this previous information, together with the results from the carrageenan-induced inflammatory model, it is reasonable that ZO essential oil possessed anti-inflammatory activity. Its possible mechanisms of action involved the inhibition of pro-inflammatory cytokine TNF-α expression as well as the inhibition of COX-2 and PGE2 productions.




4. Materials and Methods


4.1. Plant Materials and Extraction of Zingiber ottensii (ZO) Valeton Essential Oil


ZO was planted in Mae Rim District, Chiang Mai, Thailand. Its rhizomes were harvested in March 2020. Plant identification was performed at the Faculty of Pharmacy, Chiang Mai University (voucher specimen 000109). The ZO essential oil was further extracted from fresh rhizomes using the same method as described in a previous study [15].




4.2. Laboratory Animal Care and Maintenance


Male Wistar rats (Rattus norvegicus) (40–60 g and 100–120 g) were purchased from Nomura Siam International Co. Ltd., Bangkok, Thailand. All animals were acclimatized for a week before experiments in an animal room maintained under standard conditions (temperature at 24 ± 1 °C, 50 ± 10% relative humidity, and a 12:12 h light–dark cycle. They had free access to a standard pelleted diet and drinking water. The Animal Ethics Committee of the Faculty of Medicine, Chiang Mai University, Thailand, approved all experiments (permit no. 22/2563, 9 July 2020).




4.3. Ethyl Phenylpropiolate-Induced Rat Ear Edema


Anti-inflammatory activity of ZO essential oil was screened according to the method described in the previous study, with slight modifications [24]. Male Wistar rats (40–60 g) were randomly divided into three equal groups, three rats (six ears)/group. The rat ear edema was induced by topical application of EPP 50 mg in 1 mL of acetone (1 mg/20 µL/ear) on both ears’ inner and outer surfaces. ZO essential oil (3 mg/ear) and ibuprofen (1 mg/ear) (both diluted in acetone) and acetone (vehicle) were applied in the same manner at a volume of 20 µL/ear before the application of EPP.



The ear thickness was measured with a digital Vernier caliper at 0, 15, 30, 60, and 120 min after EPP application. The increase in ear thickness was compared with that of the vehicle-treated group, and the percent inhibition was calculated.




4.4. Carrageenan-Induced Rat Hind Paw Edema


Anti-inflammatory activity was performed according to the method described in the previous study, with slight modifications [24]. Male Wistar rats (100–120 g) were randomly divided into six equal groups (six rats for each group). The rats were pre-treated orally with 0.9% saline (vehicle), ibuprofen (100 mg/kg), or ZO essential oil (200, 400, or 800 mg/kg) diluted in 0.9% saline. After 1 h, acute inflammation was produced by subplantar injection of carrageenan (1% w/v in sterile normal saline, 0.05 mL/paw) into the right hind paw of rats, except in the normal control group. The paw edema was measured using a volume displacement technique with a plethysmometer (model 7140, Ugo Basile, Italy) at 0, 1, 3, 5, and 6 h after carrageenan injection. The edema volume of the paw and the percent edema inhibition of each test compound were calculated. Six hours after carrageenan injection, the rats were sacrificed. The blood samples were collected from rats and kept in a clot blood tube overnight at 4 °C before centrifugation for 15 min at 1000 rpm. Serum was isolated and stored at −20 °C of PGE2 assay. The right hind paw was dissected and fixed in 10% neutral buffered formalin and then placed in the decalcifying agent (10% formic acid; Sigma-Aldrich, Saint Louis, MO, USA).




4.5. Determination of PGE2 Level in Rat Serum


According to the manufacturer’s instruction, the concentration of PGE2 in serum was measured using Rat PGE2 ELISA Kit (CSB-E07967r; Cusabio Biotechnology, Wuhan, China). Absorbance was measured immediately at 450 nm using a microplate reader (BioTek Instruments, Winooski, VT, USA). The level of PGE2 was expressed as picograms per milliliter of serum.




