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Abstract
Selective analogs of the natural glycoside phloridzin are marketed drugs that re‐
duce hyperglycemia in diabetes by inhibiting the active sodium glucose cotrans‐
porter SGLT2 in the kidneys. In addition, intestinal SGLT1 is now recognized as a 
target for glycemic control. To expand available type 2 diabetes remedies, we 
aimed to find novel SGLT1 inhibitors beyond the chemical space of glycosides. We 
screened a bioactive compound library for SGLT1 inhibitors and tested primary hits 
and additional structurally similar molecules on SGLT1 and SGLT2 (SGLT1/2). Novel 
SGLT1/2 inhibitors were discovered in separate chemical clusters of natural and syn‐
thetic compounds. These have IC50‐values in the 10‐100  μmol/L range. The most 
potent identified novel inhibitors from different chemical clusters are (SGLT1‐IC50 
Mean ± SD, SGLT2‐IC50 Mean ± SD): (+)‐pteryxin (12 ± 2 μmol/L, 9 ± 4 μmol/L), (+)‐ε‐
viniferin (58 ± 18 μmol/L, 110 μmol/L), quinidine (62 μmol/L, 56 μmol/L), cloperastine 
(9 ± 3 μmol/L, 9 ± 7 μmol/L), bepridil (10 ± 5 μmol/L, 14 ± 12 μmol/L), trihexyphenidyl 
(12 ± 1 μmol/L, 20 ± 13 μmol/L) and bupivacaine (23 ± 14 μmol/L, 43 ± 29 μmol/L). 
The discovered natural inhibitors may be further investigated as new potential (pro‐
phylactic) agents for controlling dietary glucose uptake. The new diverse structure 
activity data can provide a starting point for the optimization of novel SGLT1/2 in‐
hibitors and support the development of virtual SGLT1/2 inhibitor screening models.
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1  | INTRODUC TION

Type 2 Diabetes Mellitus (T2DM) is a metabolic disease character‐
ized by prolonged hyperglycemia. In healthy individuals, insulin sig‐
naling controls blood glucose levels by inducing tissues to absorb 
glucose from the circulation. In T2DM, peripheral tissues and the 
liver gradually become insensitive to insulin. The resulting hypergly‐
cemia can induce a range of pathologies, in particular cardiovascu‐
lar disease. T2DM is a growing pandemic,1 and there is a need for 
alternatives to insulin therapy. Powerful glucose–lowering drugs 
are available for T2DM.2 However, these can cause hypoglycemia 
resulting in considerable morbidity and mortality.3 Glycemic con‐
trol therapies should therefore prevent both hyperglycemia and 
hypoglycemia. Accordingly, inhibitors of the Sodium Glucose Linked 
Transporters type 1 and 2 (SGLT1 and SGLT2) have emerged as insu‐
lin independent antihyperglycemic remedies.4-7

SGLTs are members of the superfamily of Solute Carrier trans‐
porter proteins (SLC) and are cotransporters of monosaccharides 
that rely on the concentration gradient of sodium ions to transport 
molecules across cell membranes. SGLT1 is a high‐affinity, low‐ca‐
pacity transporter that absorbs D‐glucose in the small intestine. 
SGLT2 has a lower affinity, but higher capacity for D‐glucose and 
is expressed in the kidney proximal glomerular tubules where it 
reabsorbs ≥90% of glucose from the primary urine.2,8 The natural 
glucosylated‐dihydrochalcone phloridzin is a recognized SGLT inhib‐
itor,9-11 and its glucosuric effect has long been known.12 Phloridzin 
was shown to correct hyperglycemia in rats.13,14 Oral intake of 
phloridzin containing apple extracts caused blood glucose lowering 
and glucosuria in animal and human studies, but phloridzin was not 
detected in plasma or urine and the glucuronide metabolites of its 
aglycon phloretin positively correlated with glucosuria.15,16 Thus, the 
hypoglycemic action of phloridzin involves metabolic and systemic 
effects that are not entirely understood. Furthermore, phloretin was 
shown to have undesirable bioactivities in vitro, including inhibition 
of various transporters, inhibition of oxidative phosphorylation and 
estrogenic activity.17

SGLT2 selective, rapidly absorbed phloridzin analogs were syn‐
thesized to prevent discomfort from high colonic glucose due to 
intestinal SGLT1 inhibition.18-20 These gliflozins efficaciously and 
safely reduced hyperglycemia in humans.21 While the glucosuria 
resulting from taking these drugs prevented weight gain or even 
induced weight loss in T2DM‐patients,6 it can lead to urinary tract 
infections.21 Moreover, SGLT2 inhibitors were shown to have a 
lower efficacy in individuals with impaired renal function.22 As 40% 
of T2DM‐patients have some degree of nephropathy, these drugs 
could have a reduced efficacy in individuals who would benefit the 
most.7 Alternatively targeting intestinal SGLT1 to inhibit glucose 
absorption has therefore gained considerable interest.4,23,24 The 
dual SGLT1/SGLT2 inhibitor sotagliflozin has shown efficacious and 
safe glycemic control in T2DM patients and healthy individuals.25-27 
Furthermore, sotagliflozin increased plasma levels of the incre‐
tin GLP‐1 and the anorexigenic PYY.28 Recently, a nonabsorbable 

sotagliflozin analog was developed, LX2761, that acts as a selective 
SGLT1 inhibitor29 and improved glycemic control associated with in‐
creased circulating GLP‐1 in rodents.30

A natural, moderately active SGLT1 blocker causing no gastro‐
intestinal discomfort would offer a good prophylactic for (pre‐) di‐
abetic individuals.31 This study aimed to identify molecules outside 
the chemical space of phloridzin and structurally similar glycosides 
with moderate SGLT1 inhibitory activity. We screened a bioactive 
compound library, using an in vitro SGLT1 inhibition assay with a 
fluorescent glucose derivative as substrate.32 Screening hits were 
explored by in vitro (re)testing of these and additional structurally 
similar compounds, on SGLT1 and SGLT2 (SGLT1/2). We identified 
various structurally diverse, novel natural and synthetic inhibitors 
of SGLT1/2 in distinct chemical clusters. The dataset of diverse 
SGLT1/2 inhibitors with varying activity was used to develop an in 
silico proteochemometric (PCM) SGLT1 screening model.33 Finally, 
the activity of an identified novel natural inhibitor and a plant extract 
containing this compound were tested in a more physiologically rel‐
evant setting with SGLT1–expressing Caco‐2 cells,34 and the close 
glucose analog 14C‐α‐methylglucose as substrate. This study pro‐
vides starting points for the development and optimization of novel 
SGLT1/2 inhibitors.

