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Abstract:



Diabetes mellitus is a chronic condition associated with the metabolic impairment of insulin actions, leading to the development of life-threatening complications. Although many kinds of oral antihyperglycemic agents with different therapeutic mechanisms have been marketed, their undesirable adverse effects, such as hypoglycemia, weight gain, and hepato-renal toxicity, have increased demand for the discovery of novel, safer antidiabetic drugs. Since the important roles of the sodium-glucose cotransporter 2 (SGLT2) for glucose homeostasis in the kidney were recently elucidated, pharmacological inhibition of SGLT2 has been considered a promising therapeutic target for the treatment of type 2 diabetes. Since the discovery of the first natural SGLT2 inhibitor, phlorizin, several synthetic glucoside analogs have been developed and introduced into the market. Furthermore, many efforts to find new active constituents with SGLT2 inhibition from natural products are still ongoing. This review introduces the history of research on the development of early-generation SGLT2 inhibitors, and recent progress on the discovery of novel candidates for SGLT2 inhibitor from several natural products that are widely used in traditional herbal medicine.
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1. Introduction


Diabetes mellitus is a chronic condition characterized by hyperglycemia, due to the metabolic impairment of insulin production/secretion and/or utilization in human body. It plays a pivotal role in the development of several important cardiovascular, neurological, and renal complications, which are the main underlying reasons for morbidity and mortality in diabetic patients [1]. The International Diabetes Federation recently reported that the estimated number of adult people with diabetes worldwide is approximately 415 million, indicating that one in eleven adults currently has diabetes, and this number is expected to increase to over 640 million within 25 years [2].



Type 2 diabetes mellitus, also called non-insulin dependent diabetes mellitus (NIDDM), is the most common type of diabetes and its pathogenesis is associated with various mechanisms. Due to the complexity of this disease and the maintenance of compliance of the diabetic patients, many kinds of oral antihyperglycemic agents have been developed and are now available, such as sulfonylureas, meglitinides, biguanides, thiazolidinediones, α-glucosidase inhibitors, and dipeptidyl peptidase-IV (DPP-IV) inhibitors. Nevertheless, some undesirable adverse effects caused by the administration of these medications, including hypoglycemia, gastrointestinal symptoms, weight gain, and hepato-renal toxicity, have increased demand for the discovery of safer antidiabetic agents with novel therapeutic mechanisms [3].



After the renal glucose reabsorption kinetics were firstly demonstrated in the late 1930s [4], the two main glucose transport systems in the proximal tubule were characterized as the sodium-glucose co-transporter (SGLT) 1 (high affinity, low capacity) and SGLT2 (low affinity, high capacity) [5,6,7,8,9]. SGLT2, the most prevalent and important SGLT subtype, accounts for more than 90% of glucose reabsorption at the early proximal tubule in normoglycemic conditions [10,11,12]. On the other hand, hyperglycemia stimulates proximal tubular growth and SGLT2 expression, leading to an increase in renal glucose reabsorption and the unsatisfactory control of diabetes. The inhibition of SGLT2 induces glucosuria and lowers blood glucose levels [12,13,14,15,16]. As a key mechanism for glucose homeostasis in the kidney, therefore, SGLT2 inhibitors have been considered promising agents for the treatment of type 2 diabetes in the past few years.



Natural products have been widely used for the regulation of normal physiological conditions and the treatment of various chronic diseases, as a form of pharmaceuticals and dietary supplements. To date, numerous studies have demonstrated that natural product extracts and/or their active phytochemicals showed various antidiabetic properties, such as insulinotropic effect, peroxisome proliferator-activated receptor γ (PPARγ) activation, AMP-activated protein kinase (AMPK) pathway activation, α-glucosidase inhibition, glucose transporter 4 (GLUT4) expression/translocation, and protein tyrosine phosphatase 1B (PTP1B) inhibition, with lower side effects [3]. This review introduces the first plant-derived SGLT inhibitory compound, phlorizin, and its synthetic analogs, which are now commercially available, and summarizes recent progress on the discovery of novel candidates for SGLT2 inhibitor from natural products.




