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Abstract

:

TPDM6315 is an antipyretic Thai herbal recipe that contains several herbs with anti-inflammatory and anti-obesity activities. This study aimed to investigate the anti-inflammatory effects of TPDM6315 extracts in lipopolysaccharide (LPS)-induced RAW264.7 macrophages and TNF-α-induced 3T3-L1 adipocytes, and the effects of TPDM6315 extracts on lipid accumulation in 3T3-L1 adipocytes. The results showed that the TPDM6315 extracts reduced the nitric oxide production and downregulated the iNOS, IL-6, PGE2, and TNF-α genes regulating fever in LPS-stimulated RAW264.7 macrophages. The treatment of 3T3-L1 pre-adipocytes with TPDM6315 extracts during a differentiation to the adipocytes resulted in the decreasing of the cellular lipid accumulation in adipocytes. The ethanolic extract (10 µg/mL) increased the mRNA level of adiponectin (the anti-inflammatory adipokine) and upregulated the PPAR-γ in the TNF-α induced adipocytes. These findings provide evidence-based support for the traditional use of TPDM6315 as an anti-pyretic for fever originating from inflammation. The anti-obesity and anti-inflammatory actions of TPDM6315 in TNF-α induced adipocytes suggest that this herbal recipe could be useful for the treatment of metabolic syndrome disorders caused by obesity. Further investigations into the modes of action of TPDM6315 are needed for developing health products to prevent or regulate disorders resulting from inflammation.
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1. Introduction


Thai traditional medicines are usually composed of a mixture of several herbs with different functions. These include the main herbs that directly treat an illness, as well as the assistant herbs that enhance the actions of these main herbs, relieve symptoms, or restore the body balance of a patient. The well-documented Thai traditional recipes in the national Thai traditional textbook have been self-approved for their efficacy and safety based on their long-term use since ancient times. However, scientific evidence is required for more confidence in their use by health professionals and patients.



Fever results from cellular inflammation. Lipopolysaccharide (LPS) is a bacteria-derived exogenous pyrogen that triggers the production of tumor necrosis factor-alpha (TNF-α), stimulates cyclooxygenases to produce prostaglandin E2 (PGE2), and subsequently raises the body’s temperature. Furthermore, the gene expressions of the cytokines and pro-inflammatory mediators associated with fever, including inducible nitric oxide synthase (iNOS), TNF-α, PGE2, and interleukin-6 (IL-6), are upregulated [1].



Adipose tissue mainly consists of adipocytes that are differentiated from preadipocytes. The major adipogenic transcription factors involved in adipocyte differentiation and maintenance are peroxisome proliferator-activated receptor gamma (PPAR-γ) and CCAAT/enhancer-binding protein alpha (C/EBPα). PPAR-γ plays a crucial role in the terminal differentiation of adipocytes and helps to maintain their differentiated state. C/EBPα, on the other hand, acts in conjunction with PPAR to promote the formation of mature adipocytes [2]. Adipocytes also secrete adiponectin, which enhances insulin sensitivity.



The accumulation of excessive adipose tissue leads to obesity, which is, in turn, a critical risk factor for the development of type II diabetes and other metabolic diseases. Obesity is also associated with increased amounts of inflammatory mediators. Hence, anti-inflammatory agents are a potential alternative to obesity treatments [3]. There is also a correlation between the inflammation of adipocytes and insulin resistance. TNF-α, a pro-inflammatory cytokine, plays a critical role in insulin resistance due to obesity [4]. The elevation of TNF-α and IL-6 due to obesity causes a decrease in glucose transfer protein type 4 (GLUT4) and lower adiponectin levels [5].



TPDM6315 is a traditional Thai recipe that is in the traditional Thai medicine textbook and is used to regulate the body imbalance that appears as fever. Interestingly, 10 of the 15 herbs included in this recipe possess anti-inflammatory and/or anti-fever properties related to inflammation, and 9 of these 15 herbs have anti-obesity properties, as shown in Table 1. This indicates that the attenuating effects of this recipe on inflammation are likely to be behind its anti-pyretic properties. Furthermore, since obesity is associated with the inflammation of adipocytes, as well as the development of insulin resistance and type II diabetes mellitus [6], we determined the anti-inflammatory properties of TPDM6315 extracts against TNF-α induced adipocytes.



To date, there has been no investigation into the anti-inflammatory and anti-obesity effects of TPDM6315 based on its traditional use as an anti-pyretic. This work investigated TPDM6315 extracts for their anti-inflammatory properties in LPS-stimulated RAW264.7 macrophages and TNF-α-stimulated 3T3-L1 adipocytes, as well as the potential anti-obesity activities in normal 3T3-L1 adipocytes. Understanding these activities may support the traditional use of this formula and provide potential for the further development of health products to prevent or alleviate the consequences of metabolic syndrome diseases.




2. Materials and Methods


2.1. Chemicals


All the general reagents and solvents were of an analytical grade. Lipopolysaccharide (LPS), N (ω)-nitro-L-arginine methyl ester (L-NAME), NaNO2, dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), troglitazone (TGZ), Oil Red O solution, and gallic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ellagic acid, chebulagic acid, chebulic acid, and 6-gingerol were purchased from Biopurify (Chengdu, China). Phellopterin was obtained from Assoc. Prof. Dr. Chavi Yenjai, Faculty of Sciences, Khon Kaen University, Thailand. Dulbecco’s modified Eagle’s medium (DMEM with high glucose, L-glutamine, and sodium pyruvate) and fetal bovine serum (FBS) were from Hyclone (Logan, UT, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), penicillin-streptomycin, and 0.25% trypsin-EDTA were from Gibco (Waltham, MA, USA). Human insulin was obtained from Santa Cruz Biotechnology (San Francisco, CA, USA). The TNF-α was purchased from Abcam (Waltham, MA, USA). The Trizol reagent was from Invitrogen (Waltham, MA, USA).




2.2. Plant Materials


All 15 plants used in this study are shown in Figure 1. Gymnopetalum integrifolium, Solanum indicum, and Solanum trilobatum were collected from an open field in Srisaket province, Thailand. The remaining 12 were purchased from a traditional herbal drugstore in Khon Kaen province, Thailand. All the crude drugs were authenticated by Assoc. Prof. Dr. Somsak Nualkaew, Faculty of Pharmacy, Khon Kaen University, Thailand. Santalum spicatum L. was identified using a TLC chromatogram [28]. The crude drugs were washed and dried in a hot air oven (50 °C). They were kept in a cold room (4 °C) until use. The voucher specimens were deposited in the Faculty of Pharmaceutical Science, Khon Kaen University, Khon Kaen, Thailand.




2.3. Preparation of the Extracts


The ethanolic extract (EE) and aqueous extract (AE) were prepared as described by Sabuhom et al. [29]. Each herb constituted 5.26% of the recipe, except G. chinense, which constituted 26.32%. The brief procedures are described as follows.



2.3.1. Ethanolic Extract


The dried herbs were ground separately; each herbal powder was mixed and macerated with 95% EtOH in a ratio of herbs: EtOH (1:5 w/v) three times, with each time lasting for three days. After filtration, the filtrate was concentrated and dried using a rotary evaporator, followed by freeze drying to obtain the EE. It was kept at −20 °C until use.




2.3.2. Aqueous Extract


The dried herbs were cut into small sizes. Then, they were mixed with deionized water in a ratio of herbs: H2O (1:25 w/v) and boiled until one third of the starting volume remained. After that, the mixture was filtered and centrifuged at 7000 rpm at 25 °C for 7 min. The supernatant was freeze dried to obtain the AE. It was kept at −20 °C until use.





2.4. HPLC Chromatogram


The HPLC chromatogram was established using an Agilent InfinityLab LC Series 1220 Infinity II LC System, and the peak was detected using a UV detector at a wavelength of 254 nm, as described by Sabuhom et al. [29]. The RP-18 column (Synergi C-18, 250 × 4.6 mm, 4 µm, Phenomenex, Torrance, CA, USA) was used. The mobile phase consisted of solvent A: 0.05% TFA in acetonitrile; gradient with solvent B: 0.05% TFA in water, as follows: 0–10 min: 90%B; 10–20 min: 82%B; 20–30 min: 80%B; 30–35 min: 73%B; 35–40 min: 70%B; 40–45 min: 60%B; 45–50 min: 50%B; 50–60 min: 0%B; and 60–70 min: 100%B. The flow rate was 0.8 mL/min. The peaks were identified by comparing the retention time with the gallic acid, ellagic acid, chebulinic acid, chebulagic acid, phellopterin, and 6-gingerol reference standards.