4.6. Histopathological Examination of Rat Paw Tissue


The right hind paw of rat was removed from the decalcifying agent, rinsed, dehydrated in a graded series of ethanol, and then embedded in paraffin wax. After that, tissues were cut into a five-micrometer section, deparaffinized, and then stained with hematoxylin and eosin (H&E; Sigma-Aldrich, Saint Louis, MO, USA). The histopathological changes and inflammatory response in paw tissue were examined under a microscope. According to the previous study, the degree of inflammation was evaluated and blindly described by two veterinary pathologists at Veterinary Diagnostic Center, Chiang Mai University [5,34,35].




4.7. Immunofluorescence Study for COX-2 and Pro-Inflammatory Cytokine TNF-α Expression in Rat Paw Tissue


Immunofluorescence staining was performed using a previously described method, with slight modifications [36]. Briefly, the paraffin boxes were cut into a four-micrometer section, deparaffinized, and dehydrated with xylene (Labscan Asia, BKK, Thailand) and ethanol (VMR international, Fontenay-sous-Bois, France). Then, antigens were unmasked using a citrate-based antigen retrieval solution (Vector Laboratories, Burlingame, CA, USA) and heated to boiling. Then, the slides were washed twice for 2 min with phosphate buffered saline (PBS) and once for 10 min with PBS and subjected to permeabilization by using a permeabilization solution (0.2% gelatin, 0.25% triton-x in PBS) twice for 10 min. The slides were then blocked with 5% bovine serum albumin (BSA) in permeabilization solution for 1 h before being incubated with specific antibodies. The primary antibodies (rabbit anti-COX-2 antibody, Cell Signaling Technology, Danvers, MA, USA; or rabbit anti-TNF-α antibody, Biotium, Fremont, CA, USA) were diluted in 1% BSA in permeabilization solution and then added to each slide and incubated overnight. The slides were washed twice with PBS for 10 min, once for 10 min with permeabilization solution, and incubated for 2 h at room temperature in 1% BSA with secondary antibodies Cy3- or FITC-conjugated goat anti-rabbit IgG (ABclonal, Woburn, MA, USA). Furthermore, the nuclei were stained with 1 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, Saint Louis, MO, USA) for 2 h in the dark at room temperature. After final washing with PBS 4 times for 10 min and once with distilled water, the slide sample was mounted with Vectashield (Vector Laboratories, Burlingame, CA, USA) and coverslip. The observations were performed on a fluorescence microscope, Axio Vert. A1 (Carl Zeiss, Oberkochen, Germany), with 400× magnification. Micrographs were captured with the Zen2.6 (blue edition) Software for the Zeiss Axiocam 506 color microscope camera.




4.8. Statistical Analysis


The results were compared by means of one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test using SPSS Statistical Package version 22 (IBM, Armonk, NY, USA), and the figures were generated using GraphPad Prism8 software (San Diego, CA, USA). Data were expressed as mean ± SEM. Statistical significance of differences was set at p < 0.05.





5. Conclusions


The essential oil of Zingiber ottensii Valeton possessed anti-inflammatory activity in both animal models, the EPP-induced ear edema and carrageenan-induced paw edema in rats. Its possible mechanisms of action involved the inhibition of pro-inflammatory cytokine TNF-α expression as well as the inhibition of COX-2 and PGE2 production. These preclinical findings provide more crucial data about the anti-inflammatory activity of ZO essential oil that strengthen its possibility to be developed into new herbal health products/medicines as alternative ways for anyone who denies using modern medicines in the future. Further investigation of its precise mechanism of action and chronic toxicity study is warranted before clinical application.