2. The First Natural SGLT Inhibitor, Phlorizin, and Its Glucoside Analogs


Phlorizin, a dihydrochalcone isolated from the bark of apple trees in 1835, is known to be the first natural product substance with SGLT inhibitory activity [17]. Due to its similarities with extracts from the cinchona and willow tree, phlorizin was previously considered a candidate for the treatment of fevers, infectious diseases, and malaria [18]. Approximately 50 years later, Chasis et al. [19] reported that phlorizin inhibits renal glucose reabsorption and increases urinary glucose excretion. The association between phlorizin and the active glucose transport system of the proximal tubule brush border was revealed in the early 1970s [5]. Moreover, several in vivo studies using diabetic animal models have demonstrated that phlorizin administration decreased fasting and/or postprandial blood glucose levels and increased insulin sensitivity [20,21,22,23]. More recently, Katsuno et al. [24] reported that phlorizin inhibited both human SGLT1 and SGLT2, with the inhibitory constant (Ki) values of 151 and 18.6 nM, respectively.



In spite of its sufficient inhibitory effects against SGLTs, phlorizin was ultimately considered to be inappropriate for further development as an antihyperglycemic medication due to some critical drawbacks. First, as described above, phlorizin inhibits both SGLT1 and SGLT2 with low therapeutic selectivity. The inhibition of SGLT1, which is primarily localized in the small intestine, can cause several gastrointestinal side effects, such as diarrhea, dehydration, and malabsorption. Second, phlorizin is poorly absorbed in the small intestine, due to its low oral bioavailability. Third, phloretin, a β-glycosidases catalyzed hydrolytic metabolite of phlorizin, strongly inhibits the ubiquitous glucose transporter 1 (GLUT1), which then may obstruct glucose uptake in various tissues [9,17,24,25].



To overcome these limitations, several pharmaceutical companies began extensive research to develop novel phlorizin-based analogs with improved bioavailability and stability, as well as SGLT2 selectivity. In the early stages, they focused on the O-glucoside analogs, and an orally-available selective SGLT2 inhibitor T-1095 was developed [26]. T-1095 underwent extensive hepatic metabolism into its active form, T-1095A, resulting in a dose-dependent decrease in urinary glucose reabsorption and suppression of blood glucose elevation, along with increased urinary glucose excretion. The calculated IC50 values of T-1095A for the human SGLT1 and SGLT2 were approximately 200 nM and 50 nM, respectively, which reflected more selective and potent inhibitory activities when compared with phlorizin [26]. Other O-glucoside derivatives sergliflozin [27], remogliflozin [28], and AVE2268 [29,30] were developed and their pharmacokinetic and/or pharmacodynamics properties have been evaluated in various in vivo and clinical settings [31,32,33,34,35,36,37,38,39,40,41]. Although these O-glucoside inhibitors showed minimized glucosidase-mediated degradation and enhanced systemic exposure, their poor pharmacokinetic stability and incomplete pharmacological selectivity for SGLT2 turned the interest of many scientists and pharmaceutical companies toward the another derivatives of phlorizin, C-glucosides.



Since the first synthesis of phlorizin C-glucoside analogs was performed in 2000 [42], there have been numerous attempts to find optimal substituents with sufficient potency and selectivity against SGLT2. Consequently, in 2008, Meng et al. [43] developed dapagliflozin, with lipophilic ethoxy substituents at the 4-position on the B-ring of phlorizin (Figure 1). Dapagliflozin showed more than 1200-fold higher potency for human SGLT2 [IC50 (nM): 1.12] versus SGLT1 [IC50 (nM): 1391]. Dose-dependent glucosuric response and decreased fasting and postprandial blood glucose levels were also observed after oral administration of dapagliflozin to rats [43,44]. As an innovative antidiabetic candidate, the efficacy of dapagliflozin has been evaluated in many clinical studies, and this agent exhibited significant decreased plasma glucose levels and glycated hemoglobin (HbA1c), improved glycemic control, and body weight reduction [45,46,47,48,49,50,51,52]. Dapagliflozin was first approved and marketed in Europe in 2012, and the United States Food and Drug Administration (FDA) committee also approved this medication for the treatment of type 2 diabetes in January, 2014.


Figure 1. Phlorizin and its major O- and C-glucoside analogs.
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Beginning with the appearance of dapagliflozin, several C-glucoside inhibitors have been subsequently developed. Canagliflozin, characterized by a thiophene derivative of C-glucoside [53], was approved by the FDA in 2013. Along with over 400-fold difference in inhibitory activities between human SGLT1 and SGLT2 [IC50 (nM) SGLT1: 910; SGLT2: 2.2] [53], canagliflozin exhibited good antihyperglycemic properties comparable to dapagliflozin in many clinical practices [54,55,56,57]. Empagliflozin was the third agent in the gliflozin class approved by both the European Medicines Agency (EMA) and FDA in 2014, having the highest selectivity for SGLT2 over SGLT1 (approximately 2700-fold) among the SGLT2 inhibitors on the market [58]. In recent years, many Japanese pharmaceutical industries have led the development of next generation SGLT2 inhibitors, including ipragliflozin, tofogliflozin, and luseogliflozin [25]. Other compounds, ertugliflozin and LX-4211 (sotagliflozin, a dual SGLT1/2 inhibitor), are now in late-phase clinical trials [59].