2  | MATERIAL S AND METHODS

2.1 | Materials

Dulbecco's Modified Eagle's Medium (DMEM)‐F12, Heat Inactivated 
Fetal Bovine Serum (HI‐FBS) (both Biowest), Hanks' Balanced Salt 
Solution (HBSS) without Ca and Mg, Dulbecco's Phosphate Buffered 
Saline (both HyClone), Isopropanol, Methylene chloride (both Merck), 
25% NaOH (Alfa Aesar), Ultima Gold Scintillation cocktail (Perkin 
Elmer), polypropylene 96‐well plates (Nunc), DMEM, ToxiLight bioas‐
say kit (both Lonza), 15 cm cell culture dishes (Corning), clear‐bottom 
black 96‐well plates and white 96‐well Cellstar plates (both Greiner 
Bio‐One) were all obtained from VWR (Amsterdam, The Netherlands). 
TrypLE Express, Geneticin, Opti‐MEM, D‐glucose free DMEM, 
5000 U/mL Penicillin‐Streptomycin, 100x MEM NonEssential Amino 
Acids (NEAA) Solution (all Gibco), Lipofectamine 2000 and water‐
soluble Probenecid (both Invitrogen), were all ordered from Thermo 
Fisher Scientific (Breda, The Netherlands). 1‐N‐(7‐Nitrobenz‐2‐
oxa‐1,3‐diazol‐4‐yl)amino)‐1‐deoxyglucose (1‐NBD‐glucose) was 
custom synthesized by Mercachem (Nijmegen, The Netherlands). 
Bovine Serum Albumin (BSA), Poly‐L‐lysine hydrobromide mol. wt. 
30 000‐70 000, cell culture grade Dimethyl sulfoxide (DMSO) and 
24‐well transwell plates (Costar) were all acquired from Sigma‐
Aldrich Chemie (Zwijndrecht, The Netherlands). 14C‐α‐methylglu‐
cose was acquired from Perkin Elmer (Groningen, The Netherlands). 
The human SGLT1 (hSGLT1) cDNA cloned in the pCMV6‐neo vec‐
tor was purchased from Origene Technologies (Rockville, USA). The 
human SGLT2 (hSGLT2) cDNA was custom synthesized and cloned 
into the pcDNA3.1 vector by Thermo Fisher Scientific (Breda, 
The Netherlands). Peucedanum praeruptorum extract powder was 
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obtained from Guangzhou Phytochem Sciences (Guangzhou, China). 
Deuterated chloroform containing 0.03% (v/v) Tetramethylsilane 
(TMS) was acquired from Eurisotop (Saint‐Aubin, France).

2.2 | Compounds

The Spectrum Collection bioactive compound library was obtained 
from Microsource (Gaylordsville, USA) and its compounds with sim‐
plified molecular‐input line‐entry specification (SMILES) are shown 
in Table S1. The additional compounds with their SMILES and suppli‐
ers are listed in Table S2. Stock solutions of 100 mmol/L were pre‐
pared in DMSO and stored at −20°C.

2.3 | Cell culture

Chinese Hamster Ovary K1 wild type cells (CHO‐wild type) were ob‐
tained from LGC Standards (Cat. No. ATCC CCL‐61, Wesel, Germany) 
and were maintained in DMEM‐F12 supplemented with 10% Heat 
Inactivated Fetal Bovine Serum (HI‐FBS) and split twice weekly. CHO‐
hSGLT1/2 cells (passage numbers 10‐65) were maintained in DMEM‐
F12 supplemented with 10% HI‐FBS and 400  μg/mL geneticin to 
select for cell clones containing the hSGLT1 and hSGLT2 vectors with 
a neomycin resistance gene. Caco‐2 cells were purchased from DSMZ 
(Cat. No. ACC 169, Lot 16, Braunschweig, Germany) and were main‐
tained in DMEM supplemented with 20% HI‐FBS, 1X NEAA and 83 U/
mL Penicillin‐Streptomycin and split twice weekly. All cells were main‐
tained and incubated in a humidified incubator at 37°C with 5% CO2.

2.4 | Generation of stable CHO‐hSGLT1 and CHO‐
hSGLT2 cell lines

For generation of CHO cell lines stably expressing the hSGLT1 
(SLC5A1) gene, or hSGLT2 (SLC5A2) gene, CHO‐wild type cells were 
seeded in a 12‐well culture plate at 1 × 105 cells/well, grown overnight 
and transfected with 10  μg plasmid DNA and 4 μL Lipofectamine 
2000 in 200  μL OptiMEM. The next day, the cells were collected 
by TrypLE Express treatment and transferred to 15 cm cell culture 
dishes in several dilutions in DMEM‐F12 supplemented with 10% HI‐
FBS and 400 μg/mL geneticin to select for stable clones containing 
the hSGLT1 and hSGLT2 vectors that also carry a neomycin resist‐
ance gene. Cells were grown until small clones were visible and me‐
dium with geneticin was changed regularly. For each cell line, twenty 
clones were randomly selected, transferred to 48‐well culture plates, 
propagated and tested for 1‐NBD‐glucose and 14C‐α‐methylglucose 
uptake (data not shown). Clones with the highest substrate uptake 
levels were used for SGLT1 and SGLT2 inhibition assays.

