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Abstract

:

Flavonoids are a group of naturally occurring polyphenolic secondary metabolites which have been reported to demonstrate a wide range of pharmacological properties, most importantly, antidiabetic and anti-inflammatory effects. The relationship between hyperglycaemia and inflammation and vascular complications in diabetes is now well established. Flavonoids possessing antidiabetic properties may alleviate inflammation by reducing hyperglycaemia through different mechanisms of action. It has been suggested that the flavonoids’ biochemical properties are structure-dependent; however, they are yet to be thoroughly grasped. Hence, the main aim of this review is to understand the antidiabetic and anti-inflammatory properties of various structurally diverse flavonoids and to identify key positions responsible for the effects, their correlation, and the effect of different substitutions on both antidiabetic and anti-inflammatory properties. The general requirement of flavonoids for exerting both anti-inflammatory and antidiabetic effects is found to be the presence of a C2–C3 double bond (C-ring) and hydroxyl groups at the C3’, C4’, C5, and C7 positions of both rings A and B of a flavonoid skeleton. Furthermore, it has been demonstrated that substitution at the C3 position of a C-ring decreases the anti-inflammatory action of flavonoids while enhancing their antidiabetic activity. Correlation is discussed at length to support flavonoids possessing essential pharmacophores to demonstrate equipotent effects. The consideration of these structural features may play an important role in synthesizing better flavonoid-based drugs possessing dual antidiabetic and anti-inflammatory effects. A meta-analysis further established the role of flavonoids as antidiabetic and anti-inflammatory agents.
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1. Introduction


Flavonoids are a type of plant secondary metabolite with a polyphenolic structure, and they are one of the most common families of natural products (NPs) [1,2]. Flavonoids exist naturally as aglycones, glycosides, and methylated derivatives, which are abundant in fruits, vegetables, and some beverages [1,2]. All flavonoids have fifteen carbon atoms in their fundamental nucleus C6–C3–C6 structure, with several chemical groups substituted. Flavonoids are categorized into chalcones, flavanones, flavanonols, flavones, flavanols, isoflavones, flavan-3-ols (catechins), and anthocyanidins based on their chemical structures, as illustrated in Figure 1. Flavonoids are a large family of NPs that have long been recognized as an essential component in a wide range of nutraceutical, pharmacological, medical, and cosmetic uses [1,2,3,4]. They are also vital substances with various health-promoting advantages for various disorders, including anticancer, antioxidant, anti-infective, antitoxic, hepatoprotective, anti-inflammatory, antidiabetic, and antiviral properties [3,4,5,6,7,8,9]. However, the anti-inflammatory and antidiabetic properties of flavonoids will be highlighted in this review, as the link between diabetes and inflammation has garnered interest among researchers [10,11].



Diabetes is one of the chronic diseases that can lead to death, and it was the seventh-highest cause of death in the United States in 2017 based on 83,564 death certificates [12]. According to WHO figures, diabetes was the direct cause of 1.5 million fatalities in 2019 [13]. Diabetes is a complicated metabolic illness that affects the body’s glucose levels. It arises when the pancreas produces insufficient insulin or when the body cannot efficiently use the insulin produced [10,13]. Hyperglycaemia, or elevated blood sugar, is a frequent complication of untreated diabetes and can cause catastrophic damage to various physiological systems, including the retina, kidneys, nerves, heart, and blood vessels [10,13]. Numerous concepts and hypotheses have been presented to elucidate the mechanisms typically involved in the pathophysiology of diabetes. One of the well-established views is that inflammation has a role in the development of diabetes [10,14]. In type 1 diabetes (T1D), the pancreas cannot produce enough insulin due to pancreatic beta-cell death. There are several inflammatory mediators involved during cell death, such as T-cell effectors directed against a variety of beta-cell autoantigens and related peptide epitopes; immune B cells undergo some modifications during illness progression; macrophages are essential mediators of islet inflammation by reactive oxygen species because of their direct toxicity to beta cells; dendritic cells, natural killer cells, and natural killer T cells may play a function in this pathophysiology process [10]. On the other hand, numerous cellular stressors that lead to inflammation are being hypothesised, which lead to insulin disorder and sensitivity in type 2 diabetes (T2D). The stressors include oxidative stress, reticular endoplasm stress, pancreas amyloid deposition, muscle, liver, and pancreatic ectopic deposition, gut microbiota, lipotoxicity, and glucotoxicity [10,15].



The rising significance of inflammation in T1D and T2D has increased interest in targeting inflammation to enhance disease prevention and treatment. Timely, encouraging preliminary results are shown in the clinical studies employing both T1D and T2D anti-inflammatory therapy, such as monoclonal antibodies and IL-1 antagonists, IKKbeta-NF-kappaB inhibitors (salsalate), and tumour necrosis factor (TNF) inhibitors, and supported the inflammation role in this context [10,15]. As previously discussed, flavonoids are one of the NPs that have been reported to exert both antidiabetic and anti-inflammatory effects. Based on several studies, flavonoids with antidiabetic characteristics can reduce inflammation via several pathways. The studies reported that apart from their antidiabetic effects, flavonoids such as quercetin, rutin, kaempferol, fisetin, morin, and luteolin also lower reactive oxygen species, proinflammatory signalling, oxidative stress [16,17,18], and lipotoxicity, which lead to improvement in inflammatory status [19,20,21,22,23,24]. It has been claimed that the biochemical features of flavonoids are structurally dependent but are not yet fully understood. As a result, the primary goal of this review is to identify critical locations responsible for the antidiabetic and anti-inflammatory activities of numerous structurally diverse flavonoids, their correlation, and the influence of alternative substitutions on the same properties.



Distinguished scientific databases and search engines, namely, Google Scholar, Springer Link, Science Direct, Scopus, Wiley Online Library, PubMed, and Web of Science were thoroughly considered to find the relevant references and literature to complete this review. Additionally, the refereed non-indexed journals were also taken into consideration to collect all key information and to make certain that no well-documented information was left out. In this regard, a total of 102 articles from 2000 to 2022 focusing on diabetes, inflammation, polyphenolic compounds, flavonoids, the in vitro antidiabetic effects of flavonoids, the in vivo antidiabetic effects of flavonoids, the in vitro anti-inflammatory effects of flavonoids, the in vivo anti-inflammatory effects of flavonoids, the structure–activity relationship study of flavonoids for in vitro antidiabetic effects, the structure–activity relationship study of flavonoids for in vivo antidiabetic effects, the structure–activity relationship study of flavonoids for in vitro anti-inflammatory effects, and the structure–activity relationship study of flavonoids for in vivo anti-inflammatory effects, which were identified as keywords. After thorough study and investigations of all searched articles, 67 research manuscripts were finally selected to gather all the required information.




2. Anti-Inflammatory Activity of Flavonoids


Flavonoids have been reported to exert anti-inflammatory activity through different ways. Mutoh et al. evaluated the inhibitory activity of twelve different flavonoids on the transcription of the cyclooxygenase-2 (COX-2) gene in a human colon cancer cell line, namely DLD-1 cells [25]. The flavonoids included quercetin (1), rhamnetin (2), genistein (3), eriodyctiol (4), luteolin (5), kaempferol (6), fisetin (7), phloretin (8), catechin (9), epicatechin (10), epigallocatechin (11), and myricetin (12). It was discovered that 1 was the most potent COX-2 transcription suppressor, whereas 9 and 10 had the least inhibitory action. Briefly, 1 belongs to the flavonol class, and 10 belongs to the flavan-3-ol class; however, the presence of C2–C3 bond unsaturation and the oxygenation at C4 in 1 is thought to be responsible for its suppressing capabilities. It was also reported that the C2–C3 double bond of the C-ring, as can be seen in 4 and 5, caused a minute effect on COX-2 transcriptional activity. Next, all tested flavonoids with a 4-oxo group were potent suppressors of COX-2 transcriptional activity, except 12, which concluded that oxygen at C4 is critical for bioactivity. It was also corroborated by the fact that the compounds without oxygen at C4, such as 9, 10, and 11, showed either minimum or no inhibitory effect. Subsequently, it was discovered that the number of hydroxyl groups on the B-ring may be substantial in COX-2 transcriptional activity. It was supported by the findings which stated that compounds containing hydroxyl groups at C3′ and C4′, such as 4, 7, 5, 1, and 2, can significantly suppress COX-2 transcription. Meanwhile, compounds that bear three hydroxyl groups on the B-ring such as 11 and 12 had an absence of inhibitory activity. The free 7-hydroxyl group with low electron density in the A-ring was a significant structural feature for the suppression of COX-2 transcriptional activity. The authors concluded that the presence of a 4-oxo group in the C-ring, a 3′,4′-dihydroxy (catechol/1,2-dihydroxybenzene moiety) structure in the B-ring, and a low electron density in the 7-oxygen group in the A-ring are required for exerting anti-inflammatory activity via the suppression of COX-2 transcriptional activity, as shown in Figure 2.



Next, flavonoids have also been reported to exert their anti-inflammatory activity through lipoxygenase (LOX) enzyme inhibition. Redrejo-Rodriguez et al. studied the inhibitory activity of LOX enzymes of four different flavonoids, namely, quercetin (1), luteolin (5), catechin (9), and taxifolin (13) [26]. It has been proposed that the flavonoids’ planar structure has a significant role in determining their inhibitory capacity. Additionally, it was also reported that the polar nature of flavonoid molecules did not prevent them from interacting with the LOX catalytic centre. Moreover, it was discovered that flavonoids’ LOX inhibitory effect is attributable to the C2–C3 double bond in the C-ring and the hydroxyl group at C-3′ and C-4′ in the B-ring. On the other hand, the presence of hydroxyl groups at C3 of the C-ring reduces the inhibitory activity.



Ribeiro et al. conducted a systemic investigation on the inhibition of the generation of leukotriene B4 (LTB4) and neutrophils by synthetic and natural flavonoids [27]. Figure 3 depicts the chemical structure of flavonoids that prevent the production of LTB4. In descending order of potency, the most active compounds were discovered to be luteolin (5), 3′,4′-dihydroxyflavone (14d), 3′,4′,7-trihydroxyflavone (16d), 3′,4′,5-trihydroxyflavone (15d), and quercetin (1). As reported by the authors, all the above-mentioned compounds contained catechol moiety in the B-ring, which may be responsible for the inhibitory activity. It was also reported that the number of hydroxyl groups in the A-ring did not appear to be a factor for the inhibition. However, the presence of a hydroxyl group at the C3 of the C-17c ring significantly reduced the LTB4 inhibitory activity, which was proved by compound 1 which exerted 2.5 times less potent inhibition than 5. Next, 5 was shown to be more effective than 1, possibly due to the latter’s high hydroxyl group count, which reduces hydrophobicity and inhibits flavonoid intercalation in the hydrophobic cavity that serves as the enzyme’s active site access channel. After that, the C2–C3 double bond appeared to be important for the inhibition as the tested flavanones had lower potency compared to flavones and flavonols. Cases 1 and 5 were reported to exhibit higher inhibition than non-planar compounds, 13. Therefore, it can be said that planarity may influence flavonoids’ ability to interact with LOX enzymes. Notably, in order to demonstrate LTB4 enzyme inhibition, the structure–activity relationship study signalled the catechol group in the B-ring, the number and position of hydroxyl groups, the double bond between C2 and C3, and planarity appear to influence the inhibitory activity.



Additionally, using linoleic acid as a substrate, Sadik et al. studied the anti-inflammatory effects of 18 flavonoids on rabbit reticulocytes and soybean 15-LOX [28]. Firstly, it was discovered that the phenolic hydroxyl groups were not required for the inhibition. The hydroxyl group at C3 was found to be non-essential for inhibition, as evidenced by the luteolin’s (5) greater effectiveness than the quercetin (1). Apart from that, the presence of catechol moiety in the A-ring or B-ring can increase the inhibitory action. Following that, sugar moiety can significantly reduce the inhibition as it can decrease flavonoids’ hydrophobicity, which leads to a decrease in affinity towards LOX’s active site. The absence of the C2–C3 double bond of the C-ring appeared to decrease the inhibitory action as depicted by naringenin (18), hesperidin (19), epicatechin (10), and taxifolin (13). On the other hand, 1 that bears the C2–C3 double bond was reported to be more potent than the abovementioned flavonoids. The authors discussed that the C2–C3 double bond is significant as it completes a conjugated binding system that extends through all three rings and the carbonyl group of the C-ring, thereby stabilising the complexes or radical intermediates generated by flavonoids.