3. Recent Progress on the Discovery of Novel SGLT2 Inhibitors from Natural Products


Although many SGLT2 inhibitors are now available and extensively used, many efforts to find new active compounds from natural products as viable candidates for novel SGLT2 inhibitor, like phlorizin, are still ongoing. The chemical structures and assay results of several major natural compounds are described in Figure 2, Figure 3, Figure 4 and Figure 5 and Table 1.


Figure 2. Chemical structures of active compounds from Sophora flavescens [60,61].
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Figure 3. Chemical structures of active compounds from Acer nikoense [62].
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Figure 4. Chemical structures of active compounds from Alstonia macrophylla [63].
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Figure 5. Chemical structures of active compounds from Gnetum gnemonoides [64].
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Table 1. SGLT inhibitory properties of several active compounds isolated from natural products.







	
No.

	
Species (Family)

	
Compound Name (If Known)

	
Inhibition % 1

	
IC50 (μM)

	
Ref.




	
SGLT1

	
SGLT2

	
SGLT1

	
SGLT2






	
1

	
Sophora flavescens (Fabaceae)

	
Pterocarpin

	
NI 2

	
NI 2

	

	

	
[60]




	
2

	
Maackiain

	
NI 2

	
66.5

	

	




	
3

	
Variabilin

	
NI 2

	
49.9

	

	




	
4

	
Formononetin

	
NI 2

	
75.4

	

	




	
5

	
(−)−Kurarinone

	
98.8

	
99.7

	
10.4

	
1.7




	
6

	
Sophoraflavanone G

	
99.2

	
100.0

	
18.7

	
4.1




	
7

	
Sophora flavescens (Fabaceae)

	

	

	

	

	
2.6 ± 0.18

	
[61]




	
8

	

	

	

	

	
15.3 ± 1.44




	
9

	
Acer nikoense (Aceraceae)

	
Acerogenin A

	
92.7

	
33.9

	
20.0

	
94.0

	
[62]




	
10

	
Acerogenin B

	
94.2

	
54.2

	
26.0

	
43.0




	
11

	
Acerogenin C

	
44.9

	
67.8

	

	




	
12

	

	
44.6

	
53.3

	

	




	
13

	

	
37.7

	
65.4

	

	




	
14

	

	
96.3

	
77.4

	

	




	
15

	
Alstonia macrophylla (Apocynaceae)

	
10-Methoxy-N(1)-methylburnamine-17-O-veratrate

	
95.8

	
102.6

	
4.0

	
0.5

	
[63]




	
16

	
Alstiphyllanine D

	
89.9

	
101.4

	
5.0

	
2.0




	
17

	

	
46.9

	
95.6

	
20.0

	
7.0




	
18

	
Gnetum gnemonoides (Gnetaceae)

	
Gneyulin A

	

	

	
27.0

	
25.0

	
[64]




	
19

	
Gneyulin B

	

	

	
37.0

	
18.0








1 Inhibition % at 50 μM; 2 no or less than 25% inhibition.








3.1. Sophora flavescens (Fabaceae)


Sophora flavescens (S. flavescens) is one of the most popular and important traditional Chinese medicines. The root of this species (known as “Kushen”) is widely used for the treatment of many diseases, including fever, dysentery, jaundice, leukorrhea, pyogenic skin infection, scabies, swelling, and pain. To date, over 200 constituents have been isolated from S. flavescens, and the major component of this plant were alkaloids and flavonoids [65]. In addition to its traditional uses, numerous studies have been performed to find other therapeutic effects of S. flavescens, such as antitumor, anti-inflammatory, anti-nociceptive, anti-anaphylaxis, anti-asthma, antimicrobial, cardiovascular-protective, and immunoregulatory effects, using its crude extracts and major active compounds [65].



Sato et al. [60], as a follow-up research from the discovery that the S. flavescens methanol extract has a potent SGLT inhibitory activity, screened nine compounds isolated from the dried root of S. flavescens for their effects on SGLT inhibition. Interestingly, except for pterocarpin (1), three compounds with isoflavonoid-based structures, namely maackiain (2), variabilin (3), and formononetin (4) showed exclusive inhibitory activity only against SGLT2, but not against SGLT1. Thus, it is suggested that the presence of the hydroxyl functional group in isoflavonoid is crucial for acquiring SGLT2 inhibitory activity. Meanwhile, most flavanone compounds extensively inhibited both SGLTs, with selectivity against SGLT2. The two most potent compounds were (−)–kurarinone (5) and sophoraflavanone G (6), with IC50 values of 10.4 and 18.7 μM for SGLT1, and 1.7 and 4.1 μM for SGLT2, respectively. The increase in SGLT1 inhibition was assumed to be attributable to the common lavandulyl functional group at the C-8 position.



