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Abstract

:

Andrographis paniculata is widely used as a traditional medicine in Asian countries. It has been classified as a safe and non-toxic medicine by traditional Chinese medicine. The investigation of the biological activities of A. paniculata is still focused on the crude extract and isolation of its main active compound, andrographolide, and its derivatives. However, the use of andrographolide alone has been shown to exacerbate unwanted effects. This highlights the importance of developing a fraction of A. paniculata with enhanced efficacy as an herbal-based medicine. In this study, the extraction and fractionation of A. paniculata, followed by quantitative analysis using high-performance liquid chromatography coupled with a DAD detector, were established to quantify the andrographolide and its derivative in each fraction. Biological activities, such as antioxidant, anticancer, antihypertensive, and anti-inflammatory activities, were evaluated to study their correlations with the quantification of active substances of A. paniculata extract and its fractions. The 50% methanolic fraction of A. paniculata exhibited the best cytotoxic activities against CACO-2 cells, as well as the best anti-inflammatory and antihypertensive activities compared to other extracts. The 50% methanolic fraction also displayed the highest quantification of its main active compound, andrographolide, and its derivatives, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin, among others.
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1. Introduction


Andrographis paniculata (Burm.f.) Nees is a plant of the Acanthaceae family and is widely distributed in tropical areas such as Asia. A. paniculata is one of the most important medicinal plants in the Unani and Ayurvedic systems of medicine, which are the oldest known medicinal systems. This plant has been used in herbal medicines to treat various infectious and degenerative diseases [1].



The biological activities of A. paniculata are known to correlate with diterpene lactone compounds. The lactone groups are the cyclic ester of organic acid with the most stable structure; they are five-membered (gamma lactone). They are known to have various biological activities including anticancer, antifungal, and antibacterial [2,3,4,5,6], and are found in andrographolide and its derivatives, including 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin (Figure 1) [7]. Andrographolide has been widely studied, including, for example, for its potential medicinal value as a drug for various diseases owing to its anticancer [8], antimicrobial [9,10], antioxidant [11], anti-inflammatory [12], antidiabetic [13], and antiviral [14] properties. Meanwhile, 14-deoxy-11,12-didehydroandrographolide has shown antifungal, antiviral, and anticancer [7] activity. In addition, neoandrographolide is reported to exhibit antiviral, anti-inflammatory, and hepatoprotective activity [15,16].



A. paniculata has been classified by traditional Chinese medicine as a safe and non-toxic medicine [17]. To date, the investigation of the biological and pharmacological activities of A. paniculata is still focused on the crude extract and isolation of andrographolide and its derivatives. Several studies have examined the extraction, separation, isolation, and quantification of its bioactive compounds from A. paniculata. For instance, the extraction process uses various types of organic solvents and various types of extraction techniques, such as microwave and ultrasonic extraction, to obtain high yields of andrographolide and its derivatives to enhance its biological activity. Despite comparisons of the standardization for crude extracts using the major metabolites such as andrographolide, no rigorous study has aimed to develop the quantitative multi-compounds of A. paniculata using HPLC-DAD and the correlation with its biological activities. Multi-compound analyses of andrographolide and its derivatives from extracts and fractions of A. paniculata using a gradient elution system to compare the biological activity of each fraction can lead to the development of specially targeted herbal medicine. Highly sensitive, gradient compatible, and easy-to-use DAD detectors make multi-compound analysis more feasible. Therefore, in this study, we analyzed the quantification of the four main constituents of A. paniculata—namely, andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin—in crude methanol extract and fractions using quantitative multi-components analysis by HPLC-DAD according to their related biological activities, such as antioxidant, anticancer, antihypertensive, and anti-inflammatory activity.




2. Results and Discussion


2.1. Fractionation and Diterpenoid Quantification of A. paniculata


A. paniculata has often been reported to contain diterpene lactones, such as andrographolide, as its primary compound (Figure 1). The content of this plant and its derivative composition varies depending on many factors, such as the agricultural location, cultivation system, harvesting period, and post-harvesting process [18]. These variations could affect the obtained extracts’ quality and biological activities. Semi-purification using solid phase extraction (SPE) allows the grouping of compounds based on their polarity level to obtain specific extracts containing andrographolide and its derivatives. Plant compounds usually contain phenolics, diterpenoids, and flavonoids, as well as organic acids [19,20]. However, in A. paniculata, the active compound comes from the diterpenoid group, namely andrographolide and its derivatives. Elution carried out on SPE by various solvent compositions separates these chemical groups into specific fractions [21]. However, some non-polar compounds from the crude extract are retained in the column during the fractionation process. This can be seen after flushing the SPE cartridge using n-hexane, which leaves dark color in the column, which means the SPE fractionation process eliminates some non-polar compounds. Thus, separation using SPE becomes important for obtaining extracts rich in andrographolides and its derivatives.



The quantification method for andrographolide and its derivatives is essential to developing a standardized herbal for A. paniculata. In this work, we used HPLC equipped with a DAD detector to quantify the diterpene lactone content in A. paniculata extract and fractions. This HPLC method provides an efficient separation system and elution time to detect and quantify different components, including andrographolide and its derivatives.



Figure 2 shows the HPLC chromatogram of several diterpene lactones contained in A. paniculata. Under our chromatographic analysis conditions, andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin were effectively separated and observed at 8.3, 20.4, 22.3, and 37.1 min, respectively. The coefficient determination (R2) of the calibration curve of each compound had good fitness (0.9947–0.9972) (Table 1), indicating the reliability of the method. The peaks of compounds were also clearly separated in the chromatogram of the crude extract. As a result, the main compound in the extract of A. paniculata was andrographolide, followed by neoandrographolide, 14-deoxy-11,12-didehydroandrographolide, and andrograpanin.