2.5 | SGLT1 inhibition assay for screening of the 
Spectrum Collection compound library

Two days before the assay, CHO‐wild type and CHO‐hSGLT1 
cells were seeded in maintenance medium at 25  000  cells/well in 

clear‐bottom black 96‐well cell culture plates. Before the assay, cells 
were washed 3 times with 150 μL/well D‐glucose free DMEM with 
0.3% (w/v) BSA. Library compounds at 50 μmol/L (singlicate) pre‐
pared in D‐glucose free DMEM with 160 μmol/L 1‐NBD‐glucose and 
0.3% (w/v) BSA and negative controls (triplicate) were added at 100 
μL/well and placed in a humidified incubator at 37°C with 5% CO2 
for 90 minutes. Next, cells were washed 3 times with DMEM with 
0.3% (w/v) BSA (150 μL/well). Care was taken to remove all medium 
after the last wash. Finally, 1‐NBD‐glucose was extracted from the 
cells by adding 10 μL/well isopropanol and orbital shaking for 5 min‐
utes at 600 rpm, followed by incubation in the dark for 30 minutes. 
Fluorescence was measured on a Tecan Infinite M200 Microplate 
Reader (Tecan, Männedorf, Switzerland) with excitation at 445 nm 
and emission at 525 nm. The amount of 1‐NBD‐glucose taken up 
by the CHO‐wild type or CHO‐hSGLT1 cells in the presence or ab‐
sence of test compounds was interpolated from 1‐NBD‐glucose cali‐
bration standards. The background uptake by CHO‐wild type was 
subtracted from the uptake by CHO‐hSGLT1. Background corrected 
uptake with test compound was expressed as a percentage of cor‐
rected uptake without test compound. In total, 1956 compounds 
were screened for SGLT1 inhibiting activity. An activity threshold 
was arbitrarily set at ≤70% of 1‐NBD–glucose uptake (or >30% inhi‐
bition) compared to negative control.

2.6 | SGLT1 and SGLT2 inhibition assays for 
validation and investigation of screening hits and 
structurally similar compounds

Two days before the assay, CHO‐hSGLT1 or CHO‐hSGLT2 cells 
were seeded in maintenance medium at 60 000 cells/well in clear‐
bottom black 96‐well plates, precoated with 100 μg/mL poly‐L‐ly‐
sine. Cells were washed with 240 μL/well D‐glucose free DMEM. 
Dilutions of test compounds and controls prepared in D‐glucose 
free DMEM with 350 μmol/L 1‐NBD‐glucose, 0.3% (w/v) BSA and 
2  mmol/L probenecid (to inhibit efflux of 1‐NBD‐glucose) were 
added at 90 μL/well in duplicate and placed in a humidified incu‐
bator at 37°C with 5% CO2 for 30 minutes. The assay incubation 
media were removed and stored at −80°C for subsequent cyto‐
toxicity analysis. Then, the cells were washed once with ice‐cold 
DMEM‐F12 and once with ice‐cold HBSS, both at 240  μL/well. 
Care was taken to remove all medium after each wash. Finally, 
1‐NBD‐glucose was extracted from the cells with 100  μL/well 
isopropanol for 10 minutes at 600  rpm using an orbital shaker. 
Fluorescence was measured using a FlexStation 3 Multi‐Mode 
Microplate Reader (Molecular Devices, San Jose, USA) with ex‐
citation at 445 nm, emission at 525 nm and cut off 515 nm. The 
uptake of 1‐NBD‐glucose was normalized to the dynamic range 
between maximal uptake (≤0.5% (v/v) DMSO vehicle control, VC) 
and background uptake (with 15, 50 or 100  μmol/L phloridzin, 
all ≥50× SGLT1/2‐IC50 to achieve complete inhibition). The mean 
normalized SGLT1/2 activity at 5 and 50 μmol/L was calculated 
from n biological replicates as indicated in Table S2. IC50‐values 
were determined from logarithmic dose response curves from 
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0.2 to 500 μmol/L for test compounds and from 1 to 100 μmol/L 
for phloridzin, using four parametric fitting with GraphPad Prism 
version 5.04 software (La Jolla, USA). For some compounds, cell 
detachment was observed at 500 μmol/L and corresponding low 
fluorescence values were excluded from dose response curve fit‐
ting. Inhibition curves were used if R2 ≥ 0.95. The mean IC50‐values 
were calculated from n biological replicates as indicated in Table 1. 
If applicable, statistical outliers were determined using Grubbs’ 
test (alpha = 0.05) and excluded for calculation of the mean ± SD 
normalized SGLT1/2 activity and mean ± SD IC50‐values.

2.7 | Cytotoxicity assay

The cytotoxicity of representative SGLT1/2 inhibitors and 
compounds from the different chemical clusters was tested. 
Cytotoxicity was determined using the ToxiLight bioassay kit ac‐
cording to the supplier's instructions. This nondestructive assay 
measures leakage of the enzyme adenylate kinase (AK) from dam‐
aged cells into the CHO‐SGLT1/2 inhibition assay media, ie the de‐
gree of cytolysis. Briefly, 20 μL of CHO‐SGLT1/2 inhibition assay 
medium was added to 100 μL reconstituted AK detection reagent 
in white 96‐well Cellstar plates and incubated for 5  minutes at 
room temperature. Next, bioluminescence was measured using a 
FlexStation 3 Multi‐Mode Microplate Reader (Molecular Devices) 
by 1 second integrated reading. Cytotoxicity was expressed as the 
percentage of bioluminescence of the DMSO vehicle control which 
was set at 0%. The mean cytotoxicity was calculated from n bio‐
logical replicates (combining CHO‐SGLT1 and CHO‐SGLT2 data) as 
indicated in Table S2. If applicable, statistical outliers were deter‐
mined using Grubbs’ test (alpha = 0.05) and excluded for calcula‐
tion of the mean ± SD. CHO‐SGLT1/2 inhibition assay medium was 
not stored for all assays and cytotoxicity of some compounds was 
not analyzed or analyzed for two biological replicates only. Mean 
values  ≥20% were considered toxic (arbitrary threshold). Most 
compounds showed cytotoxicity values between −20% and 20% 
of vehicle control. Only quinine showed a mean cytotoxicity value 

above the 20% threshold, albeit with a high standard deviation 
(SD), 21 ± 38% (Table S2). Non SGLT1 inhibiting stilbenoids from 
the viniferin–like cluster, but not (+)‐ε‐viniferin or (−)‐ε‐viniferin, 
produced low negative cytotoxicity values ranging from −42% to 
−89%, as well as the flavonoid glycoside wistin with −51%.

2.8 | Preparation of an APC containing Peucedanum 
root extract

Angular pyranocoumarins (APCs) were extracted from Peucedanum 
praeruptorum root extract powder with methylene chloride. Batches 
of 0.5  g powder were shaken with 1.5 mL methylene chloride in a 
2 mL Eppendorf tube for 30 minutes in an Eppendorf Thermomixer 
F1.5 (Eppendorf, Kerkenbos, The Netherlands) at 500 rpm. Then, the 
samples were centrifuged for 10 minutes at 14 000 rpm and the su‐
pernatant was transferred to a glass tube. The pellet was extracted 
a second time as described above. All supernatant fractions were 
pooled into a single glass tube and methylene chloride was removed 
by evaporation under a gentle stream of air. The final pellet was dis‐
solved in 150  μL DMSO. Each extraction resulted in less than 1% 
(w/w) of the starting amount, eg 2 g of Peucedanum praeruptorum root 
extract powder resulted in 15 mg of Peucedanum praeruptorum ex‐
tract (P p.‐extract).