Similarly, Loke et al. compared the activity of quercetin (1) and its primary metabolites in suppressing inflammatory eicosanoid production from human leukocytes, demonstrating the role of metabolic transformation on flavonoid bioactivities [29]. Figure 4 shows 1 and its metabolites used in the test. Briefly, 1 potently inhibited LTB4 synthesis in leukocytes, and its activity was found to depend on the specific structural properties, specifically the C2–C3 double bond in the C-ring. It is a structural necessity for 1 to inhibit LTB4 since its absence eliminated the inhibitory activity. Furthermore, conjugation at the 3′-OH of 1 such as 3′-O-methylquercetin (20) and quercetin-3′-O-sulfate (21) decreased LTB4 inhibition by up to half, and glucuronidation at the 3-OH such as quercetin-3-O-glucuronide (22) and 3′-O-methylquercetin-3-O-glucuronide (23) also greatly diminished the LTB4 inhibitory action. Interestingly, the 3′-OH of the B-ring was more important in inhibiting LTB4 than the 3-OH of the C-ring. This was demonstrated when 1 was compared to structural analogues such as luteolin (5) and kaempferol (6) since the structural analogues exhibited a drop-in activity compared to 1 due to the absence of 3-OH in the C-ring (as seen in compound 5) and 3′-OH in the B-ring (as shown in compound 6).



Odontuya et al. studied the SAR for the anti-inflammatory effect of flavonoids that were isolated from several plants [30]. There were five flavonoids that had been studied. Firstly, luteolin (5), cynaroside (24), and cesioside (25) were isolated from H. corniculata. Then, isoorientin (26) was obtained from G. tenella and G. azurea, as well as stereolensin (27) from P. rotundifolia and P. incarnata. The structures of these flavonoids are shown in Figure 5. All these phenolic compounds were tested against the synthesis of LTB4 and thromboxane B2 (TXB2). The results reported that 5 had the highest inhibition on both LTB4 and TXB2 synthesis compared to other compounds. Then, it was followed by 24 and 25, with moderate inhibition on both syntheses. Meanwhile, 26 and 27 selectively showed good TXB2 inhibition. From the bioactivity studies, a structural activity relationship was summarized. For the non-selective inhibition of TXB2 and LTB4 synthesis, the authors discussed that in the A-ring, the presence of hydroxyl group at C7 and meta hydroxyls at C5 and C7 were important. In addition, the presence of ortho hydroxyl groups at C3′ and C4′ on B-ring also plays an important role in the inhibition. It was proved that the absence of these three characteristics will decrease the inhibition as demonstrated in 24 and 25. For selective TXB2 synthesis inhibition, the structures of 26 and 27 were studied. It was reported that the direct attachment of the sugar moieties to OH- or carbon at C6 of the A-ring while retaining flavone basic hydroxyl groups will improve the inhibition against TXB2 synthesis.



Li et al. evaluated a diverse array of flavonoids 38 in number for their anti-inflammation potential through their COX-2 mRNA inhibition [31]. Then, a quantitative structure–activity relationship (QSAR) model was conducted to summarize the structural characteristics of flavonoids that were responsible for exerting good COX-2 mRNA inhibition. The results showed that the methoxy group at C4′ may increase the inhibition activity. In addition, the substitution of glucopyrasonyl at C8 instead of C6 can increase the COX-2 mRNA inhibition. It was proved that C-glycosylated luteolin (5) and apigenin (17c) showed greater inhibition compared to their isomers. In contrast, sugar substitutions and the -OH group at C3 caused lower COX-2 mRNA inhibition. Similarly, the C2–C3 double bond was also responsible for the decrease in inhibition.



Wu et al. isolated three flavonoids from a famous traditional Chinese medicinal plant, Murraya paniculata (L.) Jack (Rutaceae) [32]. Then, the isolated phenolic compounds (Figure 6) were subjected to anti-inflammatory effect evaluation on the murine macrophage cell line and gastric epithelial cell (GES-1). The results reported that all compounds exerted anti-inflammatory effects. Based on the results, the authors summarized three structural characteristics that can improve anti-inflammatory effects. Firstly, methylation at the A-ring may influence the positive impact of the anti-inflammation of flavonoids. In contrast, the substitution of the methoxy group with other groups in the B-ring and the hydroxyl group in the A-ring will reduce anti-inflammatory activity. The influence of the hydroxyl group in the A-ring on reducing the activity can be seen in compound 30 as it had the weakest activity among the three compounds.



Bello et al. examined three flavonoids isolated from Vitex grandifolia which is traditionally used by the Yoruba community in southwest Nigeria to treat various disorders [33]. The flavonoids were identified as isoorientin (26), orientin (31), and isovitexin (32) (Figure 7). The anti-inflammatory activity of the compounds was evaluated by using two different assays, viz., nuclear factor kappa B (NF-κB) inhibition and inducible nitric oxide synthase (iNOS) inhibition. The results showed that all compounds exerted good inhibition against NF-κB, with IC50 values of 8.9, 12, and 18 μg/mL for 26, 31, and 32, respectively. On the other hand, only 32 exhibited moderate activity for iNOS inhibition with an IC50 of 21 μg/mL. Meanwhile, the other two compounds, viz., 26 and 31, showed poor iNOS inhibition (IC50 = 48 and 54 μg/mL, respectively). The authors discussed the structure–activity relationship of these three flavonoids. Firstly, the C2–C3 double bond might influence the anti-inflammatory activity of flavonoids. Next, the -OH groups at C3′ and C4′, as shown in 26 and 31, can increase the anti-inflammatory activity. In addition, the presence of sugar moiety in the A-ring compared to the B- and C-rings will lead to better anti-inflammatory activity.



López-Posadas et al. studied 14 flavonoids’ anti-inflammatory effects on rat splenocytes and carried out their structure–activity relationship [34]. Five different in vitro assays, viz., iNOS inhibition, COX-2 inhibition, the inhibition of cytokine secretion, antiproliferative activity on splenocytes, and the reduction in splenocytes’ viability were conducted to understand the anti-inflammatory effect of these flavonoids. Firstly, for iNOS inhibition, apigenin (17c), luteolin (5), and quercetin (1) portrayed complete inhibition; meanwhile, diosmetin (17f) and chrysin (17a) showed weak inhibition. On the other hand, hesperidin (19), kaempferol (6), genistein (3), and daidzein (33) were reported to be completely inactive against iNOS. For COX-2 inhibition, only 17c and 17f exerted inhibition. The authors discussed the structural requirements needed for both iNOS and COX-2 inhibition. It was highlighted that the presence of hydroxyl groups at the C2′ and C4′ of the B-ring may influence both activities. In contrast, methoxy and hydroxyl groups at C3 can reduce the iNOS inhibition. Secondly, for the inhibition of cytokine production such as TNF-α, IFN-γ, and IL-2, it was reported that all tested flavonoids showed good and effective inhibition. The authors summarized five structural requirements for the inhibition of cytokine production. The C2–C3 double bond, C4′ hydroxyl group, C3′ hydroxyl group, the absence of the C3 hydroxyl group, and the C5 hydroxyl group favoured the cytokine production inhibition. Moreover, the introduction of sugar moiety at C3 needs to be avoided as it causes a complete reduction in inhibition. Thirdly, similarly, all flavonoids showed excellent antiproliferative activity on both unstimulated splenocytes and concanavalin A-treated cells. It was also mentioned that about an average of 40% of splenocytes were reduced after the addition of the selected flavonoids. The C2–C3 double bond and the B-ring hydroxyl groups, particularly the C5 hydroxyl group, were reported to be important to these antiproliferative activities. Lastly, the reduction in splenocytes’ viability was also assessed. It was discussed that the 1, 17c, 5, and 3 displayed stronger activity compared to other flavonoids. The authors mentioned that the C3′ and C4′ hydroxyl groups can increase the activity of the reduction in splenocytes’ viability.



Comalada et al. evaluated the effect of naturally occurring flavonoids viz. kaempferol (6), quercetin (1), apigenin (17c), chrysin (17a), diosmetin (17f), luteolin (5), daidzein (33), genistein (3), and hesperidin (19) on the macrophages derived from the bone marrow of mice [35]. The anti-inflammatory action on the macrophages and the structural activity analysis were conducted through three in vitro tests. Firstly, the antiproliferation effect on the macrophage colony-stimulating factor (M-CSF) was studied. The results showed that flavones (17f and 5) and flavonols (6 and 1) exhibited the significant inhibition of M-CSF–macrophage proliferation. Meanwhile, isoflavones and flavanones displayed weak antiproliferative activity. Therefore, it can be concluded that the iso-position of the B-ring and the absence of the C2–C3 double bond can lead to lower antiproliferative activity. Secondly, the effect of flavonoids on the inhibition of TNF-α was conducted. It was reported that 5, 1, and 3 exerted good TNF-α inhibition. The authors discussed that the C3′ and C4′ hydroxyl groups as in luteolin and 1 favoured the inhibition. In addition, the one hydroxyl group as in 3 can also lead to better TNF-α inhibition. The author stressed that the absence of hydroxyl groups in the B-ring was detrimental and led to the negative results of TNF-α inhibition. Thirdly, iNOS inhibition showed that 1, 17c, 5, and 17f were able to inhibit iNOS and nitric oxide (NO) at low concentrations. The authors mentioned that the B-ring position, the C2–C3 double bond, and the hydroxyl group will influence the inhibition. Lastly, the authors suggested that 5 and 1 are the best naturally occurring flavonoids as anti-inflammatory agents due to the abovementioned characteristics.



Takano-Ishikawa et al. compared the structure–activity relationship of inhibition on lipopolysaccharide-induced prostaglandin E2 (PGE2) production in rat peritoneal macrophages between flavonoids subclasses [36]. There were 39 flavonoids studied, which were divided into five subclasses, namely flavones, flavonols, flavanones, isoflavones, and flavan-3-ols. It was reported that flavones, flavonols, flavanones, and isoflavones showed good inhibition of PGE2 production. In contrast, flavan-3-ol displayed weak inhibition. The C2–C3 double bond and 4-oxo of C-ring were discussed to be the important characteristics of a good inhibitor. In addition, the authors stressed that the absence of the C2–C3 double bond will lead to a loss of inhibition activities. When the tested flavonoids were compared, it was reported that the hydroxyl groups at the C5 and C7 positions led to a lower IC50 value, indicating better inhibition compared to the compounds without OH groups at C5 and C7. Similarly, in isoflavones alone, the hydroxyl group at C5 was reported to show better activity compared to compounds without the -OH residue at C5. Meanwhile, in flavones and flavonols, the absence of hydroxyl groups in the B-ring showed better inhibition compared to compounds that had OH groups such as at C3′ and C4′.



Kim et al. evaluated the effect of naturally occurring flavonoids on NO production in the macrophage cell line [37]. Among the 26 tested flavonoids, apigenin (17c) and luteolin (5) showed good inhibition with IC50 values of 23 and 27 μM, respectively. Meanwhile, naringenin (18) and apiin (34) showed the weakest inhibition with IC50 values up to 100 μM. The authors proposed that the C2–C3 double bond and the 5,7-dihydroxy groups at the A-ring favoured the inhibition of NO production. In addition, methoxy groups at C8 of the A-ring and the 4′ or 3′,4′-vicinal substitutions at the B-ring may also lead to better inhibition. In contrast, the 3-OH at the C-ring showed weaker activity which can be seen in flavonol derivatives such as flavonol, galangin (35), and quercetin (1). As mentioned before, 18, a flavanone derivative, showed the weakest activity. Hence, it can be concluded that the C2–C3 double bond and the planar ring are important structural requirements to exhibit good inhibition of NO production.



An et al. synthesized several flavone derivatives and evaluated their anti-inflammatory action via NO inhibition [38]. As depicted in Figure 8, the synthetic pathway was started with the reaction between chromanones and pinacol boronic esters. The final compounds were 36a–y, and their chemical structures are demonstrated in Figure 8. It was reported that 36g which contained hydroxyl groups at C3′ and C4′ of the B-ring showed maximum inhibitory action compared to other synthesized compounds. Therefore, the authors concluded that the catechol group may be responsible for NO inhibition. The statement was also supported by the fact that 36e with a hydroxyl group at C4′ exerted better NO inhibition than 36f with methoxy groups at C3′ and C4′. Halogenation at C4′ as shown in 36i, 36j, and 36k either slightly lowered or showed no increase in the NO inhibitory action. Similarly, the authors reported that trimethylsilyl (TMS), alkyl, or aryl substituents at the C4′ position did not increase the inhibition action. Pivaloyloxy group at C7 of the A-ring and the hydroxyl groups at C5 and C7 as shown in 36v–y exhibited moderate inhibitory action but still showed lower activity than 36g, which possesses hydroxyl groups at the C3′ and C4′ positions.