Fractionation was carried out to determine the effectiveness of the applied method in separating the diterpenoid compounds. Elution was conducted by adjusting the polarity of methanol and water. In the first step, the separation was ineffective since the fraction still contained components similar to the crude extract, except andrograpanin (Table 1). In the second step of fractionation, F2 contained the highest content of the 4 diterpene lactones, with andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin levels of 85.65, 49.1, 110.77, and 17.39 mg g−1 sample, respectively. Meanwhile, the third step of fractionation (F3) only contained andrographolide at a concentration of 12.16 mg g−1. These results indicate that most of the andrographolide and its derivatives were concentrated in the second fractionation step. The quantity of andrographolide and its derivatives contained in each fraction might lead to the specific biological activity of each fraction [22,23]. These results indicate the use of extracts and fractions of A. paniculata as standardized herbal medicine ingredients with specific biological properties.




2.2. Total Phenolic and Flavonoid Content


A chromatographic analysis of the methanolic crude extract of A. paniculata indicated the presence of compounds other than andrographolide, as indicated by the observed peaks. Most notably, the plant’s extracts contained phenolic- and flavonoid-based compounds. These two compounds’ groups were determined for the crude extract and fractions of A. paniculata in order to obtain more comparative results (Table 2). As expected, the methanolic crude extract showed high phenolic content, with a value of 30.68 µg GAE mg−1 d.w. The lowest phenolic content was observed in F3, with 16.81 µg GAE mg−1 d.w. Herein, decreasing the polarity of the solvent during the SPE column could provide the lowest content of phenolic compounds in the less-polar fractions. On the other hand, the total flavonoid content of the extract and fractions of A. paniculata showed the highest value in F3, followed by ME, F2, and F1, with values of 147.77, 33.50, 19.57, and 14.68 µg QE mg−1 d.w., respectively. The flavonoid compound is a semi-polar compound that a semi-polar solvent will effectively extract. Hence, the low polarity of the eluent in isolating F3 seems to be more appropriate for extracting flavonoids when compared to F2 and F1, which used 50% and 10% of methanol and water, respectively. The use of semi-polar solvents such as alcohols for the extraction of A. paniculata generates higher levels of phenolics and flavonoids than the use of polar solvents (e.g., water) or non-polar solvents (e.g., hexane and chloroform). Alcohols, especially methanol, efficiently penetrate cells, causing osmotic changes and breaking cell walls, thus releasing all metabolites from the cells [24]. As such, the phenolics and flavonoids contained in the cells should be released. According to several reports, six main flavonoids have been successfully isolated from the ethyl acetate soluble fraction of ethanol or the methanol extract of A. paniculata [24,25,26].



The quantification of the diterpenoid content in the extract and fraction of A. paniculata using HPLC revealed that F2 contained the most diterpenoid compounds. This result supports a study conducted by Chia et al. [27]. In general, the content of diterpenoids is semi-polar compounds that are eluted with a semi-polar solvent based on the principle of like dissolves like. F1 is the most polar fraction and is dominated by phenolic group compounds. Meanwhile, F3 is more non-polar than the other fractions and, thus, is dominated by flavonoid compounds.




2.3. Antioxidant Activity


Antioxidant activity was evaluated using ABTS and FRAP methods. Based on various mechanisms, the antioxidant capacity can be divided into two main categories: hydrogen atom transfer (HAT) and single electron transfer (SET). FRAP involves SET reaction-based assay radicals [28], while ABTS involves a mixed-mode assay (HAT/SET) based on the elimination of stable chromophores [29]. The antioxidant capacities of the crude extract and fractions of A. paniculata are displayed in Table 2. The extract showed a higher antioxidant capacity (both in ABTS and FRAP) than F1, F2, and F3. This is because of the high content of phytochemicals in the crude extract, including the four diterpene lactones and other phenolic compounds of interest in the present study. F3 displayed the lowest antioxidant capacity among the fractions, resulting in its lower phytochemical content. Although this fraction showed high flavonoid content, this finding indicates that the low variety of diterpenoid lactones in F3 might also lead to its low antioxidant activity.



The high diterpenoid content in A. paniculata extract contributed to its increased antioxidant capacity. These results align with those presented by Akouah et al. [23], who found that the MeOH extract of A. paniculata contained 21.50 mg g−1 andrographolide and 13.30 mg g−1 14-deoxy-11,12-didehydroandrographolide and produced 53.82% free radical scavenging activity. Meanwhile, they reported that the aqueous extracts of A. paniculata containing 0.80 mg g−1 andrographolide and 0.70 mg g−1 14-deoxy-11,12-didehydroandrographolide produced only 28.77% free radical scavenging activity. It should be noted that the antioxidant capacity of A. paniculata extract was affected not only by its diterpenoid lactone, as the total phenolic content also greatly affects its antioxidant capacity. Rao and Rathod [23] explained that the t-butanol extract of A. paniculata with a TPC of 9.05 mg GAE g−1 d.w. had a higher antioxidant capacity (IC50 = 52.10 µg mL−1) than the aqueous extract (TPC = 2.04 mg GAE g−1; IC50 = 418.51 µg mL−1). In the antioxidant assay, the activity of a single compound was not always higher than that of the crude extract. The single compounds of andrographolide and 14-deoxy,11,12 didehydroandrographolide had lower radical scavenging activity than the methanol extract of A. paniculata [30]. Semi-purification (fractionation) can increase the specificity of A. paniculata used as standardized herbal, especially as antioxidants, because different fractions have different bioactive compounds and exhibit different biological activities.




2.4. Cellular Nitric Oxide (NO) Activity


Antioxidants reduce oxidative stress in the body. Some reports have shown that oxidative stress is correlated with several inflammation diseases, including strokes, heart attacks, and heart failure. Considering its antioxidant characteristics, the anti-inflammatory activity of A. paniculata was also examined using nitric oxide (NO) production via lipopolysaccharide (LPS)-induced in RAW 264.7 cells. When stimulated with LPS, these cells induce NO production to begin an inflammation process. Thus, samples with strong antioxidant activity commonly suppress NO production.