Author Contributions


Conceptualization, W.T., W.N., R.M., P.K. (Parirat Khonsung) and P.K. (Puongtip Kunanusorn); methodology, W.T., W.N., R.M., P.K. (Parirat Khonsung) and P.K. (Puongtip Kunanusorn); software, W.T.; validation, W.N. and P.K. (Puongtip Kunanusorn); formal analysis, W.T., W.N. and P.K. (Puongtip Kunanusorn); investigation, W.T., W.N., P.K. (Parirat Khonsung) and P.K. (Puongtip Kunanusorn); resources, W.N. and P.K. (Puongtip Kunanusorn); data curation, W.T., W.N., P.K. (Parirat Khonsung) and P.K. (Puongtip Kunanusorn); writing—original draft preparation, W.T.; writing—review and editing, W.T., W.N. and P.K. (Puongtip Kunanusorn); supervision, W.N., P.K. (Parirat Khonsung) and P.K. (Puongtip Kunanusorn); project administration, P.K. (Puongtip Kunanusorn); funding acquisition, P.K. (Puongtip Kunanusorn). All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Faculty of Medicine, Chiang Mai University (031-2564 to P.K. (Puongtip Kunanusorn)).




Institutional Review Board Statement


The study was conducted according to the previous research and approved by the Animal Ethics Committee of Faculty of Medicine, Chiang Mai University (protocol code 22/2563, 9 July 2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Kanyarat Chairaksa for assistance in sample collection and figure editing and Jirapak Ruttanapathanakul for help in the immunofluorescence.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yoon, J.H.; Baek, S.J. Molecular targets of dietary polyphenols with anti-inflammatory properties. Yonsei Med. J. 2005, 46, 585–596. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-associated diseases in organs. Oncotarget 2017, 9, 7204–7218. [Google Scholar] [CrossRef] [PubMed]

	



Kotas, M.E.; Medzhitov, R. Homeostasis, inflammation, and disease susceptibility. Cell 2015, 160, 816–827. [Google Scholar] [CrossRef] [PubMed]

	



Wei, W.C.; Sung, P.J.; Duh, C.Y.; Chen, B.W.; Sheu, J.H.; Yang, N.S. Anti-inflammatory activities of natural products isolated from soft corals of Taiwan between 2008 and 2012. Mar. Drugs 2013, 11, 4083–4126. [Google Scholar] [CrossRef] [PubMed]

	



Abd-Allah, A.A.M.; El-Deen, N.; Mohamed, W.A.M.; Naguib, F.M. Mast cells and pro-inflammatory cytokines roles in assessment of grape seeds extract anti-inflammatory activity in rat model of carrageenan-induced paw edema. Iran. J. Basic. Med. Sci. 2018, 21, 97–107. [Google Scholar]

	



Kulbe, P.S.B.; Sharma, P.; Tiwari, T.K. NSAIDs related gastrointestinal side effects and their management: An updated review. Int. J. Pharm. Pharm. Sci. 2016, 5, 657–675. [Google Scholar]

	



Maniar, K.H.; Jones, I.A.; Gopalakrishna, R.; Vangsness, C.T., Jr. Lowering side effects of NSAID usage in osteoarthritis: Recent attempts at minimizing dosage. Expert Opin. Pharmacother. 2018, 19, 93–102. [Google Scholar] [CrossRef]

	



Rayar, A.-M.; Lagarde, N.; Ferroud, C.; Zagury, J.-F.; Montes, M.; Sylla, M. Update on COX-2 Selective Inhibitors: Chemical Classification, Side Effects and their Use in Cancers and Neuronal Diseases. Curr. Top. Med. Chem. 2017, 17, 2835–2856. [Google Scholar] [CrossRef]

	



Ibrahim, H.; Khalid, N.; Hussin, K. Cultivated Gingers of Peninsular Malaysia: Utilization, Profiles and Micropropagation. Gard. Bull. Singap. 2007, 59, 71–88. [Google Scholar]

	



Ghosh, S.M.; Majumder, P.B.; Sen Mandi, S. Species specific AFLP markers for identification of Zingiber officinale, Z. montanum and Z. zerumbet (zingiberaceae). Genet. Mole. Res. 2011, 10, 218–229. [Google Scholar] [CrossRef]

	



Pushpanathan, T.; Jebanesan, A.; Govindarajan, M. The essential oil of Zingiber offcinalis Linn (Zingiberaceae) as a mosquito larvicidal and repellent agent against the filarial vector Culex quinquefasciatus Say (Diptera: Culicidae). Parasitol. Res. 2008, 102, 1289–1291. [Google Scholar] [CrossRef]