2.5. Evaluation of Anti-Inflammatory Activities of the Extracts in RAW264.7 Macrophages


The RAW 264.7 macrophages were supplied by Assist. Prof. Dr. Pramote Mahakunakorn, Faculty of Pharmaceutical Sciences, Khon Kaen University, Thailand. They were cultured in complete media containing DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in a 5% CO2 incubator at 37 °C.



The cytotoxicity of the extracts was determined using an MTT assay [30]. The cells (1 × 104 cells/well) were treated with the extracts in 96-well plates for 24 h. After that, the medium was discarded and 0.5 mg/mL of MTT 100 µL was added and incubated for 2 h. The intracellular formazan crystals were dissolved with dimethyl sulfoxide (DMSO) and the absorbance at 570 nm was measured using a microplate reader (Ensight, PerkinElmer, Waltham, MA, USA). The % cell viability was calculated as follows: % cell viability = (Asample/Auntreated control) × 100, where Asample was the A570 of the sample and Auntreated control was the A570 of the cell incubated with the complete media. The reactions were performed in triplicate. The concentrations of the extracts that provided less than an 80% cell viability were considered as cytotoxic.



Non-cytotoxic concentrations of the extracts were used to investigate the nitric oxide (NO) inhibitory activity. The cells (1 × 104 cells/well) were seeded in 96-well plates for 24 h, then they were treated with the extract in the presence of 500 ng/mL of LPS, and were further incubated for 24 h. After that, the media was assayed for NO using Griess reagent and measured for absorbance at 540 nm. The NO content was calculated from the standard graph of NaNO2, y = 0.0079x − 0.0461, R2 = 0.995. The percentage of the NO inhibition was calculated using the following formula: % NO inhibition = ((NOLPS-NOsample)/NOLPS) × 100, when NOLPS was the nitrite amount from the LPS group and NOsample was the nitrite amount from the sample treatment in the presence of LPS. The positive control was 250 µM of L-NAME.




2.6. The Effects of the Extracts on 3T3-L1 Adipocytes


2.6.1. Cell Culture and Differentiation of 3T3-L1 Adipocytes


3T3-L1 preadipocytes (CL-173, ATCC) were cultured in DMEM completed medium, which was DMEM supplemented with 10% FBS and 1% penicillin-streptomycin, where they were incubated in a CO2 incubator at 37 °C, 5%CO2. After reaching 100% confluence for 2 days, cell differentiation was performed by changing the medium into DMEM completed medium supplemented with 1 mM of dexamethasone, 0.5 mM of IBMX, and 10 µg/mL of insulin for 2 days, followed by DMEM complete medium with 10 µg/mL of insulin for 2 days, where they were finally incubated in the complete DMEM again for 8–10 days, changing medium every 2 days. The adipocytes were identified by the appearance of triglyceride droplets in the cytoplasm. The cell viability assay using the MTT method was performed on the differentiated adipocytes to obtain the non-cytotoxic concentration ranges of the extracts.




2.6.2. Determination of the Effect of Extracts on Lipid Accumulation in 3T3-L1 Adipocytes


3T3-L1 preadipocytes (1 × 104 cells/well) were seeded in 24-well plates. The treatment with the extracts was performed during the differentiation process. As the preadipocytes were differentiated into adipocytes, triglyceride droplets appeared in the cells. To stain the oil droplets, the cells were washed twice with PBS and fixed with 10% formaldehyde at room temperature for 30 min, then the cells were washed, stained with 0.25 mL of Oil Red O solution, and photographed using an inverted microscope (Nikon). After that, the stained oil was dissolved in DMSO and measured for absorbance at 540 nm using a microplate reader.



The % reduction in lipid accumulation = ((Adiff − Asample)/Adiff) × 100, when the Adiff was the absorbance of the adipocytes without the sample treatment during the differentiation process and Asample was the absorbance of the sample-treated adipocytes during differentiation.




2.6.3. Effect of the Extracts on TNF-α-Induced 3T3-L1 Adipocytes


3T3-L1 preadipocytes (2 × 104 cells/well) were seeded in 24-well plates and differentiated into adipocytes as described. The differentiated cells were incubated with 10 ng/mL of TNF-α for 24 h to induce inflammation. After that, the extracts and 10 ng/mL of TNF-α were added and the cells were incubated for 48 h. The positive controls were 20 µM of TGZ and 100 nM of insulin.



The glucose content in the medium was determined using a Glucose (GO) assay kit (Sigma-Aldrich, USA) according to the manufacturer’s protocol and calculated from the standard graph of glucose, y = 0.0044x + 0.058, R2 = 0.9954.





2.7. qPCR Analysis in LPS-Induced RAW264.7 Macrophages and TNF-α-Induced 3T3-L1 Adipocytes


The RAW264.7 macrophages (4 × 105 cells/plate) were cultured in 6 cm cell culture plates for 24 h. After that, they were treated with either the extracts or 500 µM of L-NAME in the presence of 500 ng/mL of LPS for 24 h. The cells were harvested and extracted for their total RNA using Trizol reagent, according to the manufacturer’s protocol.



3T3-L1 preadipocytes (4 × 104 cells/plate) were seeded in 6 cm cell culture plates. After their differentiation into adipocytes, the cells were induced with 10 ng/mL of TNF-α for 24 h. Then, the extracts and 10 ng/mL of TNF-α were added and incubated for 24 h. The cells were harvested and extracted for their total RNA using Trizol reagent. The gene expressions of adiponectin, PPAR-γ, GLUT1, and GLUT4 were evaluated against the treatment group of TNF-α without the extracts. The positive control was 20 µM of TGZ.



The total RNA concentration was measured using a UV spectrophotometer (Biodrop, UK). The first-strand cDNA synthesis reaction of 10 µL from the total RNA 1 µg was performed using a 2-step RT-PCR kit (Vivantis, Malaysia). The relative gene expression was achieved using a real-time PCR machine (CFX 96 Optics Module, Bio-Rad, Singapore). The 10 µL reaction was prepared using Maxima SYBR Green qPCR Master Mix (Thermo Scientific, Lithuania), which contained 2x master mix 5 µL, 10-fold diluted cDNA 3 µL, 10 µM of forward primer 0.2 µL, 10 µM of reverse primer 0.2 µL, and nuclease-free water 1.6 µL. The PCR cycle was 95 °C for 3 min, followed by 40 cycles of 95 °C for 20 s, 55 °C for 20 s, and 72 °C for 30 s. The β-actin gene was used as a housekeeping gene. The relative gene expression was calculated using the 2−ΔΔCT method [31]. The primers used in this study are shown in Table 2.




2.8. Statistical Analysis


Statistical significance was determined using GraphPad Prism 8.0.2 (GraphPad Software, La Jolla, CA, USA). A one-way analysis of variance was used to determine the significant differences between the control and treatment groups. The significant differences among each group were detected using a two-way analysis of variance. The post hoc test was performed using Turkey’s test. p-values of <0.05 and <0.01 were considered as significant.





3. Results


3.1. Characterization of the Recipe Extracts


An HPLC chromatogram of the ethanolic and aqueous extracts (EE and AE) indicated that the main compounds were gallic acid and ellagic acid (Figure 2). The peaks from EE chromatogram showed those of non-polar substances region, while they were absence in AE. Gallic acid was found to be predominant in the AE, while ellagic acid was the predominant compound in the EE. However, there were several unidentified peaks in the HPLC chromatogram, which play a role in the bioactivity of the formulation.