In this study, F2 presented the highest inhibition of NO production, with a percentage of inhibition of 98.36%. This activity is also correlated with the high antioxidant activity of F2. Considering the sufficient levels of andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin in F2, it could be speculated that these components are responsible for the potential biological anti-inflammatory activity as observed in the mechanism of inhibiting NO production. Previous studies have shown that andrographolide suppresses NO production and reduces the expression of an inducible isoform of the NO synthase enzyme, which is responsible for NO production [24,31]. Andrographolide derivatives, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin are also reported to inhibit NO production in LPS-induced murine macrophages in a concentration-dependent manner.



Meanwhile, 14-deoxy-11,12-didehydroandrographolide exhibited NO inhibition with an IC50 value of 94.12 ± 4.79 µM [32]. Neoandrographolide inhibited NO production with an IC50 value of more than 100 µM [33,34]. Similar to neoandrograpaholide, andrograpanin inhibited NO production in a concentration-dependent manner, but it was found to have an IC50 value of more than 100 µM [35]. Therefore, the presence of andrographolide and its derivatives in A. paniculata samples significantly affects NO suppression in LPS-induced murine macrophages [22]. It should be noted that the activity of other fractions and extracts of A. paniculata that inhibit NO production was still higher than that of the positive control of dexamethasone, which only inhibited 84.82% of NO production (Table 3).




2.5. Cytotoxic Activity


Additional insights were gained by investigating the cytotoxic activity of A. paniculata extract and fractions in CACO-2 cell lines using MTT assay. The assay is based on the reduction of MTT reagent by mitochondrial dehydrogenase from the introduction of active metabolic cells into the formazan (blue form). Figure 3 illustrates CACO-2 cell line viability before and after treatment with each A. paniculata extract and fraction, as observed under 40 times magnification using an inverted microscope. Figure 4 summarizes the cytotoxic activity of each sample on CACO-2 cell lines. In general, the IC50 values of the samples were less than 100 µg mL−1, except for F3, which had values of up to 145.10 µg mL−1. The highest CACO-2 cell growth inhibition activity was exhibited by F2, with an IC50 value of 32.46 µg mL−1, followed by ME (63.89 µg mL−1) and F1 (61.04 µg mL−1). These findings are consistent with the high anti-inflammatory activity test results of F2, which has the highest levels of andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin. Moreover, the low activity of F3 is in line with the small amount of andrographolide and the absence of 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin.




2.6. Angiotensin-Converting Enzyme (ACE) Inhibition Activity


Angiotensin-converting enzymes (ACEs) are membrane-bound proteins that play an essential role in regulating blood pressure and the electrolyte balance system [36]. The inhibition of ACEs can regulate blood pressure protection in arteries. Moreover, they are associated with inflammation. Based on the results of an ACE inhibition test, F1 and F2 showed the highest inhibition (up to 94%), followed by ME (81%) and F3 (21%) (Figure 5). The inhibitory activity of the ACE was influenced by the content of metabolites in each extract and fraction, as fractions with a high content of secondary metabolites showed high activity. An exception was that ME had a higher secondary metabolite content than F1 but exhibited less inhibitory activity. This may be due to the phenolic and flavonoid content of ME, which may be antagonistic in inhibiting ACE activity.



The high content of andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin of F2 corresponds to this fraction’s high level of activity as an anticancer agent with an IC50 value of 32.46 µg mL−1 for cytotoxicity to CACO-2; the suppression of 98.36% NO production in RAW 264.7; and the inhibition of 94% ACE activity (which is the highest among all fractions). However, this activity is different from antioxidant activity. The ABTS and FRAP assay results show that ME has more potential as an antioxidant agent than the three fractions owing to its high phenolic content.



The correlation between each extract’s diterpenoid, phenolic, and flavonoid content and its fractions on its biological activity can be considered when manufacturing standardized herbal medicines. In addition, insights into the correlation can help increase the efficacy and specificity of developed herbal medicines. Efficacy and specificity can be increased by further separating the extracts used as ingredients in herbal medicines. For example, after the fractionation process on ME, F2 was obtained, which exhibits more anticancer, antihypertensive, and anti-inflammatory activity than ME, F1, and F3. However, the antioxidant activity of F1 was almost the same as that of ME and higher than that of F2 and F3. After separation, specific fractions were identified as antioxidant, anticancer, anti-inflammatory, and antihypertensive agents.





3. Materials and Methods


3.1. Materials


Reagents and standards were obtained from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA), including andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, andrographanin, Folin-Ciocalteu reagent, ABTS (2,2′-Azino-bis-3ethylbenzothiazoline-6-sulfonic acid), TPTZ (2,4,6-tripyridyl-s-triazine), K2S2O8, FeCl3, CH3COONa, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), MTT (3-(4 5-dimethyltiazole-2-yl)-2,5-diphenyltetrazolium bromide), Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), L-glutamine, penicillin, streptomycin, methanol (MeOH), ethanol, dichloromethane, ethyl acetate, and n-hexane. All chemical reagents were of pro-analytical and chromatographical grade. The human colorectal adenocarcinoma (CACO-2 ECACC 86010202) cell line and murine macrophage cell line (RAW 264.7 cells ECACC 91062702) were used for anticancer and anti-inflammation assays, respectively. These were obtained from the European Collection of Authenticated Cell Cultures (ECACC). A. paniculata was obtained from the Center for Research and Development hof Medicinal Plants and Traditional Medicine (B2P2TOOT), National Institute of Health Research and Development, Indonesian Ministry of Health, Tawangmangu, Central Java, Indonesia.