	



Srivastava, K.C.; Mustafa, T. Ginger (Zingiber officinale) in rheumatism and musculoskeletal disorders. Med. Hypotheses. 1992, 39, 342–348. [Google Scholar] [CrossRef]

	



Zammel, N.; Saeed, M.; Bouali, N.; Elkahoui, S.; Alam, J.M.; Rebai, T.; Kausar, M.A.; Adnan, M.; Siddiqui, A.J.; Badraoui, R. Antioxidant and Anti-Inflammatory Effects of Zingiber officinale roscoe and Allium subhirsutum: In Silico, Biochemical and Histological Study. Foods 2021, 10, 1383. [Google Scholar] [CrossRef]

	



Panyajai, P.; Chueahongthong, F.; Viriyaadhammaa, N.; Nirachonkul, W.; Tima, S.; Chiampanichayakul, S.; Anuchapreeda, S.; Okonogi, S. Anticancer activity of Zingiber ottensii essential oil and its nanoformulations. PLoS ONE 2022, 24, e0262335. [Google Scholar] [CrossRef]

	



Thitinarongwate, W.; Mektrirat, R.; Nimlamool, W.; Khonsung, P.; Pikulkaew, S.; Okonogi, S.; Kunanusorn, P. Phytochemical and Safety Evaluations of Zingiber ottensii Valeton Essential Oil in Zebrafish Embryos and Rats. Toxics 2021, 9, 102. [Google Scholar] [CrossRef]

	



Thubthimthed, S.; Limsiriwong, P.; Rerk-am, U.; Suntorntanasat, T. Chemical composition and cytotoxic activity of the essential oil of Zingiber ottensii. Acta Horti. 2005, 675, 107–109. [Google Scholar] [CrossRef]

	



Tiengburanatam, N.; Boonmee, A.; Sangvanich, P.; Karnchanatat, A. A novel α-glucosidase inhibitor protein from the rhizomes of Zingiber ottensii valeton. Appl. Biochem. Biotechnol. 2010, 162, 1938–1951. [Google Scholar] [CrossRef]

	



Karnchanatat, A.; Tiengburanatam, N.; Boonmee, A.; Puthong, S.; Sangvanich, P. Zingipain, a cysteine protease from Zingiber ottensii Valeton rhizomes with antiproliferative activities against fungi and human malignant cell lines. Prep. Biochem. Bio Technol. 2011, 41, 138–153. [Google Scholar] [CrossRef]

	



Ruttanapattanakul, J.; Wikan, N.; Chinda, K.; Jearanaikulvanich, T.; Krisanuruks, N.; Muangcha, M.; Okonogi, S.; Potikanond, S.; Nimlamool, W. Essential Oil from Zingiber ottensii Induces Human Cervical Cancer Cell Apoptosis and Inhibits MAPK and PI3K/AKT Signaling Cascades. Plants 2021, 10, 1419. [Google Scholar] [CrossRef]

	



Chantaranothai, C.; Palaga, T.; Karnchanatat, A.; Sangvanich, P. Inhibition of nitric oxide production in the macrophage-like RAW 264.7 cell line by protein from the rhizomes of Zingiberaceae plants. Prep. Biochem. Biotechnol. 2013, 43, 60–78. [Google Scholar] [CrossRef]

	



Hussein, S.Z.; Mohd Yusoff, K.; Makpol, S.; Mohd Yusof, Y.A. Gelam honey attenuates carrageenan-induced rat paw inflammation via NF-κB pathway. PLoS ONE 2013, 8, e72365. [Google Scholar] [CrossRef]

	



Libby, P. Inflammatory mechanisms: The molecular basis of inflammation and disease. Nutr. Rev. 2007, 65, 140–146. [Google Scholar] [CrossRef]

	



Ou, Z.; Zhao, J.; Zhu, L.; Huang, L.; Ma, Y.; Ma, C.; Luo, C.; Zhu, Z.; Yuan, Z.; Wu, J.; et al. Anti-inflammatory effect and potential mechanism of betulinic acid on λ-carrageenan-induced paw edema in mice. Biomed. Pharmacother. 2019, 118, 109347. [Google Scholar] [CrossRef]