3.2. Anti-Inflammatory Effects on RAW264.7 Macrophages


3.2.1. NO Inhibitory Activity of TPDM6315 Extracts


The AE and EE were found to be non-cytotoxic in the concentration range of 10–100 µg/mL in the presence of LPS, as the % cell viability was higher than 80 (Figure 3B). At 10–50 µg/mL, both extracts showed a comparable effect on the NO reduction, while at 100 µg/mL, the EE was significantly more potent than the AE (Figure 3A).



At concentrations of 50 and 100 µg/mL, both the AE and EE exhibited high effects in a dose-dependent manner. Therefore, these concentrations were used for the investigation of the gene expression.




3.2.2. Effect of TPDM6315 Extracts on Gene Expression in LPS-Induced RAW264.7 Macrophages


LPS stimulated the gene expressions of iNOS, TNF-α, PGE2, and IL-6 in comparison to the untreated RAW264.7 macrophages. The AE and EE, at concentrations of both 50 and 100 µg/mL, downregulated these genes, with the EE providing a larger effect, as shown in Figure 4. The reductions in the expressions of the genes related to inflammation and fever pathways supported the anti-inflammatory and antipyretic actions of TPDM6315.





3.3. Reduction of Lipid Accumulation in 3T3-L1-Adipocytes


TPDM6315 is composed of several herbs that have been reported to have anti-obesity properties; therefore, the effect of this recipe’s extracts on the intracellular lipid storage in adipocytes was investigated. The non-cytotoxic concentrations of the AE and EE were found to be up to 800 and 600 µg/mL, respectively, as shown in Figure 5. The differentiation of the 3T3-L1 preadipocytes led to adipocytes containing oil droplets of triglyceride, which could be observed microscopically using Oil Red O staining. The addition of the AE and EE during the differentiation of the preadipocytes to adipocytes reduced the lipid accumulation in the adipocytes in a dose-dependent manner, by 3–28% for the AE and by 9–37% for the EE, compared to the untreated differentiated adipocytes, as shown in Figure 6. Significant reductions in the lipid storage were seen at 200–400 µg/mL for the AE and 50–400 µg/mL for the EE.



These results indicated that the AE and EE possessed potential anti-obesity activities, and these activities were more pronounced in the ethanolic extract.




3.4. Effects of TPDM6315 Extracts on TNF-α-Induced 3T3-L1 Adipocytes


3.4.1. Effect on Gene Expression


Inflammatory mediators such as TNF-α cause the inflammation of adipocytes. The results showed that the TNF-α significantly downregulated adiponectin and decreased PPAR-γ expression (Figure 7A,B), which indicated the inflammation of the adipocytes. Troglitazone (TGZ), a PPAR-γ agonist, augmented the mRNA expression levels of both genes in this model. Of the treatments, only that with 10 µg/mL of the EE showed an enhanced expression of adiponectin, while 10 µg/mL of the EE and 100 µg/mL of the AE both increased the PPAR-γ expression (Figure 7A,B). This indicated that the EE and AE had anti-inflammatory properties in the inflamed adipocytes.




3.4.2. Effect of TPDM6315 Extracts on Glucose Uptake in TNF-α-Induced 3T3-L1 Adipocytes


The inflammation of adipocytes can progress to other consequences of metabolic syndrome such as insulin resistance. Therefore, the glucose uptake ability and related gene expression levels were determined in the TNF-α-induced 3T3-L1 adipocytes.



The reduction in the glucose amount in the culture medium indicated glucose uptake into the cells. The higher glucose content in the medium of the TNF-α untreated group than that in the basal group demonstrated that TNF-α suppressed this glucose uptake, as shown in Figure 8A. This might result from the inflammation of the adipocytes progressing to insulin-resistant conditions. The AE and EE both enhanced the glucose uptake of the TNF-α-induced 3T3-L1 adipocytes, as shown by the significantly lower glucose content in the medium of the treated cells compared to that of the TNF-α group. These findings reveal that the AE and EE exerted a recovery effect on the TNF-α inflamed adipocytes in the same order as TGZ and insulin.



TNF-α produced non-significant changes in the glucose transport gene type 1 and 4 (GLUT1 and GLUT4) expression levels, while the PPAR-γ agonist, TGZ, dramatically increased the expressions of these genes. The AE and EE effected an increase in the GLUT1 and GLUT4 mRNA levels. The EE was a more potent stimulator of GLUT1 and GLUT4, as it provided a more significant effect at lower concentrations than the AE (Figure 8B,C). The effects of increasing these GLUT1 and GLUT4 expression levels were consistent with the recovery of the glucose uptake by TPDM6315 in the TNF-α-induced adipocytes.



These results indicated that the AE and EE increased the expression of the glucose transport proteins (GLUTs) rather than affecting the anti-inflammatory effects in the TNF-α-induced 3T3-L1 adipocytes. The lower glucose content remaining in the culture media in both the AE and EE groups demonstrated that the AE and EE attenuated the effect of TNF-α by enhancing the glucose uptake via GLUT1 and GLUT4 (Figure 7A). This might have resulted from the anti-insulin resistance properties of the AE and EE. Further experiments should be performed to clarify the underlying mechanisms of this.






4. Discussion


TPDM6315 is a Thai traditional medicine (TTM). It is used as an anti-fever drug and prepared via boiling in water until one third of the volume of the extract is obtained. In this study, an AE and EE were prepared by using different forms of plant raw materials. The AE was prepared using the conventional method of this recipe, which used small pieces of herbs, while the EE was prepared using a maceration of powdered drugs in ethanol. Both extracts consisted of substances ranging from higher polarities in the AE to lower polarities in the EE. The biological activities of the AE and EE demonstrated the overall effects of TPDM6315. However, the extract that showed more efficacy will be further developed into dosage forms. Several herbal constituents in this formula have shown in vitro and in vivo anti-inflammation and anti-obesity effects, as shown in Table 1, leading to the potential ability to prevent or treat the consequences of metabolic syndrome originating from obesity.



Thai traditional recipes generally contain several herbal constituents. When considering the biological activities of an individual herb, new drug indications of the recipe could be hypothesized, which have never been recorded in the textbook. For example, Prasaplai, a Thai traditional medicine consisting of 10 herbs, is traditionally used to regulate menstrual flow. It was found that most herbs in Prasaplai exhibit anti-inflammatory effects, especially Plai (Zingiber cassumunar), and Prasaplai extracts possess COX inhibitory activity [32]. These have led to clinical studies proving a new indication of anti-dysmenorrhea [33], which has been successfully established.



In this study, besides supporting the use of the TPDM6315 recipe for anti-fever and determining its potential anti-obesity effects by investigating the anti-inflammatory activity in its macrophages and reducing the lipid accumulation in its adipocytes, it was interesting to explore the anti-inflammatory effects of TPDM6315 on TNF-α-induced adipocytes, in order to evaluate the possibility of a novel use of this recipe for the treatment of metabolic diseases such as insulin resistance.



Although decoction is the conventional method for preparing this recipe for oral administration, the method of maceration with ethanol yielded a more polar range of compounds. Hence, the bioactivity assays were performed on both the aqueous and ethanolic extracts to cover all the polarity ranges of the chemical constituents in this recipe.



4.1. Characterization of the Extracts


The biomarkers used to characterize the TPDM6315 extracts in this study possess anti-inflammatory, anti-obesity, and improved insulin-resistant properties. These were gallic acid [34,35,36], chebulagic acid [37,38], ellagic acid [39,40,41], chebulinic acid [42,43,44], phellopterin [45], and 6-gingerol [46,47]. The HPLC chromatogram showed the principal peaks of the gallic acid and ellagic acid, while the peaks of the chebulagic acid, chebulinic acid, phellopterin, and 6-gingerol appeared as minor peaks and needed to be further confirmed. The major compound in the AE was gallic acid, and the EE consisted mainly of ellagic acid.



Gallic acid, ellagic acid, chebulinic acid, and chebulagic acid are phenolic acids in T. chebula, T. bellirica, and P. emblica. Phellopterin is a furanocoumarin of A. dahurica root [45] and 6-gingerol is a pungent compound from Zingiber officinale [46]. There were also unidentified compounds that could play a role in the bioactivity of the formulation, such as fulgidic acid from C. rotundus [9], etc.