3.2. Methods


3.2.1. Sample Preparation and Extraction Method


A. paniculata was harvested after a cultivation period of eight months and dried in the oven. The aerial parts, including leaves and roots, were ground and powdered using a pulverizer mill. Afterward, 200 g of powder was extracted with 850 mL MeOH at room temperature for 24 h. The mixture was then filtrated, and the spent biomass was re-extracted with 850 mL MeOH for 24 h. The extraction process was conducted three times. The filtrates were collected and concentrated using a vacuum evaporator (Buchi Rotavapor R-300 Series, Swiss) and lyophilized (Buchi Lyovapor L-200, Swiss) to obtain the extract (19.25 g). Then, about 1 g of the dried extract was fractionated using SPE with ODS C-18 Bond Elut (6 mL of cartridge volume and 500 mg of sorbent) cartridge. A gradient system was applied by decreasing the polarity of the eluents from H2O/MeOH (9:1), which was marked as F1; H2O/MeOH (1:1), which was marked as F2; and MeOH 100%, which was marked as F3. Then, the cartridge was flushed with n-hexane for reuse up to two times. A total of 4 g of dried sample was fractionated, and the yields of each fraction obtained (F1, F2, and F3) were 83.2%, 5.1%, and 8.2%, respectively.




3.2.2. HPLC Analysis and Quantification of Andrographolide and Its Derivatives


The analysis and quantification of andrographolide and its derivatives were performed using the method described by Dalawai et al. [37], with slight modification. An HPLC system (UFLC Shimadzu, Kyoto, Japan) equipped with a photodiode array detector and analytical column Thermo Hypersil ODS C18 (250 × 4.6 mm, 5 µm) was used to quantify andrographolide and its derivatives. Water and methanol were used as a mobile phase for the chromatographic conditions of MeOH/H2O (1:1) for 25 min and MeOH/H2O (3:2) for 15 min at a flow rate of 1 mL/min−1. Before the analysis, the liquid sample of the extract or fraction was filtered using a 0.45-µm syringe filter. About 20 µL of the sample was injected, and the chromatogram was recorded at 210 nm. The quantification of andrographolide and its derivatives was carried out by constructing a combined calibration curve of the 4 standard compounds with a linearity range of 5 to 500 ppm. The area of crude extract and fractions was interpreted into a calibration curve.




3.2.3. Total Phenolic Content (TPC) by Folin-Ciocalteu Reagent Assay


The Folin-Ciocalteu method determined the TPC value following Sekhon-Loodu and Rupasinghe [38]. First, 100 µL of Folin-Ciocalteu reagent (0.2 N) was added to each well of a 96-well plate and mixed with 20 µL of the sample solution (1 mg mL−1). After 5 min, 80 µL of a Na2CO3 solution (7.5%) was added to each well and incubated for 2 h at room temperature in dark conditions. The absorbance was then measured at 760 nm using the microplate reader (Tecan Infinite 200 Pro, USA). A similar procedure was applied to determine gallic acid as the standard solution with concentrations of 6.25, 12.50, 25.00, 50.00, and 100.00 µg ml−1. The TPC value was expressed as the weight of gallic acid equivalent (GAE) per g of dry extract (µg GAE g−1 dry weight).




3.2.4. Total Flavonoid Content (TFC) by Aluminum Chloride Colorimetric Assay


The TFC analysis was performed using the assay protocol described by Chatatikun et al. [39]. First, 10 µL of an AlCl3 solution (10%) and 50 µL of each sample were added to a 96-well plate. Then, 10 µL of a CH3COONa solution (1 M) and 150 µL of ethanol were added to the mixtures. Afterward, the mixed solution was incubated and shaken for 40 min at room temperature in dark conditions. Then, the absorbance was measured at 415 nm using a microplate reader (Tecan Infinite 200 Pro). The total flavonoid content was presented as mg quercetin equivalent (QE) per g dry extract (µg QE g−1 dry weight). Various concentrations of the quercetin solution (i.e., 0.5, 1, 2.5, 5, 10, and 25 µg mL−1) were used as a standard.




3.2.5. 2,2′-Azino-bis-3ethylbenzothiazoline-6-sulfonic Acid (ABTS) Assay


The ABTS scavenging activity was examined using the method described by Xiang et al. [40], with some modifications. The ABTS solution was prepared by mixing 5 mL of ABTS (7.4 mM) with 88 µL of K2S2O8 (2.6 mM). The stock solution was incubated for 16 h at room temperature in dark conditions to produce ABTS+. The ABTS+ solution was diluted with water to obtain an initial absorbance of around 0.7 at 734 nm. Subsequently, 10-µL samples were added to a 96-well plate and mixed with 190 µL of the ABTS stock solution. Then, the mixed solution was incubated in the dark at room temperature for six minutes. The absorbance was measured at 734 nm using a microplate reader (Tecan Infinite 200 Pro). The scavenging effect was expressed as mM Trolox equivalent per g dry weight of the extract. The standard curve of the Trolox solution was prepared from various concentrations ranging from 100 to 2000 μmmol L−1.




3.2.6. Ferric Reducing-Antioxidant Power (FRAP) Assay


FRAP assays were carried out according to the protocol described by Li et al. [41], with slight modifications. A FRAP solution was prepared by mixing a sodium acetate solution (300 mM, pH 3.6) and a TPTZ solution (10 mM) in a solution of 40 mM HCl and FeCl3 (20 mM) at a 10:1:1 ratio (v/v). A fresh 150 µL FRAP solution was mixed with a 50-µL sample or standard in a 96-well plate and incubated at 37 °C for four minutes. The absorbance was measured at 593 nm using a microplate reader (Tecan Infinite 200 Pro). The FRAP results were converted into mM of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) equivalents per mg (mM TE mg−1 d.w.) of samples using the standard curve, plotted at different concentrations of the standard ranging from 0.06 to 1.00 mM.