	



Pingsusaen, P.; Kunanusorn, P.; Khonsung, P.; Chiranthanut, N.; Panthong, A.; Rujjanawate, C. Investigation of anti-inflammatory, antinociceptive and antipyretic activities of Stahlianthus involucratus rhizome ethanol extract. J. Ethnopharmacol. 2015, 13, 199–206. [Google Scholar] [CrossRef]

	



Karim, N.; Khan, I.; Khan, W.; Khan, I.; Khan, A.; Halim, S.A.; Khan, H.; Hussain, J.; Al-Harrasi, A. Anti-nociceptive and Anti-inflammatory Activities of Asparacosin A Involve Selective Cyclooxygenase 2 and Inflammatory Cytokines Inhibition: An in-vitro, in-vivo, and in-silico Approach. Front. Immuno. 2019, 10, 581. [Google Scholar] [CrossRef]

	



Lopes, A.J.O.; Vasconcelos, C.C.; Pereira, F.A.N.; Silva, R.H.M.; Queiroz, P.F.D.S.; Fernandes, C.V.; Garcia, J.B.S.; Ramos, R.M.; Rocha, C.Q.D.; Lima, S.T.D.J.R.M.; et al. Anti-Inflammatory and Antinociceptive Activity of Pollen Extract Collected by Stingless Bee Melipona fasciculata. Int. J. Mol. Sci. 2019, 20, 4512. [Google Scholar] [CrossRef]

	



Giuliano, F.; Warner, T.D. Origins of prostaglandin E2: Involvements of cyclooxygenase (COX)-1 and COX-2 in human and rat systems. J. Pharmacol. Exp. Ther. 2002, 303, 1001–1006. [Google Scholar] [CrossRef]

	



Ma, H.; Wang, F.; Jiang, J.; Cheng, L.; Zhang, H.; Zhang, G. In vivo anti-inflammatory activity of Liquidambar formosana Hance infructescence extract. Trop. J. Pharm. Res. 2017, 16, 2403–2410. [Google Scholar] [CrossRef]

	



Rocha, A.C.; Fernandes, E.S.; Quintão, N.L.; Campos, M.M.; Calixto, J.B. Relevance of tumour necrosis factor-alpha for the inflammatory and nociceptive responses evoked by carrageenan in the mouse paw. Br. J. Pharmacol. 2006, 148, 688–695. [Google Scholar] [CrossRef]

	



Cuzzocrea, S.; Sautebin, L.; De Sarro, G.; Costantino, G.; Rombolà, L.; Mazzon, E.; Ialenti, A.; De Sarro, A.; Ciliberto, G.; Di Rosa, M.; et al. Role of IL-6 in the pleurisy and lung injury caused by carrageenan. J. Immunol. 1999, 163, 5094–5104. [Google Scholar]

	



Kalantari, K.; Moniri, M.; Boroumand Moghaddam, A.; Abdul Rahim, R.; Bin Ariff, A.; Izadiyan, Z.; Mohamad, R. A Review of the Biomedical Applications of Zerumbone and the Techniques for Its Extraction from Ginger Rhizomes. Molecules 2017, 22, 1645. [Google Scholar] [CrossRef] [PubMed]

	



De Freitas Souza, C.; Baldissera, M.; Silva, L.; Geihs, M.; Baldisserotto, B. Is monoterpene terpinen-4-ol the compound responsible for the anesthetic and antioxidant activity of Melaleuca alternifolia essential oil (tea tree oil) in silver catfish? Aquaculture 2018, 486, 217–223. [Google Scholar] [CrossRef]

	



Valente, J.; Zuzarte, M.; Gonçalves, M.J.; Lopes, M.C.; Cavleiro, C.; Salgueiro, L.; Cruz, M.T. Antifungal, antioxidant and anti-inflammatory activities of Oenanthe crocata L. essential oil. Food. Chem. Toxicol. 2013, 62, 349–354. [Google Scholar] [CrossRef] [PubMed]