4.2. Anti-Inflammation Effect of TPDM6315 Extracts


Inflammation is one of the mechanisms of fever. The exogenous pyrogen lipopolysaccharide (LPS) stimulates fever and activates macrophages to produce various pro-inflammatory mediators and pyrogenic cytokines, such as NO, IL-1β, IL-6, TNF-α, PGE2, and COX-2 [48,49]. Chronic mild inflammation of adipocytes can lead to insulin resistance, which can progress to diabetes [50].



In this study, a reduction in NO was shown as the final effect of the iNOS function. This reduction in NO suggested the anti-inflammatory effect of the tested sample, which might have come from enzyme inhibition or the reduction in the iNOS protein. The increased gene expressions of PGE2, iNOS, IL-6, and TNF-α in the LPS-stimulated RAW264.7 macrophages was in line with previous studies [51,52], in that LPS elevates gene and protein expression, which could be decreased by treatment with anti-inflammatory substances. PGE2 is synthesized in response to fever induced by LPS and is the target for antipyretic treatment [53]. iNOS is an enzyme that produces NO in response to inflammation and infection. NO is involved in the modulation of thermoregulation and fever. TNF-α is the first pyrogenic cytokine that occurs after LPS induction and is critical for the fever response of animals and humans. IL-6 is required for fever production and might be involved in fever maintenance [54]. The AE and EE reduced the expressions of PGE2, iNOS, IL-6, and TNF-α, which presented the potential anti-fever abilities of TPDM6315 (Figure 4). Several herbal ingredients of TPDM6315 possess anti-inflammatory properties, such as T. bellirica [20], T. chebula [22], T. crispa [24], Z. officinale [25], and P. kurroa [15]. Furthermore, the major biomarkers of TPDM6315, gallic acid and ellagic acid, are anti-inflammatory substances that inhibit LPS-induced NO, PGE2, and IL-6 at both the gene and protein levels [55]. Therefore, in this study, it could be primarily proposed that the recipe extracts might provide anti-inflammatory effects. Further experiments to detect the protein and cytokine levels are needed to prove this mechanism.



Several traditional Thai recipes used to relieve fever have been reported for their anti-inflammatory actions. For example, Ya Ha Rak’s ethanolic extract inhibits the NO production in LPS-induced RAW264.7 macrophages with an IC50 40.4 µg/mL [56], and Prasachandaeng’s ethanolic extract suppresses the TNF-α production in LPS-activated RAW264.7 [57]. Furthermore, Juntaleela has been shown to reduce inflammation in rat ear swelling and carrageenan-induced rat paw models [58]. Hence, our results might provide some evidence to support the use of the TPDM6315 formula to treat fever.




4.3. Effect of AE and EE on Lipid Accumulation of 3T3-L1 Adipocyte


Many herbs in the TPDM6315 recipe have anti-obesity properties. Obesity causes chronic low-grade systemic inflammation that releases TNF-α and leads to insulin resistance, which further enhances adipogenesis and lipid accumulation [59].



The 3T3-L1 murine preadipocyte is commonly used to evaluate adipogenesis. Adipogenesis is characterized by the occurrence of the intracellular accumulation of lipid droplets [60]. A differentiation of the 3T3-L1 preadipocyte can be induced by using a mixture of IBMX, FBS, and dexamethasone. However, the spontaneous adipogenesis of preadipocytes without induction can also be observed [61]. Fat accumulation results from adipogenesis and an imbalance between lipogenesis and lipolysis. The process of adipogenesis involves the expression of key adipogenic transcription factors, such as peroxisome proliferator-activated receptor gamma (PPAR-γ) and CCAAT/enhancer-binding protein alpha (C/EBPβ). Anti-obesity effects can primarily be evaluated through a reduction in the amount of triglyceride oil droplets in adipocytes. This reduction can come from an inhibition of adipogenesis, a decrease in lipogenesis, or via the acceleration of lipolysis. The treatment with the AE and EE reduced the fat accumulation in the adipocytes, indicating possible anti-obesity properties for this recipe, and this effect was correlated with the activities of several herbal constituents of TPDM6315 as shown in Table 1 that can reduce fat accumulation in adipocytes. Further experiments should be conducted to investigate this mechanism of action, including a determination of the glycerol release and triglyceride content to indicate lipolysis, as well as a measurement of the expression of the genes related to adipogenesis and lipogenesis.



Therapeutic agents that inhibit adipogenesis could potentially prevent and treat obesity. For example, the aqueous extract of the Thai traditional recipe, Jatupalathika, has been shown to inhibit fat accumulation and adipogenesis and induce lipolysis in 3T3-L1 adipocytes [62]. Three of the four herbs in Jatupalathika (T. chebula, T. bellirica, and P. emblica) are also included in TPDM6315. Therefore, these herbs might play essential roles in the possible anti-obesity effects of TPDM6315. On the other hand, the predominant active compounds in the TPDM6315 recipe have potential anti-obesity properties. For example, ellagic acid inhibits adipogenesis by suppressing the terminal differentiation and lipid accumulation in 3T3-L1 adipocytes [63]; gallic acid increases insulin sensitivity and reduces obesity [36]; chebulinic acid acts as a potent antiadipogenic agent suppressing the differentiation of 3T3-L1 preadipocytes into mature adipocytes [43]; and 6-gingerol inhibits adipogenesis in 3T3-L1 cells [64].




4.4. Effect of AE and EE on TNF-α-Induced 3T3-L1 Adipocytes


The correlation between obesity, adipose tissue inflammation, and metabolic diseases makes anti-inflammatory properties an interesting target for treating obesity-related metabolic complications [65]. For example, well-known anti-inflammatory drugs, such as aspirin, can improve insulin sensitivity [66].



The chronic inflammation of adipose tissue induces insulin resistance, which suppresses PPAR-γ expression and impairs adipogenesis. The results from Figure 6 showed that TNF-α decreased the adiponectin and PPAR-γ expression levels in the 3T3-L1 adipocytes, which were in the same direction as previous studies [67]. TNF-α, when added to differentiated adipocytes, causes a downregulation in the PPAR-γ mRNA expression [68] but does not alter the mRNA stability [69].



Adiponectin is secreted from adipocytes and acts as an anti-inflammatory agent and insulin sensitizer [70]. The increase in the adiponectin expression of the adipocytes following the treatment with 10 µg/mL of the EE might indicate an anti-inflammatory effect of the extract against TNF-α-induced inflammation and a protective effect against the development of inflammatory responses [23].



PPAR-γ is a transcription factor expressed predominantly in adipose tissue that plays a crucial role in adipogenesis. Troglitazone, a PPAR-γ agonist, exerts its anti-inflammatory effects by suppressing NF-kB and is also able to improve insulin sensitivity [71]. In the present study, an upregulation of PPAR-γ was observed with the treatment with the TPDM6315 extracts (AE100 and EE10) and TGZ. These findings revealed a potential mechanism for TPDM6315, with a possible function of the PPAR-γ agonist that could be used to treat insulin resistance in type 2 diabetes [72].



The reduction in glucose uptake and downregulation of adiponectin in the TNF-α-induced 3T3-L1 adipocytes might be associated with insulin resistance. TNF-α inhibits glucose uptake and GLUT4 protein expression [73]. The highest amount of glucose content in the TNF-α-induced 3T3-L1 adipocytes in this study (Figure 8A) suggested a possible insulin-resistant condition and could be recovered via treatment with TGZ, insulin, EE, and AE.



The TNF-α did not significantly decrease the GLUT4 and GLUT1 mRNA expressions in comparison to the basal group. This might be due to the short incubation period (24 h). However, a suppression of the glucose uptake was shown by the higher glucose content in the medium of the TNF-α-induced adipocytes in comparison to that of the basal group (untreated adipocytes). It has previously been reported that prolonged exposure (72–96 h) to TNF-α results in more than an 80% reduction in GLUT4 mRNA [4]. Further experiments on insulin resistance and the effects of TPDM6315 should be performed.