3.2.7. Angiotensin-Converting Enzyme (ACE) Inhibition Assay


The ACE inhibitory activity was carried out based on the method presented by Hettihewa et al. [42], with slight modifications. The reaction mixtures contained 30 µL of ACE 2.5 mU, 9 µL of a sodium borate buffer (pH 8.3), and 150 µL of hippuryl-histidyl-leucine 0.78 mM (HHL), which were added into a serial concentration of samples (21 µL) in a microtube. The mixtures were incubated via shaker incubation at 37 °C for 1 h. Afterward, 150 µL of NaOH 0.35 M was added to stop the enzyme activity. The formation of hippuric acid from the enzymatic hydrolysis of HHL by the enzyme was measured by a microplate reader at 450 nm using a microplate reader (Tecan Infinite 200 Pro). The following equation was used to calculate the ACE inhibition:


   ACE   Inhibition     ( % )  =    (  B − A  )     (  B − C  )    × 100 ,  



(1)




where B is the absorbance of positive control; A is the absorbance of the solution containing ACE, HHL, and the inhibitor component; and C is the absorbance of the negative control (ACE and HHL without the inhibitor) [43].




3.2.8. Cell Culture


The murine macrophage cell line (RAW 264.7 cells ECACC 91062702) and human colorectal adenocarcinoma (CACO-2 ECACC 86010202) cell line were cultured with DMEM containing 10% FBS, 2 mmol L−1 L-glutamine, 100 U mL−1 penicillin, and 10 μg mL−1 streptomycin. These cell lines were maintained at 37 °C in a humidified atmosphere of 5% CO2 (CO2 incubator, Thermo Scientific, Waltham, MA, USA).




3.2.9. Cellular NO Production and Quantification


RAW 264.7 cells (5 × 104 well−1) were cultured in a 96-well plate and pretreated with extracts and fractions of A. paniculata for 1 h before being stimulated with LPS for 20 h. Cellular NO production was determined by assaying the NO2− concentration in the culture supernatant. In this process, 100 μL of culture supernatant was mixed with an equal volume of Griess reagent (1% sulfanilamide and 0.1% N-[naphthyl]ethylene diamine dihydrochloride in 2.5% H3PO4). The mixture was incubated at room temperature for 10 min. Afterward, the absorbance was measured at 540 nm using a microplate reader (Cytation 5, BioTek, Winooski, VT, USA). Nitrite concentration was calculated from a NaNO2 standard curve.




3.2.10. Cytotoxic Screening


Cytotoxic screening was performed using the MTT assay method. CACO-2 cells were plated in a 5 × 104 cells well−1, followed by incubation for 24 h at 37 °C. After this incubation period, cells were treated with methanolic extract, F1, F2, and F3 of A. paniculata and dimethyl sulfoxide (as a positive control) and incubated for 48 h. After that, the medium was replaced, and MTT reagents (0.5 mg mL−1) containing the new medium were added to the 96-well plate. Incubation was continued for 4 h at 37 °C in a CO2 incubator (Thermo Fischer). Absorbance was measured using a microplate reader (Cytation 5, BioTek) at 560 nm. Log concentration vs. normalized absorbance was plotted to obtain the IC50 value of each extract.




3.2.11. Statistical Analysis


All data were collected in triplicate and expressed as mean ± SD. The differences between various data were analyzed with a single factor ANOVA with a 95% confidence level. Microsoft Excel 365 with additional data analysis plugins was used to run the single-factor ANOVA.






4. Conclusions


Different extracts and fractions of A. paniculata exhibited different biological activities depending on the concentration of andrographolide and its derivatives. The high content of andrographolide, 14-deoxy-11,12-didehydroandrographolide, neoandrographolide, and andrograpanin in F2 resulted in the highest levels of biological activity, such as cytotoxicity, against CACO-2 cells (IC50 = 32.46 g mL−1), inhibiting NO production in RAW 264.7 cells (inhibition = 98.36%), and inhibiting ACE activity (inhibition = 94.19%). On the other hand, the antioxidant capacity was strongly influenced by not only the content of andrographolide and its derivatives but also the phenolic content. Therefore, the highest level of antioxidant activity was exhibited by ME with Trolox equivalent values of 0.35 and 0.47 mmol TE g−1 dry weight.



The relationship between the content of diterpenoids, phenolics, and flavonoids in the extract and the fractions of A. paniculata, owing to their biological activity, can be used as a reference in the development of standardized herbal medicines.







Author Contributions


All authors contributed equally to the study’s conception and design. The material preparation and conceptualization of the idea and analysis were performed by S.P.A., J.A.P., S.I.R., R.T.S., F.I., A.B. and M.Y.P. The sample preparation and experimental procedure were performed by S.P.A., J.A.P., S.I.R., F.I. and A.B. The first draft was written by S.P.A., and all authors commented on it. R.T.S., S.I.R., F.I., A.B., M.Y.P., C.F. and C.G. contributed to the final version of the manuscript. M.Y.P., C.F. and C.G. supervised the project. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


All the authors declare no conflict of interest regarding this work.