	



Bang, J.S.; Oh, D.H.; Choi, H.M.; Sur, B.-J.; Lim, S.-J.; Kim, J.Y.; Yang, H.-I.; Yoo, M.C.; Hahm, D.-H.; Kim, K.S. Anti-inflammatory and antiarthritic effects of piperine in human interleukin 1beta-stimulated fibroblast-like synoviocytes and in rat arthritis models. Arthritis Res. Ther. 2009, 11, R49. [Google Scholar] [CrossRef]

	



Park, S.M.; Lee, T.H.; Zhao, R.; Kim, Y.S.; Jung, J.Y.; Park, C.A.; Jegal, K.H.; Ku, S.K.; Kim, J.K.; Lee, C.W.; et al. Amelioration of inflammatory responses by Socheongryong-Tang, a traditional herbal medicine, in RAW 264. cells and rats. Int. J. Mol. Med. 2018, 41, 2771–2783. [Google Scholar]

	



Zaqout, S.; Becker, L.L.; Kaindl, A.M. Immunofluorescence Staining of Paraffin Sections Step by Step. Front. Neuroanat. 2020, 14, 582218. [Google Scholar] [CrossRef]








[image: Molecules 27 04260 g001 550] 





Figure 1. Effects of ZO essential oil and ibuprofen on EPP-induced ear edema in rats. (A) Mean changes in ear thickness (µm) and (B) the percentages of ear edema inhibition after pretreating with ZO essential oil (3 mg/ear) or ibuprofen (1 mg/ear) at different time points. Data represent the mean ± SEM (n = 6). * Denotes significant differences (p < 0.05) compared to the control group. 
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Figure 2. Gross pathological changes of hind paws of rats pretreated with vehicle (0.9% saline), ibuprofen (100 mg/kg), or ZO essential oil at different doses at 6 h after carrageenan injection. (A) Normal control group (no carrageenan injection); (B) control group; (C) ibuprofen group; (D–F) 200, 400, and 800 mg/kg of ZO essential oil groups. 
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Figure 3. Effects of ZO essential oil and ibuprofen on carrageenan-induced hind paw edema in rats. (A) Mean changes in paw edema volume and (B) the percentages of paw edema inhibition after pretreating with ZO essential oil (200, 400, and 800 mg/kg) and ibuprofen (100 mg/kg) at different time points. Data represent the mean ± SEM (n = 6). * Denotes significant differences (p < 0.05) compared to the control group. 
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Figure 4. Histopathological examination of paw tissue of rats, pretreated with vehicle (0.9% saline), ibuprofen (100 mg/kg), or ZO essential oil at different doses, at 6 h after carrageenan injection. The tissue section from the paw tissue of each rat was stained with hematoxylin and eosin (100×). (A) Normal control group (no carrageenan injection); (B) control group; (C) ibuprofen group; (D–F) 200, 400, and 800 mg/kg of ZO essential oil groups. The arrow indicates the total thickness. Abbreviations: ED, epidermis; DM, dermis; PM; paw muscle. 
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Figure 5. Immunofluorescence study for COX-2 expression in paw tissue of rats, pretreated with vehicle (0.9% saline), ibuprofen (100 mg/kg), or ZO essential oil at different doses, at 6 h after carrageenan injection. Micrographs were photographed by a fluorescence microscope (400× magnification). Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; COX-2, cyclooxygenase-2. 
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Figure 6. Measurement of PGE2 concentration in the serum of rats, pretreated with vehicle (0.9% saline), ibuprofen (100 mg/kg), or ZO essential oil at different doses, at 6 h after carrageenan. Data represent the mean ± SEM (n = 6). * Denotes significant differences (p < 0.05) compared to the control group. 
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Figure 7. Immunofluorescence study for TNF-α expression in paw tissue of rats, pretreated with vehicle (0.9% saline), ibuprofen (100 mg/kg), or ZO essential oil at different doses, at 6 h after carrageenan injection. Micrographs were photographed by a fluorescence microscope (400× magnification). Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; COX-2, cyclooxygenase-2. 
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