Liu et al. isolated several flavonoids from Artocarpus heterophyllus and tested their NO inhibitory activities [39]. The chemical structures of the isolated compounds are shown in Figure 9. The authors reported that compounds 39 and 40 exhibited significant inhibitory action compared to other isolated compounds. On the other hand, 38 and 41 were among the compounds that showed the weakest activities. Therefore, the authors concluded that the presence of hydroxyl groups at C5 and C7 of the A-ring, as well as at C4′ of the B-ring, were assumed to influence the flavonoids’ NO inhibitory activities.



Zhang et al. investigated the inhibition of IL-8 released by lipopolysaccharide-stimulated bronchial epithelial cells by 17 flavonoids [40]. It was found that apigenin (17c) and luteolin (5) exerted the most significant inhibition compared to other flavonoids. Both compounds contained hydroxyl groups at the C5 and C7 positions of the A-ring, the C2–C3 double bond, and oxygenation at C4 of C-ring. Therefore, it can be said that these structural features are important in the inhibitory activity. It was also discovered that chalcones with a broken C-ring, such as phloretin (8), exhibited equal efficacy to 17c, indicating that the co-planar structure was not required or essential for inhibition. Pelargonidin (42), on the other hand, demonstrated poorer inhibition than 17c and 8 in the absence of a C2–C3 double bond but with a closed C-ring, indicating that the C2–C3 double bond is a significant structural characteristic. Flavans, (+)-catechin (9), and (−)-epicatechin (10) with no C2–C3 double bond also had lower activity. After that, daidzein (33) and genistein (3) with the absence of hydroxyl groups at the C5 and C7 positions, respectively, had weak inhibition of LPS-induced IL-8 release. Therefore, the findings support the statement that the hydroxyl groups at the C5 and C7 positions of the A-ring are important for inhibitory action. Next, the authors mentioned that the hydroxyl group at the C3 position of the C-ring, as can be seen in naringenin (18), can improve inhibitory action.



Ueda et al. evaluated the inhibition of flavonoids against TNF-α production and discussed the related structural features that are responsible for inhibition [41]. For an in vitro study, it was found that apigenin (17c), luteolin (5), quercetin (1), and myricetin (12) inhibited LPS-induced TNF-α that had been produced from a macrophage. Therefore, the authors hypothesized that the presence of hydroxyl groups at the C5 and C7 positions of the A-ring, as well as at the C4′ position of the B-ring, seemed to be important features. Moreover, galangin (35) and chrysin (17a) exhibited weaker and an absence of inhibitory activities, respectively, when compared. Therefore, it can be suggested that an absence of the hydroxyl group at C4′ of the B-ring can reverse or reduce the bioactivity. Following that, for in vivo assay, the tested flavonoids were orally supplied to mice. It was reported that 5 and 17c decreased serum TNF-α production after oral administration. The presence of hydroxyl groups at the C4′ (B-ring), C5, and C7 (A-ring) positions seemed to be important for oral inhibition, as both 5 and 17c contained these features. Furthermore, as 5 exhibits stronger inhibition, the hydroxyl group at the C3′ position of the B-ring may be responsible for the greater inhibition observed with 5.



Jiang et al. synthesized 19 flavanonols and evaluated their NO inhibitory action in RAW macrophage 264.7 cells, as well as discussed the structural activity relationship [42]. The synthesized compounds are shown in Figure 10. It was reported that 17e with dihydroxy groups at C2′ and C3′ exerted the maximum NO inhibition when compared to other synthesized compounds. Briefly, 43a, 43b, and 43g that contained one hydroxyl group either at C2′ or C3′ also exhibited significant inhibition, albeit weaker than 43e. Therefore, it was proved that hydroxyl groups at C2′ and C3′ are important structural requirements for NO inhibition. The fact was further corroborated when the methylation of C2′-OH, C3′-OH, or both C2′ and C3′-OH, as can be seen in 43j, 43k, and 43n, respectively, caused inactivity. It was also reported that substitution at the C4′ position, as seen in 43c, 43f, and 43h, can lead to weaker inhibitory action.



Culenova et al. isolated several prenylated flavonoids from the root bark of Morus alba L. (Moraceae), commonly known as mulberry. The isolated prenylated flavonoids, namely, kuwanon C (43s), kuwanon T (43t), sanggenon H (43u), morusin (43v), morusinol (43w), cyclomorusin (43x), kuwanon S (43y), kuwanon E (43z), and kuwanon U (43za) (Figure 11) were evaluated for their in vitro anti-inflammatory ability to inhibit cyclooxygenase 2 (COX-2). Of the prenylated flavonoids tested in this study, kuwanon E showed the most potent inhibitory effect. The replacement of the hydroxyl group at C-4′ by a methoxyl in the compound kuwanon U diminished the in vitro inhibitory activity against COX-2, confirming the importance of a polar functional group at this position. Kuwanon E showed significantly better inhibitory activity than kuwanon C (p < 0.01), morusinol (p < 0.01), and cyclomorusin (p < 0.05). It was revealed that flavonoids with an isoprenyl group at C-3 (including 43s) were weak COX-2 inhibitors with less activity than the reference inhibitor, i.e., indomethacin. The results also showed that, in comparison to 43s, modifications of the isoprenyl moieties at C-3 and C-8 in 43w did not significantly influence the activity [43].



Lin et al. further evaluated the anti-inflammatory and antioxidative activities of mulberry (M. alba L.) leaf flavonoids. Initially, different ethanol concentration (30%, 50%, and 75%)-based extracts were prepared to obtain flavonoid-rich extracts. These extracts inhibited the production of nitric oxide (NO), prostaglandin E2 (PGE2), inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and inflammatory cytokines in lipopolysaccharide (LPS)-induced RAW 264.7 cells. All extracts increased the antioxidative capacity by decreasing the reactive oxygen species (ROS) production and the scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals and improving the metal ion chelating activity and reducing power. The results revealed that the extract prepared using 30% ethanol exhibited the best anti-inflammatory and antioxidative activities. The LC-MS analysis revealed the presence of 24 different flavonoids in the resultant extracts. Finally, a nontargeted metabolomic analysis confirmed that quercetin (1), kaempferol (6), and their derivatives in 30% ethanol extract were more abundant than the other two extracts and may be the main flavonoids involved in anti-inflammatory and antioxidative effects. Furthermore, 30% ethanol extract of mulberry leaf was also evaluated for the pharmacological activities in dextran sodium sulfate (DSS)-induced ulcerative colitis (UC) mice. The same extract alleviated the clinical symptoms, reduced the secretion of inflammatory cytokines, and inhibited the activation of the inflammatory pathway in DSS-induced colitis mice [44].



Another interesting structure–activity relationship-based study was conducted by Wang et al. to uncover the anti-inflammatory potential of flavones. They investigated and summarized commonly applied in vitro, in vivo, and clinical models in testing the anti-inflammatory activity of flavones. They systematically mapped the anti-inflammatory structure–activity relationship of flavones and performed the cross-comparisons of that with flavanones, flavanols, and isoflavones. They found out that the hydroxyl groups (-OH) are indispensable for the anti-inflammatory function of flavones, and -OH at the C-5 and C-4′ positions were found to enhance, while -OH at the C-6, C-7, C-8, and C-3′ positions was found to diminish their activity. Moreover, the C2–C3 single bond and -OH at the C-3 and B-ring positions weakened flavone aglycones’ activity. It was also discovered that most of the flavone aglycones showed activity through the NF-κB, MAPK, and JNK-STAT pathways, and their possible cell binding targets were found to be kinase, aryl hydrocarbon receptor (AhR), G-protein coupled receptors, and estrogen receptors [45].




3. Antidiabetic Activity of Flavonoids


Flavonoids have been reported to demonstrate antidiabetic effects through various molecular mechanisms of action. Kato et al. investigated the structural requirements of flavonoids with glycogen phosphorylase inhibitory activity. Glycogen phosphorylase is one of the enzymes that catalyse the breakdown of glycogen into glucose in the liver, and its inhibition has been shown to modulate the glucose level associated with T2D [46]. The researchers discovered a flavone called quercetagetin (3,3′,4′,5,6,7-hexahydroxyflavone (44), which bears hydroxyl groups at six different positions to be the most efficient of all the flavonoid compounds examined. The positions include C3 of the C-ring, C3′ and C4′ of the B-ring as well as C5, C6, and C7 of the A-ring. After that, it was summarized that the presence of hydroxyl groups at C3′ and C4′ in the B-ring and the C2–C3 double bond were found to be critical variables for inhibition, as is illustrated in Figure 12.



Matsuda et al. studied the aldose reductase inhibitory action of flavonoids and the structure–activity relationship [47]. Aldose reductase is a central enzyme in the polyol pathway that has been shown to catalyze glucose reduction to sorbitol, which has been linked to a diabetic impact. There are several important structural features that have been discussed by the authors. Firstly, it was found that flavones with no hydroxyl group at position C5 of the A-ring had equivalent bioactivity when compared to chrysin (17a) that is bearing C5-OH. It was hypothesized that the hydroxyl group at C5 may not be essential for inhibition against aldose reductase. Then, it was reported that diosmetin 7-O-β-D-glucopyranoside (45) had weaker inhibition compared to diosmetin (17f). Therefore, it can be assumed that 7-O-glucosyl moiety can lead to a reduction in inhibitory action. The presence of the hydroxyl group at C3 was shown to reduce inhibition, which is supported by the fact that 3-O-methyl or 3-O-monosaccharide derivatives are better inhibitors than the comparable free flavonols at the C3 position. Next, apigenin (17c) inhibited more effectively than kaempferol (6), implying that the presence of the 3-OH group is not essential for the higher inhibition. Lastly, the authors mentioned that flavonoids with catechol moiety at the B-ring (hydroxyl groups at C3′ and C4′) demonstrated better inhibition than flavonoids with pyrogallol moiety (hydroxyl groups at C3′, C4′, and C5′ positions).



Matsuda et al. [48] further investigated the structural requirements of flavonoids for the suppression of advanced glycation end-products (AGEs) production. AGEs are one of the consequences of persistent hyperglycaemia, a condition that diabetic individuals endure. It was proposed that increasing the number of hydroxyl groups at C3′ and C4′ of the B-ring, as well as the C5 and C7 locations of the A-ring, can increase flavones’ inhibition against AGE production. Following that, the methylation or glycosylation (i.e., the introduction of sugar moiety) of the hydroxyl group at C3′ or C4′ can reduce the inhibitory action of AGE production. It was also shown that the direct attachment of a sugar moiety to the OH group of the C7 position at the A-ring of flavones and isoflavones decreased inhibitory action. However, the methylation of the flavonols hydroxyl group at C3 of the C-ring appeared to boost activity.



Next, Matsuda et al. investigated the effect of 44 flavonoids on the adipogenesis of 3T3-L1 adipocyte cells [49]. The structural analysis that had been summarized by the authors reported that most flavonoids bearing hydroxyl groups lacked the effect of promoting the accumulation of triglyceride (TG), which acts as a marker of adipogenesis. However, flavonols with methoxy groups exerted a stronger escalation of TG concentration, especially those with a methoxy group at the C3 position. Flavonol’s methoxy group at the B-ring was also found essential for increasing TG.



Jung et al. investigated a prenylated flavonol called sophoflavescenol (46) (Figure 13) for its antidiabetic potential [50]. Briefly, 46 was extracted from a Northeast Asian perennial shrub called Sophora flavescens Ait. This study experimented with the inhibition of 46 against rat lens aldose reductase (RLAR), human recombinant aldose reductase (HRAR), and advanced glycation end products (AGE). For RLAR inhibition, 46 showed a significant IC50 value (0.30 μM) when compared to the control, epalrestat (0.07 μM). For HRAR inhibition, 46 also showed a remarkable IC50 value (0.17 μM) compared to the control, epalrestat (IC50 0.15 μM). Meanwhile, for AGE inhibition, 46 portrayed a stronger inhibition with a lower IC50 value (17.89 μg/mL) when compared to the control, aminoguanine (IC50 81.05 μg/mL). The authors discussed that there are three important structural characteristics that contributed to the remarkable RLAR, HRAR, and AGE inhibitions. Firstly, flavonols with a prenyl group at the C8 position and C3′,4′-dihydroxyl groups lead to more potent inhibition. Next, the presence of the methoxy group at C-5 also caused stronger inhibition. Lastly, the essential structural characteristic that contributed to the strong inhibition is the presence of the hydroxyl group at the C-4′ position.