2.9 | NMR sample preparation and data acquisition

Dried P p.‐extract and (+)‐pteryxin were dissolved in deuterated chlo‐
roform with 0.03% (v/v) TMS using an Eppendorf Thermomixer C at 
room temperature. Subsequently, the samples were centrifuged for 
5 minutes at 17 000 g at room temperature and 650 µL of superna‐
tant was transferred to a 5‐mm NMR tube for analysis. 1D 1H‐NMR 
spectra were recorded with a ZG pulse sequence using a Bruker 
Avance III HD 700 spectrometer, equipped with a 5‐mm BBI probe. 
The probe was tuned to detect 1H resonances at 700.13 MHz. The 
internal probe temperature was set to 298 K and 64 scans were col‐
lected in 64k data points with a relaxation delay of 1 second and a 

TA B L E  1  SGLT1/2‐IC50‐values of the most active SGLT1 inhibitor per chemical cluster

Compound Cluster Type

SGLT1‐IC50 (μmol/L) SGLT2‐IC50 (μmol/L)

n Mean SD n Mean SD

Phloridzin Glycosides Natural 25+ 0.34 0.14 29+ 0.16 0.1

(+)‐pteryxin APC Natural 5 12 2 4 9 4

(+)‐ε‐viniferin Viniferin‐like Natural 4 58 18 2 110, 110 n.a.

Quinidine Quinidine‐like Natural 2 51, 74 n.a. 2 72, 40 n.a.

Cloperastine Diphenhydramine‐like Synthetic 4 9 3 6 9 7

Bepridil Trimipramine‐like Synthetic 4 10 5 8 14 12

Trihexyphenidyl Trihexyphenidyl‐like Synthetic 3 12 1 7 20 13

Bupivacaine Bupivacaine‐like Synthetic 4 23 14 5 43 29

IC50‐values of the most active novel inhibitors from chemical clusters presented in Figure 2. Results are means with SD from biological replicates, or 
individual measurements. n.a. = not applicable. + = original dataset contained a statistical outlier that was excluded from calculation of the mean and 
SD.
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spectral width of 20 ppm. The data were processed in Topspin v3.5 
pl 1 (Bruker BioSpin GmbH, Rheinstetten, Germany). An exponen‐
tial window function was applied to the free induction decay with a 
line‐broadening factor of 0.15 Hz prior to the Fourier transformation. 
Manual phase and baseline correction was applied to all spectra. The 
spectra were referenced against the methyl signal of TMS (δ 0.0 ppm).

2.10 | Analysis of cellular uptake and transcellular 
transport of 14C‐α‐methylglucose by Caco‐2 
cell monolayers

Caco‐2 cells (passage numbers 7 and 13) were seeded (29,700 cells) 
onto polycarbonate Transwell® inserts (6.5 mm diameter and 3.0 μm 
pores) and cultured for 21‐24 days to obtain differentiated polarized 
monolayers. Apical and basal medium was refreshed twice a week 
and the final medium refresh was done the day before the uptake and 

transport experiment. TransEpithelial Electrical Resistance (TEER) 
was measured with an EVOM2 epithelial voltmeter (World Precision 
Instruments, Sarasota, USA) and inserts were used if TEER > 3000 Ω/
cm2. First, cells were washed twice apically and basally with D‐glu‐
cose free DMEM. Then, 100 μL (+)‐pteryxin dilutions (50 μmol/L and 
500 μmol/L), P p.‐extract dilutions (1/200 and 1/2000), or 0.5% (v/v) 
DMSO vehicle control were applied apical in D‐glucose free DMEM 
with 0.3% (w/v) BSA and 40 nCi/mL 14C‐α‐methylglucose. The basal 
acceptor wells (24‐well) contained 350 μL D‐glucose free DMEM with 
0.3% (w/v) BSA. Then, cells were incubated in a humidified incubator at 
37°C with 5% CO2 for 90 minutes. Inserts were transferred to a clean 
24‐well plate and washed once with DMEM (with D‐glucose) and once 
with HBSS, with 1 mL at the basal and 100 μL at the apical side. Cells 
were lysed with 100 μL of 0.2 mol/L NaOH for 30 minutes at 37°C and 
lysates were analyzed by liquid scintillation counting on a Tri‐Carb 2910 
TR (Perkin Elmer, Groningen, The Netherlands) to determine cellular 

F I G U R E  1  FCFP6‐PCA visualization of 
chemical space occupied by the Spectrum 
Collection compound library and chemical 
clusters with novel SGLT1/2 inhibitors. 
A, Chemical space visualization of the 
Spectrum Collection compound library 
and clusters of additional structurally 
similar molecules with PC1‐3 of the 
FCFP6‐PCA. Detected SGLT1/2 inhibitors 
in the clusters are indicated with ■, other 
cluster compounds with ●. SGLT1/2 
inhibitors exist outside the chemical 
space of the phloridzin–containing 
glycosides cluster. B, Zoomed in image 
of A. C, Molecular clusters obtained 
with a Dice FCFP6 similarity algorithm. 
PC1‐3 of the FCFP6‐PCA explained 14% 
of intercompound differences. For the 
complete datasets of the PCA and Dice 
FCFP6 analyses, see Table S2
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14C‐α‐methylglucose uptake. Basal media were analyzed accordingly 
to determine transcellular 14C‐α‐methylglucose transport. Mean ± SD 
14C‐α‐methylglucose uptake and transport were calculated from two 
biological replicates, each consisting of four technical replicates.