5. Conclusions


TPDM6315 reduced the nitric oxide production and expressions of the COX2, PGE2 TNF-α, and IL-6 genes, indicating a possible anti-inflammatory effect of this recipe, which has been traditionally used to treat fever. The biological activities of several herbs in this recipe indicated a potential ability for TPDM6315 to prevent obesity, which was supported by a decreased lipid accumulation in TPDM6315-treated adipocytes. Furthermore, the anti-inflammatory effects of TPDM6315 on adipocytes stimulated with TNF-α and the induction of GLUT1 and GLUT4 expressions might prevent a progression to insulin resistance. More experiments are needed to be performed to explain these findings.







Author Contributions


Conceptualization, N.N. and S.N.; methodology, P.S. (Phetpawi Subin) and A.N.; validation, N.N., S.N., P.L. and A.N.; formal analysis, P.S. (Phetpawi Subin), N.N., S.N. and A.N.; investigation, P.S. (Phetpawi Subin) and P.S. (Pattraporn Sabuhom); resources, N.N.; writing—original draft preparation, P.S. (Phetpawi Subin) and N.N.; writing—review and editing, P.S. (Phetpawi Subin), P.S. (Pattraporn Sabuhom), P.L., A.N., S.N. and N.N.; supervision, N.N., S.N. and P.L.; project administration, N.N.; funding acquisition, N.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the NSRF via the Program Management Unit for Human Resources & Innovation [grant number B05F630053], Khon Kaen University, Thailand. Subin P. and Sabuhom P. thank the Faculty of Pharmaceutical Sciences, Khon Kaen University, for supporting a scholarship.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Patraraporn Panomai for the HPLC techniques guidance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zampronio, A.R.; Soares, D.M.; Souza, G.E. Central mediators involved in the febrile response: Effects of antipyretic drugs. Temperature 2015, 2, 506–521. [Google Scholar] [CrossRef]

	



Lee, J.E.; Schmidt, H.; Lai, B.; Ge, K. Transcriptional and epigenomic regulation of adipogenesis. Mol. Cell. Biol. 2019, 39, e00601-18. [Google Scholar] [CrossRef]

	



da Cruz Nascimento, S.S.; Carvalho de Queiroz, J.L.; Fernandes de Medeiros, A.; de França Nunes, A.C.; Piuvezam, G.; Lima Maciel, B.L.; Souza Passos, T.; Morais, A.H.D.A. Anti-inflammatory agents as modulators of the inflammation in adipose tissue: A systematic review. PLoS ONE 2022, 17, e0273942. [Google Scholar] [CrossRef]

	



Stephens, J.M.; Lee, J.; Pilch, P.F. Tumor necrosis factor-alpha-induced insulin resistance in 3T3-L1 adipocytes is accompanied by a loss of insulin receptor substrate-1 and GLUT4 expression without a loss of insulin receptor-mediated signal transduction. J. Biol. Chem. 1997, 272, 971–976. [Google Scholar] [CrossRef]

	



Budluang, P.; Pitchakarn, P.; Ting, P.; Temviriyanukul, P.; Wongnoppawich, A.; Imsumrna, A. Anti-inflammatory and anti-insulin resistance activities of aqueous extract from Anoectochilus burmannicus. Food Sci. Nutr. 2017, 5, 486–496. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.W.; Chang, W.C.; Yang, H.J.; Wu, J.S.B.; Shen, S.C. Gallic acid alleviates hypertriglyceridemia and fat accumulation via modulating glycolysis and lipolysis pathways in perirenal adipose tissues of rats fed a high-fructose diet. Int. J. Mol. Sci. 2018, 19, 254. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.Q.; Song, Y.L.; Zhu, Z.X.; Su, C.; Zhang, X.; Wang, J.; Shi, S.P.; Tu, P.F. Anti-inflammatory dimeric furanocoumarins from the roots of Angelica dahurica. Fitoterapia 2015, 105, 187–193. [Google Scholar] [CrossRef]

	



Lu, X.; Yuan, Z.Y.; Yan, X.J.; Lei, F.; Jiang, J.F.; Yu, X.; Yang, X.W.; Xing, D.M.; Du, L.J. Effects of Angelica dahurica on obesity and fatty liver in mice. Chin. J. Nat. Med. 2016, 14, 641–652. [Google Scholar] [CrossRef] [PubMed]

	



Shin, J.S.; Hong, Y.; Lee, H.H.; Ryu, B.; Cho, Y.W.; Kim, N.J.; Jang, D.S.; Lee, K.T. Fulgidic Acid Isolated from the rhizomes of Cyperus rotundus suppresses LPS-Induced iNOS, COX-2, TNF-α, and IL-6 expression by AP-1 inactivation in RAW264.7 macrophages. Biol. Pharm. Bull. 2015, 38, 1081–1086. [Google Scholar] [CrossRef]

	



Wongchum, N.; Dechakhamphu, A.; Panya, P.; Pinlaor, S.; Pinmongkhonkul, S.; Tanomtong, A. Hydroethanolic Cyperus rotundus L. extract exhibits antiobesity property and increases lifespan expectancy in Drosophila melanogaster fed a high-fat diet. J. Herbmed. Pharmacol. 2022, 11, 296–304. [Google Scholar] [CrossRef]

	



Majeed, M.; Nagabhushanam, K.; Bhat, B.; Ansari, M.; Pandey, A.; Bani, S.; Mundkur, L. The anti-obesity potential of Cyperus rotundus extract containing piceatannol, scirpusin A and scirpusin B from rhizomes: Preclinical and clinical evaluations. Diabetes Metab. Syndr. Obes. Targets Ther. 2022, 15, 369–382. [Google Scholar] [CrossRef]

	



Reanmongkol, W.; Subhadhirasakul, S.; Bouking, P. Antinociceptive and antipyretic activities of extracts and fractions from Dracaena loureiri in experimental animals. Songklanakarin J. Sci. Technol. 2003, 25, 467–476. [Google Scholar]

	



Jaijoy, K.; Soonthornchareonnon, N.; Panthong, A.; Sireeratawong, S. Anti-inflammatory and analgesic activities of the water extract from the fruit of Phyllanthus emblica Linn. Int. J. Appl. Res. Nat. Prod. 2010, 3, 28–35. [Google Scholar]

	



Balusamy, S.R.; Veerappan, K.; Ranjan, A.; Kim, Y.-J.; Chellappan, D.K.; Dua, K.; Lee, J.; Perumalsamy, H. Phyllanthus emblica fruit extract attenuates lipid metabolism in 3T3-L1 adipocytes via activating apoptosis mediated cell death. Phytomedicine 2019, 66, 153129. [Google Scholar] [CrossRef]

	



Kumar, R.; Gupta, Y.K.; Singh, S.; Raj, A. Anti-inflammatory effect of Picrorhiza kurroa in experimental models of inflammation. Planta Med. 2016, 82, 1403–1409. [Google Scholar] [CrossRef]

	



Khandekar, S.; Pansare, T.; Pachpor, A.G.; Maurya, S. Role of katuka (Picrorhiza kurroa Royle ex Benth.) in obesity W.S.R to Ayurvedic and modern aspect: A review. Int. J. Herb. Med. 2019, 7, 31–35. [Google Scholar]

	



Deb, P.K.; Ghosh, R.; Chakraverty, R.; Debnath, R.; Das, L.; Bhakta, T. Phytochemical and pharmacological evaluation of fruits of Solanum indicum L. Int. J. Pharm. Sci. Rev. Res. 2014, 25, 28–32. [Google Scholar]

	



Epoh, N.J.; Dongmo, O.L.M.; Mache, R.A.; Telefo, P.B.; Tchouanguep, F.M. Evaluation of anti-obesity effect of aqueous extract of Solanum indicum L. fruits on high fat diet-induced obese rat. Eur. J. Pharm. Med. Res. 2020, 7, 118–128. [Google Scholar]

	



Ganesan, K.; Ramasamy, M.; Gani, S.B. Antihyperlipideamic effect of Solanum trilobatum L. leaves extract on streptozotocin induced diabetic rats. Asian J. Biomed. Pharm. Sci. 2013, 3, 51–57. [Google Scholar]

	



Jayesh, K.; Karishma, R.; Vysakh, A.; Gopika, P.; Latha, M.S. Terminalia bellirica (Gaertn) Roxb fruit exerts anti-inflammatory effect via regulating arachidonic acid pathway and pro-inflammatory cytokines in lipopolysaccharide-induced RAW 264.7 macrophages. Inflammopharmacology 2020, 28, 265–274. [Google Scholar]