References


	



Saxena, R.C.; Singh, R.; Kumar, P.; Yadav, S.C.; Negi, M.P.S.; Saxena, V.S.; Joshua, A.J.; Vijayabalaji, V.; Goudar, K.S.; Venkateshwarlu, K.; et al. A Randomized Double Blind Placebo Controlled Clinical Evaluation of Extract of Andrographis paniculata (KalmCold™) in Patients with Uncomplicated Upper Respiratory Tract Infection. Phytomedicine 2010, 17, 178–185. [Google Scholar] [CrossRef] [PubMed]

	



Barua, P.M.B.; Sahu, P.R.; Mondal, E.; Bose, G.; Khan, A.T. A Mild and Environmentally Benign Synthetic Protocol for Catalytic Hydrolysis of Thioglycosides. Synlett 2002, 2002, 0081–0084. [Google Scholar] [CrossRef]

	



Marcos, I.; Pedrero, A.; Sexmero, M.; Diez, D.; Basabe, P.; Hernández, F.; Urones, J. Synthesis and Absolute Configuration of Three Natural Ent-Halimanolides with Biological Activity. Tetrahedron Lett. 2003, 44, 369–372. [Google Scholar] [CrossRef]

	



Siedle, B.; García-Piñeres, A.J.; Murillo, R.; Schulte-Mönting, J.; Castro, V.; Rüngeler, P.; Klaas, C.A.; Da Costa, F.B.; Kisiel, W.; Merfort, I. Quantitative Structure–Activity Relationship of Sesquiterpene Lactones as Inhibitors of the Transcription Factor NF-ΚB. J. Med. Chem. 2004, 47, 6042–6054. [Google Scholar] [CrossRef] [PubMed]

	



Surowiak, A.K.; Balcerzak, L.; Lochyński, S.; Strub, D.J. Biological Activity of Selected Natural and Synthetic Terpenoid Lactones. Int. J. Mol. Sci. 2021, 22, 5036. [Google Scholar] [CrossRef]

	



Salminen, A.; Lehtonen, M.; Suuronen, T.; Kaarniranta, K.; Huuskonen, J. Terpenoids: Natural Inhibitors of NF-ΚB Signaling with Anti-Inflammatory and Anticancer Potential. Cell. Mol. Life Sci. 2008, 65, 2979–2999. [Google Scholar] [CrossRef]

	



Adiguna, S.P.; Panggabean, J.A.; Atikana, A.; Untari, F.; Izzati, F.; Bayu, A.; Rosyidah, A.; Rahmawati, S.I.; Putra, M.Y. Antiviral Activities of Andrographolide and Its Derivatives: Mechanism of Action and Delivery System. Pharmaceuticals 2021, 14, 1102. [Google Scholar] [CrossRef]

	



Suriyo, T.; Chotirat, S.; Rangkadilok, N.; Pholphana, N.; Satayavivad, J. Interactive Effects of Andrographis paniculata Extracts and Cancer Chemotherapeutic 5-Fluorouracil on Cytochrome P450s Expression in Human Hepatocellular Carcinoma HepG2 Cells. J. Herb. Med. 2021, 26, 100421. [Google Scholar] [CrossRef]

	



Banerjee, M.; Parai, D.; Chattopadhyay, S.; Mukherjee, S.K. Andrographolide: Antibacterial Activity against Common Bacteria of Human Health Concern and Possible Mechanism of Action. Folia Microbiol. 2017, 62, 237–244. [Google Scholar] [CrossRef]

	



Murugan, K.; Selvanayaki, K.; Al-Sohaibani, S. Antibiofilm Activity of Andrographis paniculata against Cystic Fibrosis Clinical Isolate Pseudomonas aeruginosa. World J. Microbiol. Biotechnol. 2011, 27, 1661–1668. [Google Scholar] [CrossRef]

	



Krithika, R.; Verma, R.J.; Shrivastav, P.S. Antioxidative and Cytoprotective Effects of Andrographolide against CCl4-Induced Hepatotoxicity in HepG2 Cells. Hum. Exp. Toxicol. 2013, 32, 530–543. [Google Scholar] [CrossRef] [PubMed]

	



Churiyah; Pongtuluran, O.B.; Rofaani, E.; Tarwadi. Antiviral and Immunostimulant Activities of Andrographis paniculata. HAYATI J. Biosci. 2015, 22, 67–72. [Google Scholar] [CrossRef]

	



Imani, S.F.; Khairani, A.A.; Arbianti, R.; Utami, T.S.; Hermansyah, H. The Effect of Fermentation Time and Sonication Temperatures on Extraction Process of Bitter Leaves (Andrographis paniculata) against Antidiabetic Activity through α-Glucosidase Enzyme Inhibition Test. AIP Conf. Proc. 2020, 2255, 030047. [Google Scholar] [CrossRef]

	



Kaushik, S.; Dar, L.; Kaushik, S.; Yadav, J.P. Identification and Characterization of New Potent Inhibitors of Dengue Virus NS5 Proteinase from Andrographis paniculata Supercritical Extracts on in Animal Cell Culture and in Silico Approaches. J. Ethnopharmacol. 2021, 267, 113541. [Google Scholar] [CrossRef]

	



Zhang, J.; Sun, Y.; Zhong, L.-Y.; Yu, N.-N.; Ouyang, L.; Fang, R.-D.; Wang, Y.; He, Q.-Y. Structure-Based Discovery of Neoandrographolide as a Novel Inhibitor of Rab5 to Suppress Cancer Growth. Comput. Struct. Biotechnol. J. 2020, 18, 3936–3946. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Chen, L.; Zhao, F.; Liu, Z.; Li, J.; Qiu, F. Microbial Transformation of Neoandrographolide by Mucor Spinosus (AS 3.2450). J. Mol. Catal. B Enzym. 2011, 68, 13. [Google Scholar] [CrossRef]

	



Jiang, M.; Sheng, F.; Zhang, Z.; Ma, X.; Gao, T.; Fu, C.; Li, P. Andrographis paniculata (Burm. f.) Nees and Its Major Constituent Andrographolide as Potential Antiviral Agents. J. Ethnopharmacol. 2021, 272, 113954. [Google Scholar] [CrossRef]

	



Tajidin, N.E.; Shaari, K.; Maulidiani, M.; Salleh, N.S.; Ketaren, B.R.; Mohamad, M. Metabolite Profiling of Andrographis paniculata (Burm. f.) Nees. Young and Mature Leaves at Different Harvest Ages Using 1H NMR-Based Metabolomics Approach. Sci. Rep. 2019, 9, 16766. [Google Scholar] [CrossRef]