More recently, Yang et al. [61] reported the effects of isoflavonoid glycosides from the root of S. flavescens on SGLT2 inhibition. All nine isolated compounds in the research exhibited SGLT2 inhibitory activity, with the strongest SGLT2 inhibition in compound 7 [IC50 (μM): 2.6 ± 0.18]. In addition, compound 8 also showed moderate inhibition for SGLT2 [IC50 (μM): 15.3 ± 1.44]. Since the study was designed as a simple screening assessment and the inhibitory activity was established only for SGLT2, the conformational importance of the inhibitory activity and selectivity against SGLT2 was not discussed.




3.2. Acer nikoense (Aceraceae)


Acer nikoense (A. nikoense) is native to and widely distributed in Japan, and its stem bark extracts are used in Japanese folk medicine for the treatment of hepatic disorders and eye diseases [66]. Several active constituents from A. nikoense, including specific cyclic diarylheptanoid acerogenins, have been assessed for their anticancer, anti-inflammatory, antifungal, and antibacterial effects [62].



Morita et al. [64] evaluated the effects of four compounds isolated from the bark of A. nikoense and sixteen related derivatives on SGLT inhibitory activity. Two cyclic diarylheptanoids, acerogenin A (9) and B (10), presented marked inhibition for both SGLT1 [IC50 (μM) 9: 20.0; 10: 26.0] and SGLT2 [IC50 (μM) 9: 94.0; 10: 43.0], while other isolated compounds (including one acyclic diarylheptanoid) did not show sufficient inhibition of either SGLT.



Notably, the ketone derivatives at the C-11 position (with or without additional substitution of the hydroxyl group for methyl ester at C-2) of acerogenin A/B, compounds 11 (acerogenin C), 12, and 13 acquired increased, selective inhibitory activity against SGLT2 versus SGLT1 compared to their precursors at the same tested concentration. Moreover, another derivative of acerogenin A, characterized by dihydroxylation at the C-11 position (14) showed the most potent inhibitory activities against both SGLTs, with non-selectivity. These results suggest that the position and/or presence of a hydroxyl group at C-9 or C-11 and their stereochemistry may not be a key structure for SGLT inhibition. The modification of the diarylheptanoid ring system (such as amide substitution or unsaturated C–C bond formation) resulted in a decrease in SGLT inhibition, indicating that the ring conformation of acerogenins and its derivatives can affect the inhibitory effect of each constituent against SGLTs.




3.3. Alstonia macrophylla (Apocynaceae)


Alstonia macrophylla (A. macrophylla), also called hard alstonia or hard milkwood, is native to Southeast Asia regions such as Indonesia, Malaysia, the Philippines, Thailand, and Vietnam. This plant has been traditionally used as a general tonic, aphrodisiac, anticholeric, antidysenteric, antipyretic, emmenagogue, and vulnerary agent in Thailand [67]. As a rich source of diverse phytochemicals, several biological activities including antimalarial, antimicrobial, antioxidant, antidiabetic, anti-inflammatory, antipyretic, antipsychotic, antifertility, and antiprotozoal effects have been demonstrated using various extracts and active compounds from A. macrophylla [68].



Arai et al. [63] isolated twenty alkaloid compounds from the leaves of A. macrophylla and assessed the SGLT inhibitory potentials of these constituents. Of twenty compounds, five picraline-type alkaloids showed good SGLT1 and SGLT2 inhibition, with the highest in 10-methoxy-N(1)-methylburnamine-17-O-veratrate [15, IC50 (μM) SGLT1: 4.0; SGLT2: 0.5] and alstiphyllanine D [16, IC50 (μM) SGLT1: 5.0; SGLT2: 2.0]. Meanwhile, other ajmaline- and macroline-type alkaloid compounds showed no inhibitory activities against SGLT1 and/or SGLT2. The results from the structure-activity relationship (SAR) approach suggested that the presence of an ester side chain at the C-17 position may play a pivotal role in SGLT inhibitory activity. When further SAR study using eight derivatives was assessed, the hydroxyl derivative in alstiphyllanine D (17) improved the selectivity for SGLT2 more than the others, although the absolute IC50 value was slightly increased [IC50 (μM) SGLT1: 50.0; SGLT2: 7.0].