Yang et al. reported the identification of 30 different phenolic compounds from the rhizomes of Potentilla anserina L. [51]. All compounds were tested for their α-glucosidase inhibitory effect by using acarbose as a positive control. As it is well known, inhibiting α-glucosidase is critical in the management of T2D because α-glucosidase catalyses the hydrolysis of starch to simple sugar. All compounds that have been discussed here are displayed in Figure 14. It was reported that several prominent structural characteristics play an important role in stronger inhibition. Firstly, the dimerization of flavonoids was found to be responsible for stronger inhibition. It was proved that compounds 47 and 50–54 belong to the biflavonoid category and portrayed remarkable IC50 values, which ranged from 2.57 to 8.96 μM. Next, the substitution of the gallolyl moiety instead of the glucose moiety at C-2″ can significantly improve the inhibition activity. It can be seen in compound 49 with the gallolyl moiety at C-2″ (IC50 = 1.05 μM) compared to compounds 48 with the glucose moiety and 1 (82.47 and 75.80 μM). The presence of a hydroxyl group in the B-ring was discovered to be essential, as evidenced by compound 55′s weak inhibition (IC50 = 155.57 μM).



Hmidene et al. studied the effect of five simple flavonols 56a–e and glucuronirated flavonols 56f–i from Tamarix gallica on α-glucosidase inhibitory activity [52]. The acarbose was used as a positive control. The chemical structures of all the compounds tested are elucidated in Figure 15. It was reported that all nine compounds showed a dose-dependent inhibition and portrayed higher inhibition compared to acarbose. Based on compounds 56a and 56e, it was suggested that the hydroxyl group at C3′ with glucuronic acid and methyl ester was responsible for α-glucosidase inhibition.



Da Silva et al. investigated the in vivo antidiabetic activity of kaempferol derivatives that were isolated from Sedum dendroideum leaf extract [53]. There were five derivatives tested in streptozotocin-induced diabetic mice for acute hypoglycaemic activity. The compounds tested are shown in Figure 16. It was reported that rhamnosyl units at positions 3 and 7 were responsible for the hypoglycaemic activity. In other words, a rhamnosyl unit at position C3 is important as it is present in kaempferitrin (57) but not in 58 and 59, and the results showed 57 had higher hypoglycaemic activity compared to 58 and 50. Next, to test the importance of the rhamnosyl unit at C7, 60 (with rhamnosyl unit at C7) and 61 (without rhamnosyl unit at C7) were tested. The results supported that a rhamnosyl unit at C7 is important as 60 exhibited hypoglycaemic activity after 120 min, but 61 showed activity after 60 min and lost activity at 120 min.



Proença et al. evaluated the series of 40 flavonoids for an in vitro α-glucosidase inhibition. The compounds were grouped into five groups [54]. After testing all the compounds’ α-glucosidase inhibitory activity against acarbose, the authors created a pattern of structural characteristics that were responsible for the activity. The pattern was created based on the most active compounds with IC50 values of 7.6 ± 0.4 μM and 15 ± 3 μM. Based on Figure 17, the presence of hydroxyl groups at the C5 and C7 or C8 positions of the A-ring is important. Next, the hydroxyl groups at C3′ and C4′ of the B-ring were also important for the inhibition. Then, in the C-ring, the C2–C3 double bond and the hydroxyl group at C3 were important. Furthermore, the authors mentioned that the position and amount of hydroxyl groups were the determinants for the α-glucosidase inhibition of flavonoids.



Similarly, Proença et al. studied the same series of 40 flavonoids. However, the bioactivity tested was slightly different, in which inhibition against pancreatic α-amylase was evaluated [55]. Like α-glucosidase inhibition, α-amylase inhibition is also considered one of the T2D management, as it catalyses the hydrolysis of starch to simple sugar. Acarbose was also used in this study as a positive control. It was revealed that the compound with the most effective inhibition was 62 (3-chloro-3′,4′,5,7-tetrahydroxyflavone) with an IC50 value of 44 ± 3 μM. Then, based on this most-active compound, an activity pattern was created by the authors. Based on Figure 18, it was found that the presence of a Cl atom at C3 and the C2–C3 double bond of the C-ring was important for strong inhibition. Furthermore, the presence of hydroxyl groups at C5 and C7 of the A-ring, as well as C3′ and C4′ of the B-ring was also responsible for α-amylase inhibition. In addition, the authors discussed that the position and nature of substituents were also the determinants for the α-amylase inhibition of flavonoids.



Next, Jia et al. studied several dietary flavonoids for their α-glucosidase inhibitory and insulin-sensitizing potentials [56]. For α-glucosidase inhibition, 27 dietary flavonoids were tested against a positive control, acarbose. The results revealed that three compounds demonstrated remarkable inhibition based on the IC50 value. The values reported were myricetin (12) (IC50 = 11.63 ± 0.36 μM) > apigenin-7-O-glucoside (63) (IC50 = 22.80 ± 0.24 μM) > fisetin (7) (IC50 = 46.39 ± 0.34 μM). Then, by using the 3D-quantitative structure-activity relationship model, structural characteristics that were needed for good inhibition were summarized. There are four important characteristics that can be seen in Figure 19. Firstly, an electron-donating group and hydrogen bond acceptor groups at C4′ of the B-ring can improve the inhibition. In the same B-ring, bulky, minor, electron-withdrawing groups and hydrogen bond donors were favoured at the meta-position. Next, minor and electron-donating groups, as well as hydrogen bond donor groups, were favoured at C3 of the C-ring. After that, at C7 of the A-ring, bulky and hydrogen acceptor groups were favoured. Then, for insulin sensitization activity, all compounds were tested by using molecular docking and in vitro evaluation with insulin-resistant HepG2 cells. The results showed five flavonoids that exerted good insulin sensitization activity which were baicalein (64), isorhamnetin-3-O-rutinoside (65), 63, kaempferol-7-O-β-glucoside (66), and cyanidin-3-O-glucoside (67). There was no structural analysis conducted on these five flavonoids for insulin sensitization. However, from both studies, the authors concluded that compound 63 can be used in diabetes management in the future as it exerted excellent activity in both α-glucosidase inhibition and insulin sensitization.



Potipiranun et al. isolated several flavonoids to test their activities on antidiabetic complication (AGE inhibition) and α-glucosidase inhibition [57]. Three flavanones, two chalcones, and two dihydrochalcones were isolated from Boesenbergia rotunda, which is known as fingerroot. Based on Figure 20, flavanones consist of pinocembrin (68), pinostrobin (69), and alpinetin (70). Meanwhile, chalcones are cardamomin (71) and boesenbergin B (72), whereas dihydrochalcones are panduratin A (73) and isopanduratin (74). For the evaluation of AGE inhibition, two methods were conducted, namely AGE inhibition assay and methylglyoxal (MG) trapping activity. MG is a known precursor of glycation. It was reported that most compounds showed greater AGE inhibition than the control, aminoguanidine. Then, for MG trapping activity, all compounds showed comparable activities compared to aminoguanidine. Briefly, 68 was the most active compound for MG trapping activity, with an EC50 value of 63.22 ± 10.12 µM. By using the structure of 68 and other compounds, the SAR of flavonoids on the MG trapping activity was summarized. Firstly, hydroxy groups can improve the inhibition, while methoxy and geranyl groups can reduce the inhibition. Next, the presence of a methoxy group at the C7 position of dihydrochalcone can improve the activity compared to methoxy groups at the C5 position. After that, for α-glucosidase inhibition, only bioactivity studies were conducted, while no SAR was conducted. It was reported that 68 also demonstrated an inhibitory effect against α-glucosidase.



Xiao et al. reviewed an α-glucosidase inhibitory effect of dietary flavonoids and summarized important structural characteristics that were responsible for the inhibition [58]. The summary of the characteristics that influenced the inhibition is illustrated in Figure 21. Based on Figure 21, the presence of hydroxyl groups at C6 of the A-ring and C3′ and C5′ of the B-ring can increase the activity of flavonoids on α-glucosidase inhibition. Next, the galloylation of the hydroxyl group of C3 of the C-ring can also influence the inhibition. In contrast, the hydrogenation of C2=C3 of the C-ring, as well as the attachment of sugar moiety to the hydroxyl groups of C3 of the C-ring and C7 of the A-ring, would decrease the inhibitory activity.



Mahapatra et al. reviewed all SAR studies that were related to the antidiabetic activities of chalcones from 1977 to 2014 [59]. Then, the authors narrowed down the activities into four different effects, namely, the protein tyrosine phosphatase 1B (PTP1B) inhibitory effect, the α-glucosidase inhibitory effect, the aldose reductase (ALR) inhibitory effect, and the peroxisome proliferator-activated receptor (PPAR) gamma-activating effect. The role of α-glucosidase and ALR was discussed previously. Meanwhile, PTP1B is a prime enzyme responsible for insulin receptor desensitization, and the activation of PPAR gamma plays a critical role in glucose homeostasis by regulating cellular differentiation and development, and the metabolism of carbs, lipids, and proteins [60,61]. All structural characteristics that influenced the bioactivities have been summarized and illustrated. Firstly, based on Figure 22, there are several characteristics that influenced the PTP1B inhibition of chalcones. The hydroxyl groups, electron-withdrawing groups, methylation at C3′, and the hydroxyl groups at C2′ and C4′ of the A-ring can improve the inhibition. Meanwhile, electron-donating groups; methyl groups substitution with the -OH of C4; allyloxyl groups at the -O of C4; demethylation at C3 and C4; and allyl group at C5 of the B-ring may increase the inhibition. After that, for α-glucosidase inhibition, based on Figure 23, hydroxyl groups and sulphonamide groups at C3′ or C4′ of the A-ring can lead to better inhibition. Next, for ALR inhibition, four structural characteristics that were found to be important for ALR inhibition can be seen in Figure 24. The aromatic ring for both the A and B-rings, unsaturation at Cα and Cβ, and hydroxyl groups at C2′ and C4′ of the A-ring are essential. Meanwhile, the introduction of a thioglycolic group at the A-ring will increase the ALR inhibition. Lastly, for PPAR-gamma activation, the methoxy group at C4 of the B-ring, as well as hydroxyl groups at C4′ and C5′ of the A-ring, will increase the activation (Figure 25).



Du et al. synthesized several flavonoid derivatives to be tested as PPAR-γ agonists [62]. The synthesized flavonoids are shown in Figure 26. It was discovered that 75c–d and 76b (EC50 = 3.30, 13.61 and 3.55 μM, respectively) exerted higher activity compared to the control, bavachinin (EC50 = 18.74 μM). Then, the authors reported that removing the C7-methoxy group which can be seen in 75a or removing the C6-isopentenyl chain and then replacing it with a geranyl chain (as can be seen in 75e) can reduce the PPAR-γ activation. In contrast, the replacement of isopentenyl with isopentyl at C6 of the A-ring (75d) can improve the activity. The presence of an electron-donating group (75b) or electron-withdrawing group (75c) at C3′ was found to increase the PPAR-γ activation. Moreover, it was found that the activity was reduced by oxidising the C-ring of flavanone 75b to flavone 75a. Interestingly, oxidising the C-ring of flavanone 75d to produce flavone 76b boosted PPAR-γ activation.



Gao et al. synthesized several flavone derivatives and investigated the effect of the A-ring hydroxyl groups on α-glucosidase inhibition [63]. The flavones that were discussed are shown in Figure 27. It was reported that 77a with trihydroxyl groups was the most potent inhibitor, with an IC50 value of 45 μM. Then, it was found that compounds 77b–j in which there was an absence of any hydroxyl group at C5, C6, and C7 showed either weaker inhibition or inactivity. Most importantly, 77g without C6-OH showed no inhibition, which led the authors to conclude that C6-OH is essential for inhibitory action. Next, 77t was also shown to exert weaker inhibition when the hydroxyl group was added to position C8, despite having three hydroxyl groups pattern at C5, C6, and C7. Following that, the inclusion of an electron-withdrawing or electron-donating group at C8, as can be seen in 77n–q and 77s–u, resulted in either inactivity or became weak in terms of inhibition, despite the fact that 77r lost a little amount of activity. Compound 77v that contained bulky piperidino-methyl group at C8 was also found inactive. Hence, the researchers speculated that 77r’s less bulky fluorine at C8 was responsible for its moderate activity compared to others. It can be concluded that C6-OH and substitution at C8 can influence the inhibition.