	



Das, C.M.S.; Devi, S.G. Antiobesity activity of ethanolic extract of fruits of Terminalia bellirica on atherogenic diet induced obesity in experimental rats. J. Chem. Pharm. Res. 2016, 8, 191–197. [Google Scholar]

	



Shendge, A.K.; Sarkar, R.; Mandal, N. Potent anti-inflammatory Terminalia chebula fruit showed in vitro anticancer activity on lung and breast carcinoma cells through the regulation of Bax/Bcl-2 and caspase-cascade pathways. J. Food Biochem. 2020, 44, e13521. [Google Scholar] [CrossRef]

	



Subramanian, G.; Shanmugamprema, D.; Subramani, R.; Muthuswamy, K.; Ponnusamy, V.; Tankay, K.; Velusamy, T.; Krishnan, V.; Subramaniam, S. Anti-obesity effect of T. chebula fruit extract on high fat diet induced obese mice: A possible alternative therapy. Mol. Nutr. Food Res. 2021, 65, 2001224. [Google Scholar] [CrossRef] [PubMed]

	



Yokozawa, T.; Wang, T.S.; Chen, C.P.; Hattori, M. Inhibition of nitric oxide release by an aqueous extract of Tinospora tuberculata. Phytother. Res. 2000, 14, 51–53. [Google Scholar] [CrossRef]

	



Li, F.; Nitteranon, V.; Tang, X.; Liang, J.; Zhang, G.; Parkin, K.L.; Hu, Q. In vitro antioxidant and anti-inflammatory activities of 1-dehydro-[6]-gingerdione, 6-shogaol, 6-dehydroshogaol and hexahydrocurcumin. Food Chem. 2012, 135, 332–337. [Google Scholar] [CrossRef] [PubMed]

	



Seo, S.H.; Fang, F.; Kang, I. Ginger (Zingiber officinale) attenuates obesity and adipose tissue remodeling in high-fat diet-fed C57BL/6 Mice. Int. J. Environ. Res. Public Health 2021, 18, 631. [Google Scholar] [CrossRef]

	



Nualkaew, S. Applied Thai Traditional Pharmacy, 1st ed.; KKU Printing House: Khon Kaen, Thailand, 2020; pp. 178–229. [Google Scholar]

	



Srisopon, S.; Burana-Osot, J.; Sotanaphun, U. Botanical identification of Chan-Khao and Chan-Thana by thin-layer chromatography. Thai Pharm. Health Sci. J. 2015, 10, 19–24. [Google Scholar]

	



Sabuhom, P.; Subin, P.; Luecha, P.; Nualkaew, S.; Nualkaew, N. Effects of plant part substitution in a Thai traditional recipe on α-glucosidase inhibition. Trop. J. Nat. Prod. Res. 2023, 7, 2919–2925. [Google Scholar]

	



Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Waltenberger, B.; Schuster, D.; Paramapojn, S.; Gritsanapan, W.; Wolber, G.; Rollinger, J.M.; Stuppner, H. Predicting cyclooxygenase inhibition by three-dimensional pharmacophoric profiling. Part II: Identification of enzyme inhibitors from Prasaplai, a Thai traditional medicine. Phytomedicine 2011, 18, 119–133. [Google Scholar] [CrossRef]

	



Vannabhum, M.; Poopong, S.; Wongwananuruk, T.; Nimmannit, A.; Suwannatrai, U.; Dangrat, C.; Apichartvorakit, A.; Booranasubkajorn, S.; Laohapand, T.; Akaraserenont, P. The efficacy of Thai herbal Prasaplai formula for treatment of primary dysmenorrhea: A short-term randomized controlled trial. Evid. Based Complement. Altern. Med. 2016, 2016, 2096797. [Google Scholar] [CrossRef]

	



Tanaka, M.; Kishimoto, Y.; Sasaki, M.; Sato, A.; Kamiya, T.; Kondo, K.; Iida, K. Terminalia bellirica (Gaertn.) Roxb. extract and gallic acid attenuate LPS-induced inflammation and oxidative stress via MAPK/NF- κ B and Akt/AMPK/Nrf2 pathways. Oxid. Med. Cell. Longev. 2018, 1, 25–32. [Google Scholar] [CrossRef]

	



Bai, J.; Zhang, Y.; Tang, C.; Hou, Y.; Ai, X.; Chen, X.; Zhang, Y.; Wang, X.; Meng, X. Gallic acid: Pharmacological activities and molecular mechanisms involved in inflammation-related diseases. Biomed. Pharmacother. 2020, 133, 110985. [Google Scholar] [CrossRef]

	



Behera, P.K.; Devi, S.; Mittal, N. Therapeutic potential of gallic acid in obesity: Considerable shift! Obes. Med. 2023, 37, 100473. [Google Scholar] [CrossRef]

	



Reddy, D.B.; Reddanna, P. Chebulagic acid (CA) attenuates LPS-induced inflammation by suppressing NF-κB and MAPK activation in RAW 264.7 macrophages. Biochem. Biophys. Res. Commun. 2009, 381, 112–117. [Google Scholar] [CrossRef]

	



Shyni, G.L.; Kavitha, S.; Indu, S.; Das Arya, A.; Anusree, S.S.; Vineetha, V.P.; Vandana, S.; Sundaresan, A.; Raghu, K.G. Chebulagic acid from Terminalia chebula enhances insulin mediated glucose uptake in 3T3-L1 adipocytes via PPARγ signaling pathway. Biofactors 2014, 40, 646–657. [Google Scholar]

	



Gupta, A.; Kumar, R.; Ganguly, R.; Singh, A.K.; Rana, H.K.; Pandey, A.K. Antioxidant, anti-inflammatory and hepatoprotective activities of Terminalia bellirica and its bioactive component ellagic acid against diclofenac induced oxidative stress and hepatotoxicity. Toxicol. Rep. 2021, 8, 44–52. [Google Scholar] [CrossRef]

	



Shiojima, Y.; Takahashi, M.; Kikuchi, M.; Akanuma, M. Effect of ellagic acid on body fat and triglyceride reduction in healthy overweight volunteers: A randomized, double-blind, placebo-controlled parallel group study. J. Funct. Food Health Dis. 2020, 10, 180–194. [Google Scholar] [CrossRef]

	



Ghadimi, M.; Foroughi, F.; Hashemipour, S.; Nooshabadi, M.R.; Ahmadi, M.H.; Yari, M.G.; Kavianpour, M.; Haghighian, H.K. Decreased insulin resistance in diabetic patients by influencing Sirtuin1 and Fetuin-A following supplementation with ellagic acid: A randomized controlled trial. Diabetol. Metab. Syndr. 2021, 13, 16. [Google Scholar] [CrossRef]

	



Sharma, K.; Kumar, S.; Prakash, R.; Khanka, S.; Mishra, T.; Rathur, R.; Biswas, A.; Verma, S.K.; Bhatta, R.S.; Narender, T.; et al. Chebulinic acid alleviates LPS-induced inflammatory bone loss by targeting the crosstalk between reactive oxygen species/NFκB signaling in osteoblast cells. Free Radic. Biol. Med. 2023, 194, 99–113. [Google Scholar] [CrossRef]

	



Kim, J.; Ahn, D.; Chung, S.J. Chebulinic acid suppresses adipogenesis in 3T3-L1 preadipocytes by inhibiting PPP1CB activity. Int. J. Mol. Sci. 2022, 23, 865. [Google Scholar] [CrossRef]

	



Yoon, S.-Y.; Kang, H.J.; Ahn, D.; Hwang, J.Y.; Kwon, S.J.; Chung, S.J. Identification of chebulinic acid as a dual targeting inhibitor of protein tyrosine phosphatases. Bioorg. Chem. 2019, 90, 103087. [Google Scholar] [CrossRef]

	



Liang, W.H.; Chang, T.W.; Charng, Y.C. Effects of drying methods on contents of bioactive compounds and antioxidant activities of Angelica dahurica. Food Sci. Biotechnol. 2018, 27, 1085–1092. [Google Scholar] [CrossRef]