2.11 | Selection and clustering of SGLT1 screening 
hits and structurally similar compounds

From the primary Spectrum Collection SGLT1 screening, 30 hits were 
selected based on commercial availability. Molecules structurally simi‐
lar to primary hits were identified using public online compound data‐
bases (chemspider.com, pubchem.ncbi.nlm.nih.gov/ Pubchem, mcule.
com) and 101 additional compounds were selected based on com‐
mercial availability. All 131 compounds were clustered using a Dice 
fingerprint distance function,35 on predetermined molecular Functional 
Connectivity Fingerprint of 6 atoms (FCFP6). The cluster selection 
method was set on maximum dissimilarity and clusters were recentered 
to minimize the average distance within a cluster. The maximum dis‐
tance between cluster centers was set at 0.6. Calculation of FCFP6 val‐
ues and clustering was done using Pipeline Pilot software v9.2 (BIOVIA, 
San Diego, USA). Similarity of cluster compounds (x) was expressed as a 
percentage of the cluster center (c) which was set at 100% Sxc (Table S2).

2.12 | Principal component analysis of compound 
clusters and Spectrum Collection compound library

Principal Component Analysis (PCA) of the 131 primary hits plus se‐
lected additional similar compounds and of the Spectrum Collection 
compound library was based on FCFP6 molecular fingerprints, or 
on nine Physicochemical Molecular Descriptors (PMD): AlogP (hy‐
drophobicity), molecular weight, number of H donors, number of H 
acceptors, number of rotatable bonds, number of atoms, number 
of rings, number of aromatic rings and number of fragments. The 
FCFP6‐PCA and PMD‐PCA were performed using Pipeline Pilot 
software v9.2 (BIOVIA, San Diego, USA) and visualizations were 
made using JMP software v11.0.0 (SAS, Marlow, UK).

3  | RESULTS

3.1 | Screening of the Spectrum Collection bioactive 
compound library for SGLT1 inhibitors

A screening of 1956 compounds from the Spectrum Collection li‐
brary for SGLT1 inhibitors resulted in identification of 108 primary 

hits and 1848 noninhibitors at an activity threshold of ≤70% of nega‐
tive control, corresponding to a hit rate of 5.5%. A complete over‐
view of screened compounds and their SGLT1 inhibitory activity can 
be found in Table S1.

3.2 | Clusters of structurally similar molecules with 
SGLT1 and SGLT2 inhibitory activity

A selection of 30 hits from the primary SGLT1 inhibition screen‐
ing and 101 additional structurally similar compounds were clus‐
tered using a Dice FCFP6 algorithm resulting in 20 clusters of one 
to 19 compounds with a mean intra‐cluster compound similar‐
ity of 74%  ±  7%, excluding four single compound clusters. Both 
natural and synthetic compound clusters could be distinguished. 
For each compound cluster the inhibitory activity on SGLT1 and  
SGLT2 was determined at both 5 and 50 μmol/L. Clusters contain‐
ing natural SGLT1/2 inhibiting compound(s) were: glycosides (14 
compounds), angular pyranocoumarins (APCs) (19 compounds), qui‐
nidine‐like (5 compounds), polysaccharides (8 compounds) and vin‐
iferin‐like (10 compounds). Clusters containing synthetic SGLT1/2  
inhibiting compounds were: trihexyphenidyl‐like (11 compounds), 
diphenhydramine‐like (11 compounds), bupivacaine‐like (13 com‐
pounds), trimipramine‐like (6 compounds), broxyquinoline‐like  
(5 compounds), perhexiline‐like (1 compound), C17H23N3O‐like (2‐
[(3S)‐1‐(1‐methyl‐4‐piperidinyl)‐3‐pyrrolidinyl]‐1,3‐benzoxazole‐like) 
(4 compounds), C17H16FN3O2‐like (2‐[(3S)‐1‐(2‐fluorbenzyl)‐3‐
pyrrolidinyl]‐5‐(2‐furyl)‐1,3,4‐oxadiazole‐like) (8 compounds) and 
triadimefon‐like (2 compounds). The intra‐cluster compound similari‐
ties, SGLT1 and SGLT2 inhibitory activities, and SGLT2/SGLT1 activ‐
ity ratios to indicate selectivity are presented in Table S2.

To visualize the separation of the different molecular clusters 
and the Spectrum Collection compounds in chemical space, PCAs 
were performed based on either the FCFP6 molecular fingerprints, 
or PMD. Principal Components (PC) 1‐3 of the FCFP6‐PCA together 
explained 14% (PC1 6.5%, PC2, 4.2%, PC3 3.5%) of the inter com‐
pound differences, while PC 1‐3 of the PMD‐PCA explained 77% 
(PC1 46%, PC2 19% and PC3 12%). Both PCAs showed that all molec‐
ular clusters were separated from the glycosides cluster, containing 
the canonical phloridzin and structurally related SGLT1/2 inhibitors. 
This shows that SGLT1 inhibitors exist outside the chemical space of 
glycosides. The separation of the clusters in chemical space was best 
visualized using the FCFP6‐PCA (Figure 1 and Figure S3).

Molecular features related to the SGLT1/2 inhibiting activity 
could be identified in some clusters. These and other features are 

F I G U R E  2  Compounds from different chemical clusters show varying inhibition of SGLT1 and SGLT2. Representative compounds 
per cluster are ranked from highest to lowest SGLT1 inhibitory activity at 50 μmol/L. For each compound x in a cluster the similarity 
to the central cluster compound c is indicated ( Sxc(%)). Clusters in order of increasing activity are: A, glycosides (natural), (B) angular 
pyranocoumarins (APC, natural), (C) trimipramine‐like (synthetic), (D) diphenhydramine‐like (synthetic), (E), trihexyphenidyl‐like (synthetic), 
(F) bupivacaine‐like (synthetic), (G) quinidine‐like (natural), (H) viniferin‐like (natural). Results are means with SD from n biological replicates 
of two technical replicates, as indicated in Table S2. For means of n = 2 biological replicates SDs are used indicatively. + = original dataset for 
this compound contained a statistical outlier which was excluded from calculation of the mean and SD
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ACTIVITY RANK 1 2 3 4 6 7 14

COMPOUND phloridzin prunetin-4-p-
galactoside polydatin isoliquiritin liquiritin daidzin kushenol F

Sxc (%) 71 83 69 71 71 100 48

STRUCTURE

ACTIVITY RANK 1 2 3 7 9 13 17

COMPOUND (+)-pteryxin praeruptorin E praeruptorin D praeruptorin B -
INDOFINE praeruptorin C selinidin lomatin

Sxc (%) 95 93 97 97 100 80 66

STRUCTURE

ACTIVITY RANK 1 2 3 4 5

COMPOUND bepridil Verapamil trimipramine imipramine desipramine
Sxc (%) 47 49 100 81 71