Sarian et al. isolated several flavonoids from the Tetracera indica (Houtt. ex Christm. and Panz.) Merr. (Dilleniaceae) and Tetracera scandens (Linn.) Merr. (Dilleniaceae) leaf extracts and then evaluated their antidiabetic effects via α-glucosidase and dipeptidyl peptidase IV (DPP-4) inhibition assays [64,65,66,67] (Table 1). The role of α-glucosidase is as discussed previously; meanwhile, the DPP-4 enzyme is involved in the breakdown of incretins such as glucagon-like peptide-1 (GLP-1), then inhibiting it and consequently lengthening the half-life of GLP-1, thereby extending the half-life of insulin. For α-glucosidase inhibition, the authors revealed that quercetin (1) possessing a catechol moiety showed the highest inhibition compared to other isolated compounds. Isoscutellarein (78) and kaempferol (6) with C4-OH showed weaker inhibition compared to 1. Therefore, the catechol group, in which the hydroxyl groups at C3′ and C4′ of the B-ring, were thought to be crucial in α-glucosidase inhibition. Next, for DPP-4 inhibitory action, 1, 78, hypoletin (79), and 6 showed remarkable inhibition. The presence of hydroxyl groups can be considered to affect the inhibitory effect of DPP-4. The absence of a C2–C3 double bond and a 4-oxo group can further reduce the inhibition of α-glucosidase and DPP-4, according to the results of the study.



In Figure 28a,b, the meta-analysis for anti-inflammatory and antidiabetic assays activities is shown based on the data given in Table 1. Due to incomplete data, only two studies from the inhibition of the NO production assay and three studies from the inhibition of the α-glucosidase of flavonoids were included in the meta-analysis, as summarized in Figure 28a,b, respectively.



Figure 28a shows the meta-analysis using a fixed effect model. It has revealed that the flavonoids, particularly those containing substitutions at positions 5, 3′, and 4′, showed a notable α-glucosidase inhibitory effect (MRAW = 1.1046 (95% CI: 0.1065–2.1027) overall. A total of k = 17 studies were included in the analysis. The observed standardized mean differences ranged from −37.1429 to 140.5504, with the majority of estimates being positive (59%). Therefore, the average outcome differed significantly from zero (z = 2.1690, p = 0.0301). According to the Q-test, the true outcomes appear to be heterogeneous (Q (16) = 168.4474, p < 0.0001, I² = 90.5015%).



Figure 28b shows the meta-analysis using a fixed effect model. It revealed that the flavonoids possessing substitutions at the 5, 3′, and 4′ positions of the A-ring and the B-ring, respectively, showed a notable inhibition of NO production activity (MRAW = −4.9200 (95% CI: −5.6975 to −4.1424). A total of k = 30 studies were included in the analysis. The observed standardized mean differences ranged from −13.8567 to 74.8310, with the majority of estimates being negative (80%). Therefore, the average outcome differed significantly from zero (z = −12.4014, p < 0.0001). According to the Q-test, the true outcomes appear to be heterogeneous (Q (29) = 155.3766, p < 0.0001, I2 = 81.3357%).



In contrast, the inhibition of the generation of leukotriene B4 (LTB4) by human neutrophils, nuclear factor kappa B (NF-κB) inhibition, the inhibition of the generation of leukotriene B4 (LTB4) by human neutrophils, pancreatic α-amylase inhibitory activity, rat lens aldose reductase (RLAR) inhibitory activity, human recombinant aldose reductase (HRAR) inhibitory activity, the advanced glycation end products (AGE) inhibitory activity assay, and the DPP-4 enzyme inhibitory assay were performed as only one study; therefore, a heterogenic analysis was not possible.




4. Analysis of the SAR of Flavonoids as Anti-Inflammatory and Antidiabetic Agents


As earlier described, inflammation is strongly associated with diabetic pathogenesis in both T1D and T2D. As a result, an antidiabetic drug possessing anti-inflammatory capabilities has the great potential to be a promising treatment for both T1D and T2D ailments. Flavonoids have been identified as one of several therapeutic therapies for diabetes mellitus due to their remarkable dual antidiabetic and anti-inflammatory capabilities.



According to the findings in this review (Table 2, Figure 29), hydroxyl groups at the C5 and C7 positions in the A-ring, as well as hydroxyl groups at the B-ring, especially C3′ and C4′, seem to be crucial for flavonoids to exert anti-inflammatory effects via a variety of mechanisms, including the inhibition of COX-2, LOX, LTB4, iNOS, NO, TNF-α, PGE2, and IL-8. Moreover, the C2–C3 double bond and C=O at C4 in the C-ring are also found to be important for the anti-inflammatory action of flavonoids. The inclusion of a sugar moiety and hydroxyl group, particularly at the C3 position of the flavonoids skeleton, on the other hand, can reduce anti-inflammatory activity.



Similarly, according to Table 2 and Figure 30, numerous studies have been reported to demonstrate that hydroxyl groups at the C3′, C4′, C5, C6, and C7 positions are required for flavonoids to exhibit antidiabetic activity such as against glycogen phosphorylase, aldose reductase, AGE, and α-glucosidase. It has also been discovered that glycosyl and geranyl moieties instead of the hydroxyl group at C7 can reduce flavonoids’ antidiabetic effect. The presence of the C2–C3 double bond has also been observed to be critical for flavonoids’ antidiabetic activity. Furthermore, multiple investigations further reported that the substitution of hydroxyl groups at C3 with several functional group moieties such as methoxy, sugar-like rhamnose, galloyl group, and chlorine atom can increase the antidiabetic activity of flavonoids.



Figure 31 illustrates the effect of flavonoids and their structure-activity relationship with antidiabetic and anti-inflammatory activities [9,11,14,15,16,17,18,19,20,21,22,23]. As a result, based on Figure 29 and Figure 30, flavonoids benefit from the presence of the C2–C3 double bond and the hydroxyl groups of the C3′, C4′, C5, and C7 positions due to their overlapping significant structural features for the manifestation of both anti-inflammatory and antidiabetic effects (Figure 31). However, it was discovered that substituting several moieties at C3 can lower the anti-inflammatory activity of flavonoids, whereas it can increase their antidiabetic activity (Table 2). Hence, the suitable bio-isosteres at the C3 position of the flavonoid scaffold possessing both antidiabetic and anti-inflammatory properties may help to discover potent therapeutic agents to treat both ailments efficaciously.




5. Conclusions


Flavonoids are one of the major secondary metabolites of plants that have been reported to demonstrate various pharmacological effects including antidiabetic and anti-inflammatory activities. Since flavonoids comprise the same core scaffold, the functional variation is largely associated with the presence of different substituent groups in the different positions of the flavonoid’s skeleton. Flavonoid–protein (viz. enzymes, receptors, transporters, and transcription factors) interactions are important phenomena dictating the flavonoids’ beneficial distinct pharmacological properties. The relationship between the chemical constitution fragment and pharmacological effects has revealed that the presence of appropriate bio-isosteres as side chains can significantly affect the biological activity of flavonoids on the same target receptor. Hence, the structure–activity relationship analysis of flavonoids is important in understanding the dual mechanistic view of flavonoids in demonstrating the anti-inflammatory and antidiabetic effects. It can be concluded that for a flavonoid molecule to exert anti-inflammatory and antidiabetic activities together, the presence of a C2–C3 double bond (C-ring) and hydroxyl groups at positions C3′, C4′ (B-ring), C5, and C7 (A-ring) are essential structural requirements. Substitution at the C3 location, on the other hand, has been shown to lower flavonoids’ anti-inflammatory activity while increasing their antidiabetic activity. Therefore, the modification of these positions with the introduction of appropriate bio-isosteres will certainly play an important role in synthesizing more potent flavonoid-based drugs possessing essential pharmacophores to display equipotent antidiabetic and anti-inflammatory effects. Different in vitro assays using a variety of biological test systems should further be chalked out to confirm these flavonoids as safe antidiabetic and anti-inflammatory agents and help us understand various mechanisms that would equally alleviate hyperglycaemia and inflammation. Moreover, the knowledge of structure−activity relationships in these assays may further prove to be helpful in evaluating the potential of the in vivo antidiabetic and anti-inflammatory activities of flavonoids. A meta-analysis of the context of the antidiabetic and anti-inflammatory effects of flavonoids further established the role of these polyphenolic compounds as antidiabetic and anti-inflammatory agents. This review provides a theoretical foundation for the development of high-bioactive and low-toxicity flavonoid-based active pharmaceutical ingredients to tackle diabetes and inflammation concurrently.







Author Contributions


Conceptualization, Q.U.A. and J.L.; Methodology, Q.U.A., J.L. and N.F.S.; Data Curation, Q.U.A. and N.F.S.; Writing—Original Draft Preparation, N.F.S. and Q.U.A.; Writing—Review and Editing, Q.U.A., J.L., S.M., A.S.M.S., A.K., M.N.S., S.A.A.S. and Y.M.Y.; Visualization, Q.U.A., J.L. and M.M.A.K.K.; Supervision, Q.U.A.; Project Administration, Q.U.A.; Funding Acquisition, Q.U.A., J.L. and M.N.S. All authors have read and agreed to the published version of the manuscript.




Funding


The authors are grateful and indebted to Universiti Kebangsaan Malaysia, University Malaysia Pahang, Malaysia, and the Research Management Centre, IIUM and UMP, for providing financial assistance through the respective DIP-2020-020 research grant and Joint Research Project (ID: SRCG20-002-0002; UMP-IIUM-UiTM Sustainable Research Collaboration Grant 2020) to accomplish this work.




Conflicts of Interest


There are no conflict of interest.




References


	



Lin, J.K.; Weng, M.S. Flavonoids as nutraceuticals. Sci. Flavonoids 2006, 7, 213–238. [Google Scholar] [CrossRef]

	



Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [Google Scholar] [CrossRef]

	



Middleton, E.; Kandaswami, C.; Theoharides, T.C. The effects of plant flavonoids on mammalian cells: Implications for inflammation, heart disease, and cancer. Pharmacol. Rev. 2000, 52, 673–751. [Google Scholar]

	



Rathee, P.; Chaudhary, H.; Rathee, S.; Rathee, D.; Kumar, V.; Kohli, K. Mechanism of action of flavonoids as anti-inflammatory agents: A review. Inflamm. Allergy-Drug Targets 2009, 8, 229–235. [Google Scholar] [CrossRef]

	



Maleki, S.J.; Crespo, J.F.; Cabanillas, B. Anti-inflammatory effects of flavonoids. Food Chem. 2019, 299, 125124. [Google Scholar] [CrossRef]

	



Pan, M.H.; Lai, C.S.; Ho, C.T. Anti-inflammatory activity of natural dietary flavonoids. Food Funct. 2010, 1, 15–31. [Google Scholar] [CrossRef]

	



Al-Ishaq, R.K.; Abotaleb, M.; Kubatka, P.; Kajo, K.; Büsselberg, D. Flavonoids and their anti-diabetic effects: Cellular mechanisms and effects to improve blood sugar levels. Biomolecules 2019, 9, 430. [Google Scholar] [CrossRef]

	



Vinayagam, R.; Xu, B. Antidiabetic properties of dietary flavonoids: A cellular mechanism review. Nutr. Metab. 2015, 12, 60. [Google Scholar] [CrossRef]

	



Miroslava, S.; Berchová-Bímová, K.; Mazurakova, A.; Šamec, D.; Kubatka, P.; Hassan, S.T.S. Flavonoids target human herpesviruses that infect the nervous system: Mechanisms of action and therapeutic insights. Viruses 2022, 14, 592. [Google Scholar] [CrossRef]

	



Tsalamandris, S.; Antonopoulos, A.S.; Oikonomou, E.; Papamikroulis, G.-A.; Vogiatzi, G.; Papaioannou, S.; Deftereos, S.; Tousoulis, D. The role of inflammation in diabetes: Current concepts and future perspectives. Eur. Cardiol. Rev. 2019, 14, 50. [Google Scholar] [CrossRef]

	



Randeria, S.N.; Thomson, G.J.A.; Nell, T.A.; Roberts, T.; Pretorius, E. Inflammatory cytokines in type 2 diabetes mellitus as facilitators of hypercoagulation and abnormal clot formation. Cardiovasc. Diabetol. 2019, 18, 72. [Google Scholar] [CrossRef]

	



Statistics About Diabetes|ADA. Available online: https://www.diabetes.org/resources/statistics/statistics-about-diabetes (accessed on 29 August 2021).