	



Lim, X.Y.; Chan, J.S.W.; Tan, T.Y.C.; Teh, B.P.; Mohd Abd Razak, M.R.; Mohamad, S.; Syed Mohamed, A.F. Andrographis paniculata (Burm. F.) Wall. Ex Nees, Andrographolide, and Andrographolide Analogues as SARS-CoV-2 Antivirals? A Rapid Review. Nat. Prod. Commun. 2021, 16, 1934578X2110166. [Google Scholar] [CrossRef]

	



Hossain, S.; Urbi, Z.; Karuniawati, H.; Mohiuddin, R.B.; Moh Qrimida, A.; Allzrag, A.M.M.; Ming, L.C.; Pagano, E.; Capasso, R. Andrographis paniculata (Burm. f.) Wall. Ex Nees: An Updated Review of Phytochemistry, Antimicrobial Pharmacology, and Clinical Safety and Efficacy. Life 2021, 11, 348. [Google Scholar] [CrossRef]

	



Ali, J.S.; Khan, I.; Zia, M. Antimicrobial, Cytotoxic, Phytochemical and Biological Properties of Crude Extract and Solid Phase Fractions of Monotheca Buxifolia. Adv. Tradit. Med. 2020, 20, 115–122. [Google Scholar] [CrossRef]

	



Chao, W.-W.; Kuo, Y.-H.; Lin, B.-F. Anti-Inflammatory Activity of New Compounds from Andrographis paniculata by NF-ΚB Transactivation Inhibition. J. Agric. Food Chem. 2010, 58, 2505–2512. [Google Scholar] [CrossRef]

	



Rao, P.R.; Rathod, V.K. Rapid Extraction of Andrographolide from Andrographis paniculata Nees by Three Phase Partitioning and Determination of Its Antioxidant Activity. Biocatal. Agric. Biotechnol. 2015, 4, 586–593. [Google Scholar] [CrossRef]

	



Chao, W.-W.; Lin, B.-F. Isolation and Identification of Bioactive Compounds in Andrographis paniculata (Chuanxinlian). Chin. Med. 2010, 5, 17. [Google Scholar] [CrossRef]

	



Bhaskar Reddy, M.V.; Kishore, P.H.; Rao, C.V.; Gunasekar, D.; Caux, C.; Bodo, B. New 2′-Oxygenated Flavonoids from Andrographis Affinis. J. Nat. Prod. 2003, 66, 295–297. [Google Scholar] [CrossRef] [PubMed]

	



Radhika, P.; Prasad, Y.R.; Lakshmi, K.R. Flavones from the Stem of Andrographis paniculata Nees. Nat. Prod. Commun. 2010, 5, 59–60. [Google Scholar] [CrossRef]

	



Chia, V.V.; Pang, S.F.; Gimbun, J. Mass Spectrometry Analysis of Auxiliary Energy-Induced Terpenes Extraction from Andrographis paniculata. Ind. Crops Prod. 2020, 155, 112828. [Google Scholar] [CrossRef]

	



Xiang, J.; Li, W.; Ndolo, V.U.; Beta, T. A Comparative Study of the Phenolic Compounds and in Vitro Antioxidant Capacity of Finger Millets from Different Growing Regions in Malawi. J. Cereal Sci. 2019, 87, 143–149. [Google Scholar] [CrossRef]

	



Munteanu, I.G.; Apetrei, C. Analytical Methods Used in Determining Antioxidant Activity: A Review. Int. J. Mol. Sci. 2021, 22, 3380. [Google Scholar] [CrossRef]

	



Akowuah, G.A.; Zhari, I.; Norhayati, I.; Mariam, A. HPLC and HPTLC Densitometric Determination of Andrographolides and Antioxidant Potential of Andrographis paniculata. J. Food Compos. Anal. 2006, 19, 118–126. [Google Scholar] [CrossRef]

	



Chiou, W.-F.; Chen, C.-F.; Lin, J.-J. Mechanisms of Suppression of Inducible Nitric Oxide Synthase (INOS) Expression in RAW 264.7 Cells by Andrographolide. Br. J. Pharmacol. 2000, 129, 1553–1560. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.-X.; Zhuang, Y.-L.; Shen, L.; Ma, E.-L.; Zhu, H.-J.; Zhao, F.; Qiu, F. Microbial Transformation of 14-Deoxy-11, 12-Didehydroandrographolide and 14-Deoxyandrographolide and Inhibitory Effects on Nitric Oxide Production of the Transformation Products. J. Mol. Catal. B Enzym. 2011, 72, 248–255. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, Z.-T.; Ji, L.-L.; Ge, B.-X. Inhibitory Effects of Neoandrographolide on Nitric Oxide and Prostaglandin E2 Production in LPS-Stimulated Murine Macrophage. Mol. Cell. Biochem. 2007, 298, 49–57. [Google Scholar] [CrossRef]

	



Liu, J.; Wang, Z.-T.; Ji, L.-L. In Vivo and In Vitro Anti-Inflammatory Activities of Neoandrographolide. Am. J. Chin. Med. 2007, 35, 317–328. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Wang, Z.-T.; Ge, B.-X. Andrograpanin, Isolated from Andrographis paniculata, Exhibits Anti-Inflammatory Property in Lipopolysaccharide-Induced Macrophage Cells through down-Regulating the P38 MAPKs Signaling Pathways. Int. Immunopharmacol. 2008, 8, 951–958. [Google Scholar] [CrossRef] [PubMed]

	