STRUCTURE

ACTIVITY RANK 1 2 3 5 7 9 11

COMPOUND cloperastine benztropine orphenadrine caramiphen nefopam diphenhydramine C18H22N2O2

Sxc (%) 72 62 88 57 76 100 47
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ACTIVITY RANK 1 2 3 4 5 8 10

COMPOUND trihexyphenidyl
1-Cyclohexyl-3-
diethylamino-1-
phenyl-propan-1-ol

procyclidine biperiden demethyloxyp-
henonium

1-
benzylpiperidine mirtazapine

Sxc (%) 100 89 96 79 63 58 41

STRUCTURE

ACTIVITY RANK 1 3 4 6 8 9 12

COMPOUND Bupivacaine 1-butyl-N-mesityl-2-
piperidinecarboxamide ritanserin 1-cyclohexyl-N-mesityl-2-

piperidinecarboxamide ropivacaine lidocaine mepivacaine

Sxc (%) 100 89 40 73 96 63 88

STRUCTURE

ACTVITY RANK 1 2 3 4 5
COMPOUND quinidine dihydroquinine quinine cinchonine C19H20F2N4O
Sxc (%) 100 91 100 85 44

STRUCTURE

ACTIVITY RANK 1 2 3 6 8 9 10

COMPOUND (+)-ε-viniferin shegansu B piceatannol (-)-ε-viniferin oxyresveratrol thunalbene pinosylvin

Sxc (%) 100 77 56 100 56 50 58
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described in the next paragraphs and shown in Figure 2. Unless 
stated otherwise, all results described are mean inhibition percent‐
ages obtained with 50 μmol/L inhibitor. Compounds with ≥30% in‐
hibition were considered active inhibitors and clusters are described 
in order of increasing SGLT1 inhibition.

3.3 | Glycosides

The canonical natural SGLT1/2 inhibitor phloridzin caused the 
strongest inhibition of all tested compounds on both SGLT1 and 
SGLT2 (Figure 2A, Table S2). The background 1‐NBD‐glucose uptake 
by SGLT1 and by SGLT2 with 50 μmol/L phloridzin was set at 0%, 
which equaled 100% inhibition. At 5 μmol/L, phloridzin still caused 
high nonselective inhibition of 91% of SGLT1 and 92% of SGLT2. 
Isoliquiritin, a natural dihydrochalcone glucoside like phloridzin 
showed 46% inhibition of SGLT1 and 24% inhibition of SGLT2 indicat‐
ing some SGLT1 selectivity (SGLT2/SGLT1‐50μmol/L of 1.4). Polydatin, 
a natural resveratrol glucoside, inhibited SGLT1 and SGLT2 with 46% 
and 18% respectively, also indicating a modest SGLT1 selectivity 
(SGLT2/SGLT1‐50μmol/L of 1.5). Prunetin‐4‐p‐galactoside inhibited 
SGLT1 and SGLT2 with 62% and 12% respectively, demonstrating 
noteworthy SGLT1 selectivity (SGLT2/SGLT1‐50μmol/L of 2.3).

3.4 | Angular pyranocoumarins

The cluster of the natural APCs contained compounds that were 
second to phloridzin regarding SGLT1 inhibitory activity and showed 
SGLT1 selectivity. Substitution at the 9’ and 10’ C‐atom of the APC 
backbone with an alkyl or alkene ester of 2 to 5 C‐atoms was essen‐
tial for SGLT1 inhibition, ranging from 89% for (+)‐pteryxin to 41% 
for one praeruptorin B (Figure 2B, Table S2). For one APC, the ester 
side chain at C‐atom 10’ contained a 2,3‐dimethyl‐2‐oxiranecar‐
boxylate group which reduced SGLT1 inhibition to 27%. Selinidin, 
lacking the alkene substitution at the C‐10’, showed minimal inhi‐
bition of SGLT1 and SGLT2 (12% and 25% respectively). Lomatin 
and cis‐khellactone, which both lack alkene substitutions but have 
either a hydroxy‐group at C‐9’, or at C‐9’ and C‐10’ respectively, 
displayed no SGLT inhibition. Notably, for several of the SGLT1 
inhibiting APCs substituted at C‐9’ and C‐10’ with alkyl or alkene 
ester side chains that inhibited SGLT1 with 50% to 72%, no to mini‐
mal inhibition of SGLT2 was observed indicating SGLT1 selectivity 
(respectively: praeruptorin C (SGLT2/SGLT1‐50μmol/L of 1.8), peu‐
cedanocoumarin I (SGLT2/SGLT1‐50μmol/L of 2), (+)‐praeruptorin A 
(SGLT2/SGLT1‐50μmol/L of 2), praeruptorin A (SGLT2/SGLT1‐50μmol/L 
of 3.1), praeruptorin D (SGLT2/SGLT1‐50μmol/L of 2.6) and praerup‐
torin E (SGLT2/SGLT1‐50μmol/L of 3.1). APCs that showed no inhibi‐
tion of SGLT1 also did not show SGLT2 inhibition and none of the 
APCs showed selectivity for SGLT2.

3.5 | Trimipramine–like compounds

In the trimipramine–like cluster, bepridil caused the strongest 
SGLT1 inhibition of 74% and SGLT2 inhibition of 70%, followed by 

verapamil (SGLT1 61%, SGLT2 59%) (Figure 2C, Table S2). These two 
compounds were the least similar to the cluster center, with Sxc 47% 
and 49% respectively. Results from a subcluster of most similar com‐
pounds suggested that SGLT1 inhibition is strongest with the N,N,2‐
trimethyl‐1‐propanamine side chain on trimipramine (43% inhibition) 
and that inhibition is reduced when methyl groups are removed, as 
with imipramine (N,N‐dimethyl‐1‐propanamine side chain) (24% inhi‐
bition) and desipramine (N‐methyl‐1‐propanamine side chain) (no in‐
hibition). These differences in activity were not observed for SGLT2 
inhibition, indicating SGLT2 selectivity with an imipramine SGLT2/
SGLT1‐50μmol/L of 0.4 and a desipramine SGLT2/SGLT1‐50μmol/L of 0.5.