	



Diabetes. Available online: https://www.who.int/news-room/fact-sheets/detail/diabetes (accessed on 29 August 2021).

	



Wellen, K.E.; Hotamisligil, G.S. Inflammation, stress, and diabetes. J. Clin. Investig. 2005, 115, 1111. [Google Scholar] [CrossRef]

	



Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107. [Google Scholar] [CrossRef]

	



Sapian, S.; Taib, I.S.; Latip, J.; Katas, H.; Chin, K.-Y.; Mohd Nor, N.A.; Jubaidi, F.F.; Budin, S.B. Therapeutic approach of flavonoid in ameliorating diabetic cardiomyopathy by targeting mitochondrial-induced oxidative stress. Int. J. Mol. Sci. 2021, 22, 11616. [Google Scholar] [CrossRef]

	



Ali, A.H.; Sudi, S.; Shi-Jing, N.; Hassan, W.R.M.; Basir, R.; Agustar, H.K.; Embi, N.; Sidek, H.M.; Latip, J. Dual Anti-malarial and GSK3β-mediated cytokine-modulating activities of quercetin are requisite of its potential as a plant-derived therapeutic in malaria. Pharmaceuticals 2021, 14, 248. [Google Scholar] [CrossRef]

	



Alhassan, A.M.; Ahmed, Q.U.; Latip, J.; Shah, S.A.A. A new sulphated flavone and other phytoconstituents from the leaves of Tetracera indica Merr. and their α-glucosidase inhibitory activity. Nat. Prod. Res. 2019, 33, 1–8. [Google Scholar] [CrossRef]

	



Eitah, H.E.; Maklad, Y.A.; Abdelkader, N.F.; Gamal el Din, A.A.; Badawi, M.A.; Kenawy, S.A. Modulating impacts of quercetin/sitagliptin combination on streptozotocin-induced diabetes mellitus in rats. Toxicol. Appl. Pharmacol. 2019, 365, 30–40. [Google Scholar] [CrossRef]

	



Ahmad, G. Mechanisms of antidiabetic effects of flavonoid rutin. Biomed. Pharmacother. 2017, 96, 305–312. [Google Scholar] [CrossRef]

	



Sharma, D.; Gondaliya, P.; Tiwari, V.; Kalia, K. Kaempferol attenuates diabetic nephropathy by inhibiting RhoA/Rho-kinase mediated inflammatory signalling. Biomed. Pharmacother. 2019, 109, 1610–1619. [Google Scholar] [CrossRef]

	



Althunibat, O.Y.; Al Hroob, A.M.; Abukhalil, M.H.; Germoush, M.O.; Bin-Jumah, M.; Mahmoud, A.M. Fisetin ameliorates oxidative stress, inflammation and apoptosis in diabetic cardiomyopathy. Life Sci. 2019, 221, 83–92. [Google Scholar] [CrossRef]

	



Abuohashish, H.M.; Al-Rejaie, S.S.; Al-Hosaini, K.A.; Parmar, M.Y.; Ahmed, M.M. Alleviating effects of morin against experimentally-induced diabetic osteopenia. Diabetol. Metab. Syndr. 2013, 5, 5. [Google Scholar] [CrossRef]

	



Baek, Y.; Lee, M.N.; Wu, D.; Pae, M. Luteolin improves insulin resistance in postmenopausal obese mice by altering macrophage polarization (FS12-01-19). Curr. Dev. Nutr. 2019, 1699. [Google Scholar] [CrossRef]

	



Mutoh, M.; Takahashi, M.; Fukuda, K.; Komatsu, H.; Enya, T.; Matsushima-Hibiya, Y.; Mutoh, H.; Sugimura, T.; Wakabayashi, K. Suppression by flavonoids of cyclooxygenase-2 promoter-dependent transcriptional activity in colon cancer cells: Structure-activity relationship. Jpn. J. Cancer Res. 2000, 91, 686–691. [Google Scholar] [CrossRef]

	



Redrejo-Rodriguez, M.; Tejeda-Cano, A.; Del Carmen Pinto, M.; Macías, P. Lipoxygenase inhibition by flavonoids: Semiempirical study of the structure-activity relation. J. Mol. Struct. THEOCHEM 2004, 674, 121–124. [Google Scholar] [CrossRef]

	



Ribeiro, D.; Freitas, M.; Tom, S.M.; Silva, A.M.S.; Porto, G.; Cabrita, E.J.; Marques, M.M.B.; Fernandes, E. Inhibition of LOX by flavonoids: A structure-activity relationship study. Eur. J. Med. Chem. 2014, 72, 137–145. [Google Scholar] [CrossRef]

	



Sadik, C.D.; Sies, H.; Schewe, T. Inhibition of 15-lipoxygenases by flavonoids: Structure-activity relations and mode of action. Biochem. Pharmacol. 2003, 65, 773–781. [Google Scholar] [CrossRef]

	



Loke, W.M.; Proudfoot, J.M.; Stewart, S.; McKinley, A.J.; Needs, P.W.; Kroon, P.A.; Hodgson, J.M.; Croft, K.D. Metabolic transformation has a profound effect on anti-inflammatory activity of flavonoids such as quercetin: Lack of association between antioxidant and lipoxygenase inhibitory activity. Biochem. Pharmacol. 2008, 75, 1045–1053. [Google Scholar] [CrossRef]

	



Odontuya, G.; Hoult, J.R.S.; Houghton, P.J. Structure-activity relationship for antiinflammatory effect of luteolin and its derived glycosides. Phyther. Res. 2005, 19, 782–786. [Google Scholar] [CrossRef]

	



Li, H.; Pan, S.; Xu, X. Structure characteristics of flavonoids for cyclooxygenase-2 mRNA inhibition in lipopolysaccharide-induced inflammatory macrophages. Eur. J. Pharmacol. 2019, 856, 172416. [Google Scholar] [CrossRef]

	



Wu, J.; Liu, K.; Shi, X. The anti-inflammatory activity of several flavonoids isolated from Murraya paniculata on murine macrophage cell line and gastric epithelial cell (GES-1). Pharm. Biol. 2016, 54, 868–881. [Google Scholar] [CrossRef]

	



Bello, O.M.; Ogbesejana, A.B.; Adetunji, C.O.; Oguntoye, S.O. Flavonoids isolated from Vitex grandifolia, an underutilized vegetable, exert monoamine a & b inhibitory and anti-inflammatory effects and their structure-activity relationship. Turk. J. Pharm. Sci. 2019, 16, 437–443. [Google Scholar] [CrossRef]

	



López-Posadas, R.; Ballester, I.; Abadía-Molina, A.C.; Suárez, M.D.; Zarzuelo, A.; Martínez-Augustin, O.; Sánchez de Medina, F. Effect of flavonoids on rat splenocytes, a structure-activity relationship study. Biochem. Pharmacol. 2008, 76, 495–506. [Google Scholar] [CrossRef]

	



Comalada, M.; Ballester, I.; Bailón, E.; Sierra, S.; Xaus, J.; Gálvez, J.; de Medina, F.S.; Zarzuelo, A. Inhibition of pro-inflammatory markers in primary bone marrow-derived mouse macrophages by naturally occurring flavonoids: Analysis of the structure-activity relationship. Biochem. Pharmacol. 2006, 72, 1010–1021. [Google Scholar] [CrossRef]

	



Takano-Ishikawa, Y.; Goto, M.; Yamaki, K. Structure-activity relations of inhibitory effects of various flavonoids on lipopolysaccharide-induced prostaglandin E2 production in rat peritoneal macrophages: Comparison between subclasses of flavonoids. Phytomedicine 2006, 13, 310–317. [Google Scholar] [CrossRef]

	



Kim, H.K.; Cheon, B.S.; Kim, Y.H.; Kim, S.Y.; Kim, H.P. Effects of naturally occurring flavonoids on nitric oxide production in the macrophage cell line RAW 264.7 and their structure-activity relationships. Biochem. Pharmacol. 1999, 58, 759–765. [Google Scholar] [CrossRef]

	



An, J.Y.; Lee, H.H.; Shin, J.S.; Yoo, H.S.; Park, J.S.; Son, S.H.; Kim, S.W.; Yu, J.; Lee, J.; Lee, K.T. Identification and structure activity relationship of novel flavone derivatives that inhibit the production of nitric oxide and PGE2 in LPS-induced RAW 264.7 cells. Bioorg. Med. Chem. Lett. 2017, 27, 2613–2616. [Google Scholar] [CrossRef]

	



Liu, Y.P.; Yu, X.M.; Zhang, W.; Wang, T.; Jiang, B.; Tang, H.X.; Su, Q.T.; Fu, Y.H. Prenylated chromones and flavonoids from Artocarpus heterophyllus with their potential antiproliferative and anti-inflammatory activities. Bioorg. Chem. 2020, 101, 104030. [Google Scholar] [CrossRef]

	



Zhang, P.; Mak, J.C.; Man, R.Y.; Leung, S.W. Flavonoids reduces lipopolysaccharide-induced release of inflammatory mediators in human bronchial epithelial cells: Structure-activity relationship. Eur. J. Pharmacol. 2019, 865, 172731. [Google Scholar] [CrossRef]

	



Ueda, H.; Yamazaki, C.; Yamazaki, M. A hydroxyl group of flavonoids affects oral anti-inflammatory activity and inhibition of systemic tumor necrosis factor-α production. Biosci. Biotechnol. Biochem. 2004, 68, 119–125. [Google Scholar] [CrossRef]

	



Jiang, W.J.; Ishiuchi, K.; Furukawa, M.; Takamiya, T.; Kitanaka, S.; Iijima, H. Stereospecific inhibition of nitric oxide production in macrophage cells by flavanonols: Synthesis and the structure-activity relationship. Bioorg. Med. Chem. 2015, 23, 6922–6929. [Google Scholar] [CrossRef]

	



Čulenová, M.; Sychrová, A.; Hassan, S.T.S.; Berchová-Bímová, K.; Svobodová, P.; Helclová, A.; Michnová, H.; Hošek, J.; Vasilev, H.; Suchý, P.; et al. Multiple In vitro biological effects of phenolic compounds from Morus alba root bark. J. Ethnopharmacol. 2020, 248, 112296. [Google Scholar] [CrossRef]

	



Lin, Z.; Gan, T.; Huang, Y.; Bao, L.; Liu, S.; Cui, X.; Wang, H.; Jiao, F.; Zhang, M.; Su, C.; et al. Antiinflammatory activity of mulberry leaf flavonoids in vitro and in vivo. Int. J. Mol. Sci. 2022, 23, 7694. [Google Scholar] [CrossRef]

	



Wang, X.; Cao, Y.; Chen, S.; Lin, J.; Bian, J.; Huang, D. Anti-inflammation activity of flavones and their structure-activity relationship. J. Agric. Food Chem. 2021, 69, 7285–7302. [Google Scholar] [CrossRef] [PubMed]

	



Kato, A.; Nasu, N.; Takebayashi, K.; Adachi, I.; Minami, Y.; Sanae, F.; Asano, N.; Watson, A.A.; Nash, R.J. Structure-activity relationships of flavonoids as potential inhibitors of glycogen phosphorylase. J. Agric. Food Chem. 2008, 56, 4469–4473. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, H.; Morikawa, T.; Toguchida, I.; Yoshikawa, M. Structural requirements of flavonoids and related compounds for aldose reductase inhibitory activity. Chem. Pharm. Bull. 2002, 50, 788–795. [Google Scholar] [CrossRef]

	



Matsuda, H.; Wang, T.; Managi, H.; Yoshikawa, M. Structural requirements of flavonoids for inhibition of protein glycation and radical scavenging activities. Bioorg. Med. Chem. 2003, 11, 5317–5323. [Google Scholar] [CrossRef]

	



Matsuda, H.; Kogami, Y.; Nakamura, S.; Sugiyama, T.; Ueno, T.; Yoshikawa, M. Structural requirements of flavonoids for the adipogenesis of 3T3-L1 cells. Bioorg. Med. Chem. 2011, 19, 2835–2841. [Google Scholar] [CrossRef]