	



Lee, T.Y.; Lee, K.C.; Chen, S.Y.; Chang, H.H. 6-Gingerol inhibits ROS and iNOS through the suppression of PKC-alpha and NF-kappaB pathways in lipopolysaccharide-stimulated mouse macrophages. Biochem. Biophys. Res. Commun. 2009, 382, 134–139. [Google Scholar] [CrossRef]

	



Gunawan, S.; Munika, E.; Wulandari, E.T.; Ferdinal, F.; Purwaningsih, E.H.; Wuyung, P.E.; Louisa, M.; Soetikno, V. 6-gingerol ameliorates weight gain and insulin resistance in metabolic syndrome rats by regulating adipocytokines. Saudi Pharm. J. 2023, 31, 351–358. [Google Scholar] [CrossRef]

	



Bachar, O.; Adner, M.; Uddman, R.; Cardell, L.O. Toll-like receptor stimulation induces airway hyper-responsiveness to bradykinin, an effect mediated by JNK and NF-kappa B signaling pathways. Eur. J. Immunol. 2004, 34, 1196–1207. [Google Scholar] [CrossRef]

	



Aronoff, D.M.; Neilson, E.G. Antipyretics mechanisms of action and clinical use in fever suppression. Am. J. Med. 2001, 111, 304–315. [Google Scholar] [CrossRef]

	



Jin, L.; Shi, G.; Ning, G.; Li, X.; Zhang, Z. Andrographolide attenuates tumor necrosis factor alpha induced insulin resistance in 3T3-L1 adipocytes. Mol. Cell. Endocrinol. 2011, 332, 134–139. [Google Scholar] [CrossRef]

	



Baek, S.H.; Park, T.; Kang, M.G.; Park, D. Anti-inflammatory activity and ROS regulation effect of sinapaldehyde in LPS-stimulated RAW 264.7 macrophages. Molecules 2020, 25, 4089. [Google Scholar] [CrossRef]

	



Guan, F.; Wang, H.; Shan, Y.; Chen, Y.; Wang, M.; Wang, Q.; Yin, M.; Zhao, Y.; Feng, X.; Zhang, J. Inhibition of COX-2 and PGE2 in LPS-stimulated RAW264.7 cells by lonimacranthoide VI, a chlorogenic acid ester saponin. Biomed. Rep. 2014, 2, 760–764. [Google Scholar] [CrossRef]

	



Ivanov, A.I.; Pero, R.S.; Scheck, A.C.; Romanovsky, A.A. Prostaglandin E2-synthesizing enzymes in fever: Differential transcriptional regulation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R1104–R1117. [Google Scholar] [CrossRef]

	



Roth, J.; Blatteis, C.M. Mechanisms of fever production and lysis: Lessons from experimental LPS fever. Compr. Physiol. 2014, 4, 1563–1604. [Google Scholar] [CrossRef]

	



BenSaad, L.A.; Kim, K.H.; Quah, C.C.; Kim, W.R.; Shahimi, M. Anti-inflammatory potential of ellagic acid, gallic acid and punicalagin A and B isolated from Punica granatum. BMC Complement. Altern. Med. 2017, 17, 47. [Google Scholar] [CrossRef]

	



Juckmeta, T.; Itharat, A. Anti- inflammatory and antioxidant activities of Thai traditional remedy called “Ya-ha-rak”. J. Health Res. 2012, 26, 205–210. [Google Scholar]

	



Prommee, N.; Itharat, A.; Thongdeeying, P.; Makchuchit, S.; Pipatrattanaseree, W.; Tasanarong, A.; Ooraikul, B.; Davies, N.M. Exploring in vitro anti-proliferative and anti-inflammatory activities of Prasachandaeng remedy, and its bioactive compounds. BMC Complement. Med. Ther. 2022, 22, 217. [Google Scholar] [CrossRef]

	



Sireeratawong, S.; Khonsung, P.; Piyabhan, P.; Nanna, U.; Soonthornchareonnon, N.; Jaijoy, K. Anti-inflammatory and anti-ulcerogenic activities of Chantaleela recipe. Afr. J. Tradit. Complement. Altern. Med. 2012, 9, 485–494. [Google Scholar] [CrossRef]

	



Xu, H.; Barnes, G.T.; Yang, Q.; Tan, G.; Yang, D.; Chou, C.J.; Sole, J.; Nichols, A.; Ross, J.S.; Tartaglia, L.A.; et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Investig. 2003, 112, 1821–1830. [Google Scholar] [CrossRef]

	



Cave, E.; Crowther, N.J. The Use of 3T3-L1 Murine Preadipocytes as a Model of Adipogenesis. In Pre-Clinical Models: Techniques and Protocols, Methods in Molecular Biology; Guest Paul, C., Ed.; Springer Science Business Media: Berlin/Heidelberg, Germany, 2019; p. 1916. [Google Scholar] [CrossRef]

	



Wong-A-Nan, N.; Inthanon, K.; Saiai, A.; Inta, A.; Nimlamool, W.; Chomdej, S.; Kittakoop, P.; Wongkham, W. Lipogenesis inhibition and adipogenesis regulation via PPARc pathway in 3T3-L1 cells by Zingiber cassumunar Roxb. rhizome extracts. Egypt. J. Basic Appl. Sci. 2018, 5, 289–297. [Google Scholar]

	



Saraphanchotiwitthaya, A.; Sripalakit, P. Jatupalathika herbal formula inhibits lipid accumulation and induces lipolysis in 3T3-L1 adipocytes. Sci. Asia 2022, 48, 1–7. [Google Scholar] [CrossRef]

	



Wang, L.; Li, L.; Ran, X.; Long, M.; Zhang, M.; Tao, Y.; Luo, X.; Wang, Y.; Ma, X.; Halmurati, U.; et al. Ellagic acid reduces adipogenesis through inhibition of differentiation-prevention of the induction of Rb phosphorylation in 3T3-L1 adipocytes. Evid. Based Complement. Altern. Med. 2013, 2013, 287534. [Google Scholar] [CrossRef]

	



Tzeng, T.F.; Liu, I.M. 6-Gingerol prevents adipogenesis and the accumulation of cytoplasmic lipid droplets in 3T3-L1 cells. Phytomedicine 2013, 20, 481–487. [Google Scholar] [CrossRef]

	



Zatterale, F.; Longo, M.; Naderi, J.; Raciti, G.A.; Desiderio, A.; Miele, C.; Beguinot, F. Chronic adipose tissue inflammation linking obesity to insulin resistance and type 2 diabetes. Front. Physiol. 2020, 10, 1607. [Google Scholar] [CrossRef]

	



Yuan, M.; Konstantopoulos, N.; Lee, J.; Hansen, L.; Li, Z.W.; Karin, M.; Shoelson, S.E. Reversal of Obesity- and Diet-Induced Insulin Resistance with Salicylates or Targeted Disruption of Ikkbeta. Science 2001, 293, 1673–1677. [Google Scholar] [CrossRef]

	



Jin, D.; Sun, J.; Huang, J.; He, Y.; Yu, A.; Yu, X.; Yang, Z. TNF-α reduces g0s2 expression and stimulates lipolysis through PPAR-γ inhibition in 3T3-L1 adipocytes. Cytokine 2014, 69, 196–205. [Google Scholar] [CrossRef]

	



Xing, H.; Northrop, J.P.; Russell Grove, J.; Kilpatrick, K.E.; Jui-Lan, S.U.; Ringold, G.M. TNFα-mediated inhibition and reversal of adipocyte differentiation is accompanied by suppressed expression of PPARγ without effects on Pref-1 expression. Endocrinology 1997, 138, 2776–2783. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wang, H.; Hegde, V.; Dubuisson, O.; Gao, Z.; Dhurandhar, N.V.; Ye, J. Interplay of pro- and anti-inflammatory cytokines to determine lipid accretion in adipocytes. Int. J. Obes. 2013, 37, 1490–1498. [Google Scholar] [CrossRef]

	



Qiao, L.; Kinney, B.; Schaack, J.; Shao, J. Adiponectin inhibits lipolysis in mouse adipocytes. Diabetes 2011, 60, 1519–1527. [Google Scholar] [CrossRef] [PubMed]