3.6 | Diphenhydramine–like compounds

Most (active) diphenhydramine–like compounds showed similar in‐
hibition of SGLT1 (31%‐72%) or SGLT2 (34%‐79%). The inhibitory 
activity is related to two phenyl‐ring structures connected via a sin‐
gle C‐atom and an extending N–containing alkyl group attached via 
an O‐atom (Figure 2D, Table S2). Accordingly, cloperastine displayed 
the strongest SGLT1 inhibition of 72%. Caramiphen deviates struc‐
turally (Sxc of 57%) from the stronger SGLT1 inhibitors in this cluster 
by a substitution of one of the phenyl groups for a cyclopentyl group 
and attachment of the N–containing group via an ester bond instead 
of an O‐atom and, notably, showed stronger inhibition of SGLT2 
(58%) than of SGLT1 (33%) (SGLT2/SGLT1‐50μmol/L of 0.6).

3.7 | Trihexyphenidyl–like compounds

Most active trihexyphenidyl–like compounds were good inhibitors 
of both SGLT1 (43%‐69%) and SGLT2 (40%‐61%) (Figure 2E, Table 
S2). Trihexyphenidyl, the central compound of this cluster, caused a 
considerable reduction in SGLT1 substrate uptake of 69%. For this 
cluster, a central 1‐phenyl‐propan‐1‐ol structure is important for 
SGLT inhibition, with the C‐1’ atom connected to an additional ring 
structure like cyclohexyl, or bicycloheptenyl, and the C‐3’ atom con‐
nected to an extending N–containing alkyl group, like pyrrolidinyl, 
piperidine, or diethylamine, as seen for the active diphenhydramine–
like compounds. Compounds in this cluster with a lower Sxc showed 
lower SGLT1 inhibition. Minimal differences were observed between 
SGLT1 or SGLT2 inhibition.

3.8 | Bupivacaine–like compounds

The SGLT1 inhibitory activity of the bupivacaine–like compounds is 
related to the presence of a piperidine group and the length of the at‐
tached N‐alkyl chain, with inhibitory activity of N‐butyl (bupivacaine, 
64% inhibition)> N‐propyl (ropivacaine, 30% inhibition)> N‐methyl 
(mepivacaine, 11% inhibition) (Figure 2F, Table S2). No difference in 
inhibition was observed between a 2,6‐dimethylphenyl, or a 2,4,6‐
trimethylphenyl group. Notably, unlike the other compounds in this 
cluster the structurally least similar compound ritanserin showed se‐
lectivity towards SGLT2 with an SGLT2/SGLT1‐50μmol/L of 0.3.
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3.9 | Quinidine–like compounds

Quinidine–like compounds displayed inhibiting activity for both 
SGLT1 and SGLT2. Quinidine showed stronger SGLT1 inhibitory 
activity than its stereoisomer quinine, (50% and 24% respectively) 
(Figure 2G, Table S2). For SGLT2 inhibition, a smaller difference was 
observed between these stereoisomers (49% and 34% respectively). 
Dihydroquinine showed somewhat stronger inhibition than quinine.

3.10 | Viniferin–like compounds

Isomers of the resveratrol dimer viniferin demonstrated differential 
SGLT1 or SGLT2 inhibition. (+)‐ε‐Viniferin showed considerable SGLT1 
inhibition (44%) and little inhibition of SGLT2 (SGLT2/SGLT1‐50μmol/L of 
1.4). Conversely, its stereoisomer (−)‐ε‐viniferin did not inhibit SGLT1, 
but did show 35% inhibition of SGLT2 (SGLT2/SGLT1‐50μmol/L of 0.6) 
(Figure 2H, Table S2). Thus, (+)‐ε‐viniferin and (−)‐ε‐viniferin show 
selectivity towards SGLT1 and SGLT2, respectively. Markedly, other 
tested stilbene polymers and monomers did not show any inhibitory 
activity except for Viniferol D that reduced substrate uptake by SGLT2 
with 35%, but had no effect on SGLT1 (SGLT2/SGLT1‐50μmol/L of 0.6).

3.11 | SGLT1/2‐IC50‐values of 
identified novel inhibitors

The inhibitory activity of the most potent compound from relevant 
clusters was analyzed more accurately by determining IC50 values for 
1‐NBD‐glucose uptake by SGLT1 and SGLT2 (Table 1). SGLT1/2‐IC50 
values of found novel inhibitors were in the 10‐100 μmol/L range.

3.12 | Caco‐2 SGLT1 inhibition by (+)‐pteryxin and 
Peucedanum praeruptorum extract

The most potent identified novel natural inhibitor (+)‐pteryxin and 
an extract of the root of the plant Peucedanum praeruptorum (P p.‐ex‐
tract), known to contain the APCs (+)‐pteryxin, peucedanocoumarin 
I and praeruptorins A to E,36 were tested for inhibition of uptake 
and transport of 14C‐α‐methylglucose by Caco‐2 cells expressing 
endogenous SGLT1. Qualitative NMR analyses confirmed the pres‐
ence of (+)‐pteryxin in the P p.‐extract (Figure 3B). At 50 μmol/L and 
500 μmol/L (+)‐pteryxin, 14C‐α‐methylglucose uptake was inhibited 
by 18% and 91% respectively, while the transcellular transport of 
14C‐α‐methylglucose was inhibited by 37% and 89%. Dilutions of 
1/2000 and 1/200 of the P p.‐extract inhibited cellular uptake of 
14C‐α‐methylglucose by 20% and 90% respectively, while the trans‐
cellular transport was inhibited by 43% and 88% (Figure 3A).

4  | DISCUSSION

We have tested natural and synthetic compounds for inhibition of 
the SLCs SGLT1/2. Novel inhibitors were identified in chemically 

different clusters that may serve as chemical leads for the treat‐
ment or prevention of T2DM. Analogs of the natural glycoside 
phloridzin are approved drugs that target renal SGLT2. In addition, 
intestinal SGLT1 is becoming recognized as a target for glycemic 
control.7,30 Inhibition of SGLT1/2 by phloridzin is well established 
in vitro, but the hypoglycemic and glucosuric effects of phlorid‐
zin in vivo involve systemic and metabolic activities of its aglycon 
phloretin and further metabolites that are not entirely under‐
stood.15,16 Hence, the primary aim of this study was to identify 
novel SGLT1 inhibitors outside the chemical space of phloridzin–
like glycosides. Second, we aimed to produce a dataset of chemi‐
cally diverse SGLT1/2 inhibitors for the development of in silico 
SGLT1 inhibitor screening models.33