	



Jung, H.A.; Jin, S.E.; Park, J.S.; Choi, J.S. Antidiabetic complications and anti-alzheimer activities of sophoflavescenol, a prenylated flavonol from Sophora flavescens, and its structure-activity relationship. Phyther. Res. 2011, 25, 709–715. [Google Scholar] [CrossRef]

	



Yang, D.; Wang, L.; Zhai, J.; Han, N.; Liu, Z.; Li, S.; Yin, J. Characterization of antioxidant, α-glucosidase and tyrosinase inhibitors from the rhizomes of Potentilla anserina L. and their structure–activity relationship. Food Chem. 2021, 336, 127714. [Google Scholar] [CrossRef]

	



Ben Hmidene, A.; Smaoui, A.; Abdelly, C.; Isoda, H.; Shigemori, H. Effect of O-methylated and glucuronosylated flavonoids from Tamarix gallica on α-glucosidase inhibitory activity: Structure-activity relationship and synergistic potential. Biosci. Biotechnol. Biochem. 2017, 81, 445–448. [Google Scholar] [CrossRef]

	



Da Silva, D.; Casanova, L.M.; Marcondes, M.C.; Espindola-Netto, J.M.H.; Paixão, L.P.; De Melo, G.O.; Zancan, P.; Sola-Penna, M.; Costa, S.S. Antidiabetic activity of Sedum dendroideum: Metabolic enzymes as putative targets for the bioactive flavonoid kaempferitrin. IUBMB Life 2014, 66, 361–370. [Google Scholar] [CrossRef] [PubMed]

	



Proença, C.; Freitas, M.; Ribeiro, D.; Oliveira, E.F.T.; Sousa, J.L.C.; Tomé, S.M.; Ramos, M.J.; Silva, A.M.S.; Fernandes, P.A.; Fernandes, E. α-Glucosidase inhibition by flavonoids: An in vitro and in silico structure–activity relationship study. J. Enzyme Inhib. Med. Chem. 2017, 32, 1216–1228. [Google Scholar] [CrossRef] [PubMed]

	



Proença, C.; Freitas, M.; Ribeiro, D.; Tomé, S.M.; Oliveira, E.F.T.; Viegas, M.F.; Araújo, A.N.; Ramos, M.J.; Silva, A.M.S.; Fernandes, P.A. Evaluation of a flavonoids library for inhibition of pancreatic α-amylase towards a structure–activity relationship. J. Enzyme Inhib. Med. Chem. 2019, 34, 577–588. [Google Scholar] [CrossRef]

	



Jia, Y.; Ma, Y.; Cheng, G.; Zhang, Y.; Cai, S. Comparative study of dietary flavonoids with different structures as α-glucosidase inhibitors and insulin sensitizers. J. Agric. Food Chem. 2019, 67, 10521–10533. [Google Scholar] [CrossRef] [PubMed]

	



Potipiranun, T.; Adisakwattana, S.; Worawalai, W.; Ramadhan, R.; Phuwapraisirisan, P. Identification of pinocembrin as an anti-glycation agent and α-glucosidase inhibitor from fingerroot (Boesenbergia rotunda): The tentative structure–activity relationship towards Mg-trapping activity. Molecules 2018, 23, 3365. [Google Scholar] [CrossRef]

	



Xiao, J.; Kai, G.; Yamamoto, K.; Chen, X. Advance in dietary polyphenols as α-glucosidases inhibitors: A review on structure-activity relationship aspect. Crit. Rev. Food Sci. Nutr. 2013, 53, 818–836. [Google Scholar] [CrossRef] [PubMed]

	



Mahapatra, D.K.; Asati, V.; Bharti, S.K. Chalcones and their therapeutic targets for the management of diabetes: Structural and pharmacological perspectives. Eur. J. Med. Chem. 2015, 92, 839–865. [Google Scholar] [CrossRef]

	



Berger, J.; Moller, D.E. The mechanisms of PPARs. Annu. Rev. Med. 2002, 53, 409–435. [Google Scholar] [CrossRef]

	



Rangwala, S.M.; Lazar, M.A. Peroxisome proliferator-activated receptor gamma in diabetes and metabolism. Trends Pharmacol. Sci. 2004, 25, 331–336. [Google Scholar] [CrossRef]

	



Du, G.; Zhao, Y.; Feng, L.; Yang, Z.; Shi, J. Design, synthesis, and structure–activity relationships of bavachinin analogues as peroxisome proliferator-activated receptor γ agonists. Chem. Med. Chem. 2017, 12, 183–193. [Google Scholar] [CrossRef]

	



Gao, H.; Nishioka, T.; Kawabata, J.; Kasai, T. Structure-activity relationships for α-glucosidase inhibition of baicalein, 5,6,7-trihydroxyflavone: The effect of A-ring substitution. Biosci. Biotechnol. Biochem. 2004, 68, 369–375. [Google Scholar] [CrossRef]

	



Sarian, M.N.; Ahmed, Q.U.; Zaiton, S.; So, M.; Alhassan, A.M.; Murugesu, S.; Perumal, V.; Nurul, S.; Syed, A.; Khatib, A. Antioxidant and antidiabetic effects of flavonoids: A structure-activity relationship based study. BioMed Res. Int. 2017, 2017, 8386065. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, Q.U.; Sarian, M.N.; Siti Zaiton, M.S.; Latip, J.; Ichwan, S.J.A.; Hussein, N.N.; Hamidon, H.; Taher, M.; Alhassan, A.M. Methylation and acetylation enhanced the antidiabetic activity of some selected flavonoids: In vitro, molecular modelling and structure activity relationship-based study. Biomolecules 2018, 8, 149. [Google Scholar] [CrossRef] [PubMed]

	



Hasan, M.M.; Ahmed, Q.U.; Siti Zaiton, M.S.; Latip, J.; Taher, M.; Tengku, M.F.S.; Sarian, M.N.; Alhassan, M.A.; Zakaria, Z.A. Flavonoids from Tetracera indica Merr. induce adipogenesis and exert glucose uptake activities in 3T3-L1 adipocyte cells. BMC Complement. Altern. Med. 2017, 17, 431. [Google Scholar] [CrossRef] [PubMed]

	



Fatimah, O.R.; Ahmed, Q.U.; Siti Zaiton, M.S.; Shah, S.A.A.; Latip, J.; Alhassan, M.A.; Sharifah, N.A.M.S.A. Isolation and characterization of digestive enzyme inhibitory and free radical constituents from Tetracera macrophylla Vall. leaves. J. Herb. Med. 2020, 22, 100351. [Google Scholar]








[image: Ijms 23 12605 g001 550] 





Figure 1. Flavonoids’ main classes. 
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Figure 2. Structure of quercetin (1) and the labelled functional groups that are important in COX-2 inhibition [25]. 
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Figure 3. The chemical structures of studied flavonoids in inhibiting the formation of LTB4 [27]. 
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Figure 4. Quercetin and its metabolites inhibited inflammatory eicosanoid production from human leukocytes [29]. 
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Figure 5. Flavonoids studied for their anti-inflammatory effect [30]. 
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Figure 6. Chemical structures of flavonoids isolated from M. paniculata [32]. 
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Figure 7. Chemical structures of flavonoids isolated from V. grandifolia [33]. 
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Figure 8. Synthesis pathway of new flavone derivatives and their chemical structures [38]. 
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Figure 9. Chemical structure of isolated flavonoids from A. heterophyllus [39]. 
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Figure 10. Chemical structures of new flavanonol derivatives [42]. 
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Figure 11. Chemical structures of flavonoids isolated from the root bark of Morus alba L. [43]. 
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Figure 12. The structure of 44 and the functional groups responsible for the inhibition of glycogen phosphorylase [46]. 
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Figure 13. Chemical structure of 46 [50]. 
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Figure 14. The flavonoids isolated as α-glucosidase inhibitors from P. anserine [51]. 
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Figure 15. The structures of flavonoids isolated from T. gallica [52]. 
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Figure 16. The structures of flavonoids isolated from S. dendroideum [53]. 
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Figure 17. The SAR of flavonoids for α-glucosidase inhibition activity [54]. 
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Figure 18. The SAR of flavonoids for α-amylase inhibition activity [55]. 
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Figure 19. The SAR of flavonoids for α-glucosidase inhibition activity [56]. 
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Figure 20. The structures of flavonoids isolated from B. rotunda [57]. 
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Figure 21. The SAR of flavonoids for α-glucosidase inhibition activity [58]. 
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Figure 22. SARs of chalcones for PTP1B inhibition activity [59]. 
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Figure 23. SARs of chalcones for α-glucosidase inhibition activity [59]. 
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Figure 24. SARs of chalcones for ALR inhibition activity [59]. 
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Figure 25. SARs of chalcones for PPAR-gamma activation activity [59]. 
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Figure 26. The chemical structures of studied flavonoids for PPAR-γ activation [62]. 
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Figure 27. The chemical structures of synthesized flavone derivatives that were investigated for α-glucosidase inhibition [63]. 
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Figure 28. (a) Forest plot from meta-analysis of antidiabetic (inhibition of α-glucosidase) activity. (b) Forest plot from meta-analysis of anti-inflammatory (inhibition of NO production) activity. 
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Figure 29. The SAR of flavonoids as anti-inflammatory agent. 
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Figure 30. The SAR of flavonoids as an antidiabetic agent. 
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Figure 31. The SAR of flavonoids as dual action via anti-inflammatory and antidiabetic effects. Flavonoids have been reported to reduce diabetes complications, improve insulin secretion and pancreatic β cell mass, reduce β cell apoptosis, hepatic glucose output, insulin resistance, and circulating fatty acids, and downregulate ROS and inflammation markers such as IL-β and IL-6, Tnf-α, COX-2, and i-NOS. 
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Table 1. In vitro anti-inflammatory and antidiabetic activities of flavonoids.
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Anti-Inflammatory Activities




	
References

	
Flavonoids

	
Assay

	
Negative Control

	
Activity of Flavonoids

	
Std Dev

	
Positive

Control

	
Std Dev






	
[25]

	
Quercetin (1)

	
Suppressive action on the transcriptional activity of the COX-2 gene in human colon cancer DLD-1 cells

Reporter gene assay

	
N/A

	
IC50 10.5 μM

	
0.7

	
N/A

	
N/A




	
Rhamnetin (2)

	
IC50 18.6 μM

	
2.1




	
Genistein (3)

	
IC50 20.7 μM

	
1.4




	
Eriodyctiol (4)

	
IC50 22.0 μM

	
0.2




	
Luteolin (5)

	
IC50 22.0 μM

	
0.4




	
Kaempferol (6)

	
IC50 39.3 μM

	
2.1




	
Fisetin (7)

	
IC50 47.9 μM

	
2.9




	
Phloretin (8)

	
IC50 52.5 μM

	
3.4




	
Catechin (9)

	
IC50 415.3 μM

	
25.4




	
Epicatechin (10)

	
IC50 415.3 μM

	
17.0




	
Epigallocatechin (11)

	
IC50 >500 μM

	
-




	
Myricetin (12)

	
IC50 >500 μM

	
-




	
[27]

	
5

	
Inhibition of the generation of leukotriene B4 (LTB4) by human neutrophils

	
N/A

	
IC50 1.6 μM

	
0.3

	
Nordihydroguaiaretic acid (NDGA), IC50 56.6 μM

	
2.5




	
3′,4′-dihydroxy flavone (14d)

	
IC50 1.7 μM

	
0.1




	
3′,4′,7-trihydroxy flavone (16d)

	
IC50 2.0 μM

	
0.7




	
3′,4′,5-trihydroxy flavone (15d)

	
IC50 2.9 μM

	
0.8




	
1

	
IC50 4.0 μM

	
1.2




	
[28]

	
1

	
Inhibition on rabbit reticulocyte 15-LOX-1

	
N/A

	
IC50 4.0 μM

	
N/A

	
N/A

	
N/A




	
5

	
IC50 0.6 μM

	
N/A




	
Naringenin (18)

	
IC50 250 μM

	
N/A




	
Hesperidin (19)

	
IC50 90 μM

	
N/A




	
10

	
IC50 60 μM

	
N/A




	
Taxifolin (13)