3.4. Gnetum gnemonoides (Gnetaceae)


Gnetum gnemonoides (G. gnemonoides) is a kind of tropical lianas, widely distributed in the Southeast Asia-Pacific region including Malaysia, Indonesia, Philippines, New Guinea, and Bismarck Archipelago. Although there is no scientific report on the medicinal effectiveness of G. gnemonoides yet, it is known that stilbenes isolated from the Gnetum species possess biological properties such as hepatoprotective, antioxidant, antimicrobial, and enzyme inhibitory activities [68].



Shimokawa et al. [64] isolated two stilbene trimers, gneyulin A (18) and B (19), consisting of oxyresveratrol units from the dried bark of G. gnemonoides, and simply screened their effect on the inhibition of SGLT1 and SGLT2. These two compounds both showed moderate, non-selective inhibitory activity for each SGLT [IC50 (μM) 18 SGLT1: 27.0, SGLT2: 25.0; 19 SGLT1: 37.0, SGLT2: 18.0]. They also newly discovered two dihydroflavonol-C-glucosides, noidesol A and B, but these compounds showed no SGLT inhibitory potential.




3.5. Schisandra chinensis (Schisandraceae)


Schisandra chinensis (S. chinensis, commonly called “five-flavor berry”) is native to Northern China and the Russian Far East, and its fruits are traditionally used as an anti-aging, antitussive, sedative, and tonic agent [69]. S. chinensis contains various phytochemicals including polyphenols, lignans, and triterpenoids, and its pharmacological effects on various organ systems have been extensively assessed [70].



Qu et al. [71] recently evaluated the SGLT inhibitory activities of Schisandrae Chinensis Fructus (SCF), for the purpose of identifying specific SGLT2 inhibitory compounds. In the first-step screening with aqueous and ethanol SCF extracts at a concentration with no cytotoxicity (1 mg/mL), more potent inhibition rates for both SGLTs were observed with the ethanol extract. After fractionation of the ethanol extract of SCF, a total of nine fractions (F1–F9) underwent further SGLT inhibition assessment. Of six fractions that exhibited inhibitory activity against SGLT1 and/or SGLT2, only two fractions (F8 and F9) showed significant SGLT2-selective patterns, with the inhibition rate of 41.9% and 36.7% of the control, respectively.



The effects of three common lignan compounds isolated from F8, deoxyschisandrin, schisandrin B (γ-schisandrin), and schisandrin on SGLT inhibition were finally investigated. However, none of them showed inhibitory activities against either SGLT, suggesting that these major lignans are not the primary components for the SGLT inhibition of SCF.





4. Conclusions


Since the important roles of SGLT2 for renal glucose reabsorption and systemic glucose homeostasis in the human body were elucidated, the inhibition of SGLT2 has been considered a promising therapeutic target for the treatment of type 2 diabetes mellitus. From the beginning of the 21st century, several SGLT2 inhibitors derived from a natural active compound phlorizin, began to be marketed and widely used as monotherapy or in combination with other oral antihyperglycemic agents. Although the therapeutic efficacy of these early-generation SGLT2 inhibitors are well established and most of the reported adverse events associated with drug administration tend to be mild and reversible, we should also not rule out the possibility of unrecognized, unexpected side effects which may be fatal and life-threatening to diabetic patients. It is reported that additional adverse reactions, such as ketoacidosis, urosepsis, pyelonephritis, acute kidney injury, anaphylaxis, and angioedema, have been identified as an early post-marketing experience of canagliflozin and empagliflozin use [72,73]. Furthermore, conventional SGLT2 inhibitors have some pharmacokinetic concerns, such as low tissue permeability, poor stability [74], and potential for drug interactions, closely related to their glycoside structure. In a recent clinical study, for example, co-administration of canagliflozin with rifampin, known as a non-selective UDP-glucuronosyltransferase (UGT) enzyme inducer, reduced UGT-mediated metabolism of canagliflozin, leading to a decrease in the plasma exposure of this agent [75].



In this review, various active compounds from several natural products with different chemical and biological characteristics from phlorizin and its synthetic analogs were summarized. Although the recent researches on discovering novel SGLT2 inhibitors from natural products are in its beginning stage and the study results are limited to the in vitro screening of SGLT inhibitory activity and SAR approach, further investigations will provide better molecular information on the discovery and development of next-generation SGLT2 inhibitors which are more effective and safer than conventional drugs.
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