	



Aljada, A.; Garg, R.; Ghanim, H.; Mohanty, P.; Hamouda, W.; Assian, E.; Dandona, P. Nuclear factor-kappaB suppressive and inhibitor-kappaB stimulatory effects of troglitazone in obese patients with type 2 diabetes: Evidence of an antiinflammatory action? J. Clin. Endocrinol. Metab. 2001, 86, 3250–3256. [Google Scholar] [PubMed]

	



Małodobra-Mazur, M.; Cierzniak, A.; Ryba, M.; Sozański, T.; Piórecki, N.; Kucharska, A.Z. Increases glucose uptake and the expression of PPARG in insulin-resistant adipocytes. Nutrients 2022, 14, 2307. [Google Scholar] [CrossRef]

	



Szalkowski, D.; White-Carrington, S.; Berger, J.; Zhang, B. Antidiabetic thiazolidinediones block the inhibitory effect of tumor necrosis factor-alpha on differentiation, insulin-stimulated glucose uptake, and gene expression in 3T3-L1 cells. Endocrinology 1995, 136, 1474–1481. [Google Scholar] [CrossRef] [PubMed]








[image: Cimb 45 00311 g001 550] 





Figure 1. Crude drug of the TPDM6315 recipe. 
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Figure 2. HPLC chromatograms of TPDM6315 extracts. (A): AE; (B): EE; and (C): a mixture of standard substances (peak 1: gallic acid; peak 2: chebulagic acid; peak 3: ellagic acid; peak 4: chebulinic acid; peak 5: 6-gingerol; and peak 6: phellopterin). 
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Figure 3. Effect of TPDM6315 extracts on LPS-induced-RAW264.7 macrophages. (A): Inhibition of nitric oxide production (the percentage of nitric oxide reduction from the LPS group). ** p < 0.01 compared to the LPS group, ## p < 0.01: showed the significantly different effect between aqueous extract (AE) and ethanolic extract (EE), n = 3. (B): Cell viability of LPS-induced-macrophage RAW264.7, compared to the LPS group. No significant difference appeared. Data are presented as mean ± SD. The positive control 250 µM L-NAME was used. 
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Figure 4. qPCR analysis of gene expression levels from the effects of TPDM6315 extracts on LPS-Induced RAW264.7 macrophages. ((A): iNOS; (B): IL-6; (C): PGE2; and (D): TNF-α. Data are presented as mean ± SD, # p < 0.05 compared to the untreated group, * p < 0.05 compared to the LPS-induced group using 500 ng/mL LPS for 24 h; n = 3), 250 µM L-NAME was used as a positive control. ** p < 0.01. 
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Figure 5. Effects of AE and EE on the percentage cell viability of 3T3-L1 adipocytes after incubation for 48 h. Data are presented as mean ± SD; ** p < 0.01 compared to basal group, n = 3; 20 µM TGZ and 100 nM insulin were used as positive controls. 
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Figure 6. Effect of TPDM6315 extracts, AE and EE, on lipid accumulation in 3T3-L1 adipocytes. The oil droplets were stained with Oil Red O and photographed using an inverted microscope (×10 magnification), ((A): 3T3-L1 preadipocyte; (B): untreated 3T3-L1 adipocyte; (C–G): treatment of AE (10, 50, 100, 200, and 400 µg/mL, respectively) during cell differentiation; (H–L): treatment of EE (10, 50, 100, 200, and 400 µg/mL, respectively) during cell differentiation; and (M): % reduction in intracellular oil with AE and EE in 3T3-L1 adipocyte compared to the untreated 3T3-L1 adipocyte; * p < 0.05 compared to the untreated 3T3-L1 adipocyte; n = 3). 
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Figure 7. The effect of AE and EE on relative gene expression in TNF-α-induced 3T3-L1 adipocytes. (A): adiponectin; and (B): PPAR-γ; 10 ng/mL of TNF-α was used to induce inflammation, and 20 µM troglitazone (TGZ) was a positive control. Data are presented as mean ± SD; ## p < 0.01 compared to the untreated group; * p < 0.05 and ** p < 0.01 compared to the TNF-α group; n = 3. 
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Figure 8. Effect of TPDM6315 on glucose uptake in TNF-α-induced 3T3-L1 adipocytes. (A): Glucose content remained in the cell culture media. (The dissimilar letter represented a significant difference between groups (p < 0.05), n = 3); (B): relative GLUT1 expression; and (C): relative GLUT4 expression. TNF-α 10 ng/mL was used to induce inflammation, and 20 µM troglitazone (TGZ) was a positive control. Data are presented as mean ± SD, * p < 0.05, ** p < 0.01, compared to the TNF-α group; n = 3. (Glucose medium was as follows: basal: 4.14; TNF-α: 4.5; TGZ: 3.5; insulin 3.6; AE100: 3.9; AE200; 4.0; EE10: 3.9; and EE50: 3.8 mg/mL). 
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Table 1. The herbal constituents of the TPDM6315 polyherbal formula and their reported anti-inflammation, anti-pyretic, and anti-obesity effects.
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	Botanical Name
	Part
	Traditional Use as Anti-Fever *
	Anti-Inflammation and Antipyretic
	Anti-Obesity





	Angelica dahurica (Fisch. Ex Hoffm.) Benth. & Hook. f. ex Franch. & Sav.
	Root
	/
	[7]
	[8]



	Cyperus rotundus L.
	Rhizome
	-
	[9]
	[10,11]



	Digitaria ciliaris (Retz.) Koeler
	Whole plant
	/
	-
	-



	Dracaena loureiroi Gagnep.
	Stem
	/
	[12]
	-



	Gymnopetalum chinense (Lour.) Merr.
	Whole fruit
	/
	-
	-



	Gymnopetalum integrifolium Kurz
	Root
	/
	-
	-



	Phyllanthus emblica L
	Whole fruit
	-
	[13]
	[14]



	Picrorhiza kurrooa Royle ex Benth.
	Root and rhizome
	/
	[15]
	[16]



	Santalum spicatum L.
	Stem
	/
	-
	-



	Solanum indicum L.
	Root
	/
	[17]
	[18]



	Solanum trilobatum L.
	Root
	/
	-
	[19]



	Terminalia bellirica (Gaertn.) Roxb.
	Whole fruit
	/
	[20]
	[21]



	Terminalia chebula Retz.
	Whole fruit
	/
	[22]
	[23]



	Tinospora crispa (L.) Miers ex Hook. f. & Thomson
	Stem
	/
	[24]
	-



	Zingiber officinale Roscoe.
	Rhizome
	/
	[25]
	[26]







* data from Thai traditional medicine textbook [27].
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Table 2. Primers used in this study.






Table 2. Primers used in this study.





	Gene
	Forward Primer
	Reverse Primer





	iNOS

(112 bp)
	5′ CTGCCAGGGTCACAACTTTAC 3′
	5′ AACAGCTCAGTCCCTTCACC 3′



	PGE2

(143 bp)
	5′ TGACAGCCGTGGGTAAAGAC 3′
	5′ CCAAGGCTGGATGTGTGAGT 3′



	TNFα

(128 bp)
	5′ GATCGGTCCCCAAAGGGATG 3′
	5′ TTGCTACGACGTGGGCTAC 3′



	IL6

(154 bp)
	5′ GTCCTTCCTACCCCAATTTCCA 3′
	5′ TAACGCACTAGGTTTGCCGA 3′



	Adiponectin

(146 bp)
	5′ TGACGACACCAAAAGGGCTC 3′
	5′ ACCTGCACAAGTTCCCTTGG 3′



	GLUT1

(139 bp)
	5′ CAATGGCGGCGGTCCTATAA 3′
	5′ TGTAACTATGCGTCTCCCGC 3′



	GLUT4

(200 bp)
	5′ TCTGACGTAAGGATGGGGAAC 3′
	5′ TTGTGGGATGGAATCCGGTC 3′



	β-Actin

(196 bp)
	5′ GACACGAGTTGGTTGGAGCA 3′
	5′ GCGACCATCCTCCTCTTAGG 3′
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