	
IC50 25 μM

	
N/A




	
1

	
Inhibition on soybean LOX L-1

	
N/A

	
IC50 4.5 μM

	
N/A

	
N/A

	
N/A




	
5

	
IC50 3.0 μM

	
N/A




	
13

	
IC50 1000 μM

	
N/A




	
[29]

	
1

	
Inhibitory effect on LTB4 production

	
N/A

	
IC50 2.0 μM

	
N/A

	
N/A

	
N/A




	
3′-O-methylquercetin (20)

	
IC50 2.0 μM

	
N/A




	
Quercetin-3′-O-sulfate (21)

	
IC50 2.0 μM

	
N/A




	
[32]

	
28

	
Anti-inflammatory effect on murine macrophage cell line and gastric epithelial cell (GES-1)

	
N/A

	
IC50 53.40 μM

	
N/A

	
N/A

	
N/A




	
29

	
IC50 120.98 μM




	
30

	
IC50 10.73 μM




	
[33]

	
Isoorientin (26)

	
Nuclear factor kappa B (NF-κB) inhibition

	
N/A

	
IC50 8.9 μg/mL

	
N/A

	
Parthenolide, IC50 0.9 μg/mL

	
N/A




	
Orientin (31)

	
IC50 12.0 μg/mL

	
N/A




	
Isovitexin (32)

	
IC50 18.0 μg/mL

	
N/A




	
26

	
Inducible nitric oxide synthase (iNOS) inhibition

	

	
IC50 48.0 μg/mL

	
N/A

	
Parthenolide, IC50 0.18 μg/mL

	
N/A




	
31

	
IC50 54.0 μg/mL

	
N/A




	
32

	
IC50 21.0 μg/mL

	
N/A




	
[37]

	
Apigenin (17c)

	
Inhibition of NO production

	
7-Nitroindazole,

IC50 > 100 μM

	
IC50 23 μM

	
N/A

	
2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine

Hydrochloride (AMT), IC50 0.09 μM

	
N/A




	
5

	
IC50 27 μM

	
N/A




	
18

	
IC50 >100 μM

	
N/A




	
Apiin (34)

	
IC50 >100 μM

	
N/A




	
Galangin (35)

	
IC50 >100 μM

	
N/A




	
1

	
IC50 107 μM

	
N/A




	
[39]

	
37

	
Inhibition of NO production

	
N/A

	
IC50 19.87 μM

	
0.21

	
Hydrocortisone, IC50 3.83 μM

	
0.12




	
38

	
IC50 15.69 μM

	
0.16




	
39

	
IC50 9.19 μM

	
0.07




	
40

	
IC50 10.32 μM

	
0.08




	
41

	
IC50 18.43 μM

	
0.19




	
Antidiabetic activities




	
References

	
Flavonoids

	
Assay

	
Negativecontrol

	
Activity of flavonoids

	
Std Dev

	
Positive

control

	
Std Dev




	
[46]

	
Quercetagetin (3,3′,4′,5,6,7-Hexahydroxyflavone [44])

	
Glycogen phosphorylase inhibition

	
N/A

	
IC50 9.7 μM

	
N/A

	
N/A

	
N/A




	
[47]

	
Chrysin (17a)

	
Rat lens aldose reductase (RLAR) inhibition

	
N/A

	
IC50 8.5 μM

	
N/A

	
N/A

	
N/A




	
Diosmetin 7-O-β-D-glucopyranoside (45)

	
IC50 23.0 μM

	
N/A




	
Diosmetin (17f)

	
IC50 8.5 μM

	
N/A




	
17c

	
IC50 2.2 μM

	
N/A




	
6

	
IC50 10.0 μM

	
N/A




	
[50]

	
Sophoflavescenol (46)

	
Rat lens aldose reductase (RLAR) inhibition

	
N/A

	
IC50 0.30 μM

	
0.06

	
Epalrestat, IC50 0.07 μM

	
0.00




	
Human recombinant aldose reductase (HRAR) inhibition

	
N/A

	
IC50 0.17 μM

	
0.03

	
Epalrestat, IC50 0.15 μM

	
0.01




	
Advanced glycation end products (AGE) inhibitory activity

	
N/A

	
IC50 17.89 μM

	
1.44

	
Aminoguanidine, IC50 81.05 μM

	
0.35




	
[51]

	
47

	
α-glucosidase inhibition

	
N/A

	
IC50 8.96 μM

	
0.90

	
Acarbose, IC50 28.06 μM

	
0.82




	
48

	
IC50 82.47 μM

	
0.22




	
1

	
IC50 75.80 μM

	
0.81




	
49

	
IC50 1.05 μM

	
0.03




	
50

	
IC50 3.76 μM

	
0.17




	
51

	
IC50 2.57 μM

	
0.25




	
52

	
IC50 3.02 μM

	
0.54




	
53

	
IC50 2.99 μM

	
0.86




	
54

	
IC50 3.22 μM

	
0.01




	
55

	
IC50 155.57 μM

	
1.27




	
[55]

	
62

	
Pancreatic α-amylase inhibition

	
N/A

	
IC50 44 μM

	
3.0

	
Acarbose, IC50 1.3 μM

	
0.2




	
[57]

	
12

	
α-Glucosidase inhibition

	
N/A

	
IC50 11.63 μM

	
0.36

	
Acarbose, IC50 0.59 μM

	
0.14




	
Apigenin-7-O-glucoside (63)

	
IC50 22.80 μM

	
0.24




	
7

	
IC50 46.39 μM

	
0.34




	
Pinocembrin (68)

	
α-Glucosidase inhibition (Sucrase activity)

	
N/A

	
IC50 0.39 μM

	
0.02

	
Acarbose

	
N/A




	
Pinocembrin (68)

	
α-Glucosidase inhibition (Maltase activity)

	
N/A

	
IC50 0.35 μM

	
0.021




	
[62]

	
75a

	
PPAR-γ agonism

	
N/A

	
EC50 47.07 μM

	
N/A

	
Bavachinin, EC50 18.74 μM

	
N/A




	
75b

	
EC50 11.25 μM

	
N/A




	
75c

	
EC50 3.30 μM

	
N/A




	
75d

	
EC50 13.61 μM

	
N/A




	
75e

	
EC50 114.33 μM

	
N/A




	
75f

	
Inactive

	
N/A




	
76a

	
EC50 42.53 μM

	
N/A




	
76b

	
EC50 3.55 μM

	
N/A




	
[63]

	
77a

	
α-Glucosidase inhibition

	
N/A

	
IC50 45 μM

	
N/A

	
N/A

	
N/A




	
77r

	
IC50 86 μM

	
N/A




	
77t

	
IC50 960 μM

	
N/A




	
77u

	
IC50 1000 μM

	
N/A




	
[64]

	
1

	
α-Glucosidase inhibition

	

	
IC50 4.92 μg/mL

	
7.06

	
Quercetin (commercial), IC50 4.30 μg/mL

	
1.06




	
Isoscutellarein (78)

	
IC50 7.15 μg/mL

	
0.96




	
6

	
IC50 12.19 μg/mL

	
4.63




	
Hypoletin (79)

	
IC50 48.42 μg/mL

	
9.71




	
1

	
DPP-4 inhibition

	

	
IC50 21.75 μg/mL

	
5.81

	
Sitagliptin, IC50 24.51 μg/mL

	
1.01




	
78

	
IC50 22.32 μg/mL

	
1.52




	
6

	
IC50 45.93 μg/mL

	
8.61




	
79

	
IC50 34.89 μg/mL

	
7.44
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Table 2. Important structural characteristics of different classes of flavonoids as anti-inflammatory and antidiabetic activities. The up arrow means increasement and the down arrow means decreasement of the activity.
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Anti-Inflammatory Activity of Flavonoids




	
References

	
A-Ring

	
B-Ring

	
C-Ring




	
C5

	
C6

	
C7

	
C8

	
C2′

	
C3′

	
C4′

	
C5′

	
C2

	
C3

	
C4




	
[25]

	
OH ↑

	

	
OH ↑

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	

	
C=O ↑




	
[26]

	

	

	

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	
OH ↓

	




	
[27]

	

	

	

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	
OH ↓

	




	
[28]

	
Catechol moiety ↑

	
Catechol moiety ↑

	
C2=C3 ↑

	

	
C=O ↑




	
[29]

	

	

	

	

	

	
Conjugation of OH ↓

	

	

	
C2=C3 ↑

	
Glucuronidation of OH ↓

	




	
[30]

	
OH ↑

	
Glycosylation of OH or C ↑

	
OH ↑

	

	

	
OH ↑

	
OH ↑

	

	

	

	




	
[31]

	

	

	

	
Glucopyranosyl ↑

	

	

	
OMe ↑

	

	
C2=C3 ↓

	
OH and sugar moiety ↓

	




	
[32]

	
Methylation ↑

OH ↓

	

	

	

	

	

	

	




	
[33]

	
Glycosylation ↑

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	

	




	
[34]

	
OH ↑

	

	

	

	
OH ↑

	
OH ↑

	
OH ↑

	
OH ↑

	
C2=C3 ↑

	
Sugar moiety ↓

	




	
[35]

	

	

	

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	

	




	
[36]

	
OH ↑

	

	
OH ↑

	

	

	

	

	

	
C2=C3 ↑

	

	
C=O ↑




	
[37]

	
OH ↑

	

	
OH ↑

	
OMe ↑

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	
OH ↓

	




	
[38]

	

	

	

	

	

	
OH ↑

	
OH ↑

	

	

	

	




	
[39]

	
OH ↑

	

	
OH ↑

	

	

	

	
OH ↑

	

	

	

	




	
[40]

	
OH ↑

	

	
OH ↑

	

	

	

	

	

	
C2=C3 ↑

	
OH ↑

	
C=O ↑




	
[41]

	
OH ↑

	

	
OH ↑

	

	

	
OH ↑

	
OH ↑

	

	

	

	




	
[42]

	

	

	

	

	
OH ↑

Conjugation of OH ↓

	
OH ↑

Conjugation of OH ↓

	
Substitution ↓

	

	

	

	




	
Antidiabetic activity of flavonoids




	
References

	
A-Ring

	
B-Ring

	
C-Ring




	
C5

	
C6

	
C7

	
C8

	
C2′

	
C3′

	
C4′

	
C5′

	
C2

	
C3

	
C4




	
[46]

	

	

	

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	

	




	
[47]

	

	

	
Sugar moiety ↓

	

	

	
OH ↑

	
OH ↑

	

	

	
OH ↓

	




	
[48]

	
OH ↑

	

	
OH ↑

Glycosylation of OH ↓

	

	

	
OH ↑

Conjugation of OH ↓

	
OH ↑

Conjugation of OH ↓

	

	

	
Methylation of OH ↑

	




	
[49]

	

	

	

	

	

	

	

	

	

	
OMe ↑

	




	
[50]

	
OMe ↑

	

	

	
Prenyl group ↑

	

	
OH ↑

	
OH ↑

	

	

	

	




	
[51]

	

	

	

	

	
Gallolyl moiety ↑

OH ↑

	
OH ↑

	
OH ↑

	
OH ↑

	

	

	




	
[52]

	

	

	

	

	

	
OH ↑

	

	

	

	

	




	
[53]

	

	

	
Rhamnosyl moiety ↑

	

	

	

	

	

	

	
Rhamnosyl moiety ↑

	




	
[54]

	
OH ↑

	

	
OH ↑

	
OH ↑

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	
OH ↑

	




	
[55]

	
OH ↑

	

	
OH ↑

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	
Cl ↑

	




	
[56]

	

	

	
Bulky group and H bond acceptor ↑

	

	

	

	

	

	

	
Minor group and EDG ↑

	




	
[57]

	

	

	
OH ↑

	

	

	

	

	

	

	

	




	
[58]

	

	
OH ↑

	
Glycosylation of OH ↓

	

	

	
OH ↑

	

	
OH ↑

	
C2=C3 ↑

	
Galloylation of OH ↑

Glycosylation of OH ↓

	




	
[59]

	
OH ↑

	
OH ↑

	
OH ↑

	

	

	

	
OMe ↑

	

	

	

	




	
[62]

	

	
Isopentyl moiety ↑

	
Geranyl moiety ↓

	

	

	
EDG or EWG ↑

	

	

	

	

	




	
[63]

	
OH ↑

	
OH ↑

	
OH ↑

	
OH ↓

F ↑

	

	

	

	

	

	

	




	
[64]

	

	

	

	

	

	
OH ↑

	
OH ↑

	

	
C2=C3 ↑

	

	
C=O ↑
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