Bhullar, K.; Jha, A.; Youssef, D.; Rupasinghe, H. Curcumin and Its Carbocyclic Analogs: Structure-Activity in Relation to Antioxidant and Selected Biological Properties. Molecules 2013, 18, 5389–5404. [Google Scholar] [CrossRef]

	



Dalawai, D.; Aware, C.; Jadhav, J.P.; Murthy, H.N. RP-HPLC Analysis of Diterpene Lactones in Leaves and Stem of Different Species of Andrographis. Nat. Prod. Res. 2021, 35, 2239–2242. [Google Scholar] [CrossRef]

	



Sekhon-Loodu, S.; Rupasinghe, H.P.V. Evaluation of Antioxidant, Antidiabetic and Antiobesity Potential of Selected Traditional Medicinal Plants. Front. Nutr. 2019, 6, 53. [Google Scholar] [CrossRef]

	



Chatatikun, M.; Chiabchalard, A. Phytochemical Screening and Free Radical Scavenging Activities of Orange Baby Carrot and Carrot (Daucus Carota Linn.) Root Crude Extracts. J. Chem. Pharm. Res. 2013, 5, 97–102. [Google Scholar]

	



Xiang, J.; Apea-Bah, F.B.; Ndolo, V.U.; Katundu, M.C.; Beta, T. Profile of Phenolic Compounds and Antioxidant Activity of Finger Millet Varieties. Food Chem. 2019, 275, 361–368. [Google Scholar] [CrossRef]

	



Li, H.-B.; Wong, C.-C.; Cheng, K.-W.; Chen, F. Antioxidant Properties in Vitro and Total Phenolic Contents in Methanol Extracts from Medicinal Plants. LWT-Food Sci. Technol. 2008, 41, 385–390. [Google Scholar] [CrossRef]

	



Hettihewa, S.; Hemar, Y.; Rupasinghe, H. Flavonoid-Rich Extract of Actinidia Macrosperma (A Wild Kiwifruit) Inhibits Angiotensin-Converting Enzyme In Vitro. Foods 2018, 7, 146. [Google Scholar] [CrossRef] [PubMed]

	



Ghanbari, R.; Zarei, M.; Ebrahimpour, A.; Abdul-Hamid, A.; Ismail, A.; Saari, N. Angiotensin-I Converting Enzyme (ACE) Inhibitory and Anti-Oxidant Activities of Sea Cucumber (Actinopyga lecanora) Hydrolysates. Int. J. Mol. Sci. 2015, 16, 28870–28885. [Google Scholar] [CrossRef] [PubMed]








[image: Plants 12 01220 g001 550] 





Figure 1. Chemical structures of four diterpene lactones from A. paniculata. 
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Figure 2. (a) An HPLC chromatogram of the standard compounds of andrographolide and its derivatives and (b) an HPLC chromatogram of extract and fractions compared with the standard compounds. ME, F1, F2, F3, and std are methanolic crude extract, fraction 1, fraction 2, fraction 3, and the standard solution. The details of the chromatographic analysis can be found in the experimental method. 
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Figure 3. Morphological changes in CACO-2 cell lines when treated with F2 and F3 and doxorubicin when compared to a blank control (untreated cell). 
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Figure 4. Cytotoxic activity of Andrographis paniculata extract and its fractions expressed as 50% inhibition concentration (IC50) values. F2, which contains the highest levels of the four investigated diterpene lactone compounds, shows the lowest IC50 value, followed by ME and F1. F3, which contains only a small amount of andrographolide, has the highest IC50 value. 
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Figure 5. Inhibition of angiotensin-converting enzyme (ACE) activity by A. paniculata extract and fractions that showed antihypertensive activity (expressed as percentages) (p < 0.05). 
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Table 1. Quantification of four diterpene lactones from crude methanol extract and the SPE fraction of A. paniculata.
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Compound

	
Samples (mg g−1)




	
ME

	
F1

	
F2

	
F3






	
Andrographolide

	
38.15

	
31.45

	
85.65

	
12.16




	
14-deoxy-11,12-didehydroandrographolide

	
8.60

	
6.43

	
49.19

	
-




	
Neoandrographolide

	
19.87

	
16.86

	
110.77

	
-




	
Andrograpanin

	
4.98

	
-

	
17.39

	
-








ME = methanolic crude extract; F1 = fraction from the 10% methanol step; F2 = fraction from the 50% methanol step; F3 = fraction from the 100% methanol step.
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Table 2. Antioxidant capacity and total phenolic and flavonoid content of the extract and fractions obtained from Andrographis paniculata (p < 0.05).
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Extract

	
Antioxidant Capacity (mmol TE g−1 d.w.)

	
TPC

(µg GAE g−1 d.w.)

	
TFC

(µg QE g−1 d.w.)




	
ABTS

	
FRAP






	
ME

	
0.35 ± 0.01

	
0.47 ± 0.01

	
30.68 ± 2.34

	
33.50 ± 4.57




	
F1

	
0.23 ± 0.01

	
0.25 ± 0.02

	
30.21 ± 1.13

	
14.68 ± 5.11




	
F2

	
0.22 ± 0.00

	
0.08 ± 0.00

	
20.02 ± 2.30

	
19.57 ± 4.17




	
F3

	
0.12 ± 0.00

	
0.06 ± 0.01

	
16.81 ± 0.21

	
147.77 ± 5.30
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Table 3. Methanol extract and fractions 1, 2, and 3 of Andrographis paniculata suppressed the production of nitric oxide (NO) in RAW 264.7 cells showing anti-inflammatory activity (p < 0.05).
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	Sample
	NO Production (µM)
	% Inhibition





	Dexamethasone 10 ppm
	3.80 ± 0.21
	84.82



	ME
	0.81 ± 0.18
	96.78



	F1
	1.33 ± 0.46
	94.70



	F2
	0.41 ± 0.11
	98.36



	F3
	2.18 ± 0.24
	91.29
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