A bioactive compound library covering a broad spectrum of 
chemical space was screened for SGLT1 inhibitors. Emerging from 
this screening, 131 compounds, both natural and synthetic, were 
further investigated for SGLT1/2 inhibition. Based on their molec‐
ular fingerprints, these compounds were grouped into 20 distinct 

F I G U R E  3   Inhibition of 14C‐α‐methylglucose uptake and 
transcellular transport by Caco‐2 cells by (+)‐pteryxin and 
Peucedanum praeruptorum extract containing (+)‐pteryxin. A, 
Inhibition of 14C‐α‐methylglucose cellular uptake and transcellular 
transport by (+)‐pteryxin and P p.‐extract. Results are means with 
SD from 2 biological replicates, each consisting of four technical 
replicates. VC = vehicle control. B, 700 MHz 1D 1H‐NMR spectra 
of (+)‐pteryxin (top) and P p.‐extract (bottom) dissolved in CDCl3 
(298K). Characteristic signals from (+)‐pteryxin are annotated in 
both spectra using triangles, indicating the presence of (+)‐pteryxin 
in the P p.‐extract
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chemical clusters. All clusters were separate from the cluster of gly‐
cosides. Some partially overlapped with each other when visualized 
with FCFP6‐PCA likely because of only minor structural differences 
between them. Moreover, using t–distributed stochastic neighbor 
embedding analysis, it was recently confirmed in a related study that 
the present SGLT1/2 inhibitor dataset is separated in chemical space 
from the public dataset in the compound database CheMBL.33,37,38 
Thus, the current dataset expands the chemical diversity of SGLT1/2 
inhibitors.

The SGLT1/2‐IC50‐values of the most potent novel inhibitors 
were in the 10‐100  μmol/L range. For some inhibitors, molecular 
features related to the inhibitory activity could be identified. To 
our knowledge, this study is the first to describe natural inhibitors 
showing (moderate) selectivity for SGLT1 over SGLT2. Cell viability 
analyses demonstrated that the inhibitory activities were not due 
to cytotoxicity artifacts (Table S2). The activity of the most potent 
novel natural inhibitor, (+)‐pteryxin, and a natural P p.‐extract con‐
taining this APC, was confirmed in a more physiologically relevant 
model using human intestinal SGLT1–expressing Caco‐2 cells with 
the glucose analog 14C‐α‐methylglucose as model substrate.

SGLT1–mediated transport of the glycoside polydatin, found in 
grape juice,39 has been reported.40 Polydatin ameliorated T2DM 
conditions in in vitro and animal models via various downstream 
mechanisms.41-43 Novel SGLT inhibiting glycosides found here are 
isoliquiritin from Glycyrrhizae radix (Liquorice) and prunetin‐4p‐ga‐
lactoside from Dalbergia spinose roxb, which showed some SGLT1 se‐
lectivity. Another natural SGLT1 inhibitor identified is the resveratrol 
dimer (+)‐ε‐viniferin from the common grape Vitis vinifera.44,45 This 
confirms previous findings of ε‐viniferin reducing SGLT1 mediated 
glucose absorption in porcine jejunum and ileum.46 Results from the 
present study add that (+)‐ε‐viniferin shows moderate selectivity for 
SGLT1, while (−)‐ε‐viniferin displays modest but exclusive inhibition 
of SGLT2.

Other novel natural SGLT1/2 inhibitors identified are the dihy‐
droxy‐APCs from Peucedanum plants. These plants have tradition‐
ally been indicated for treatment of obesity and hyperglycemia.36 
Studies have described possible molecular mechanisms underlying 
the hypoglycemic effect of APCs or plant extracts containing these 
compounds,47-52 but none of these studies revealed the SGLT1 in‐
hibiting activity. Here, the presence of hydroxy‐ester groups on the 
9’ and 10’ C‐atom of the APC backbone showed to be essential for 
SGLT inhibition. Notably, the praeruptorins A, D and E showed se‐
lectivity for SGLT1, while praeruptorin B did not.

Quinidine and quinine from cinchona tree bark are widely used 
antimalarials 53 that showed hitherto unreported SGLT1/2 inhi‐
bition. Notably, hypoglycemia is recognized as a comorbidity of 
malaria with complex multifactorial etiology, including quinine or 
quinidine induced hyperinsulinemia.54-56 Unchanged renal clear‐
ance has been shown for quinine,57 so it could be speculated that 
these drugs may inhibit intestinal SGLT1 and renal SGLT2, contrib‐
uting to blood glucose lowering. To our knowledge, no studies have 
investigated glucosuria upon quinine and quinidine administra‐
tion to support this hypothesis. Quinine is also used as a flavoring 

agent in beverages. It can be speculated that at the maximum FDA 
limit of 250 μmol/L per beverage, achievable gastrointestinal con‐
centrations of about 200  μmol/L may partly inhibit SGLT1 (https​
://www.acces​sdata.fda.gov/scrip​ts/cdrh/cfdoc​s/cfcfr/​CFRSe​arch.
cfm?fr=172.575). Overall, the above findings warrant further re‐
search in the application of the natural compounds isoliquiritin, 
prunetin‐4p‐galactoside, polydatin, (+)‐ε‐viniferin, APCs, quinine, 
or plant extracts containing these, as potential SGLT1 targeting 
treatments for glycemic control.

Identified novel SGLT1/2 inhibitors from the trihexyphenidyl–
like cluster (trihexyphenidyl, procyclidine, biperiden) and the diphen‐
hydramine–like cluster (cloperastine, benztropine, orphenadrine) are 
known anticholinergics and, except for cloperastine, M1 muscarinic 
receptor antagonists.58 Interestingly, anticholinergic drugs from 
other clusters, vesamicol and clemastine, also showed SGLT1/2 inhi‐
bition. Blood glucose lowering, or interactions with SGLT1/2 in indi‐
viduals taking these drugs have not been investigated, but one case 
report showed reduced blood glucose in an oral glucose tolerance 
test with orphenadrine.59

The antianginal drug bepridil showed SGLT1/2 inhibition here 
as well. It was tested in T1DM and T2DM patients on antidiabetic 
medications, but no additional reduction in blood glucose levels was 
observed.60 The antiarrhythmic drug verapamil reduced the appar‐
ent Km for the (presumed) SGLT1–mediated uptake of D‐galactose 
by rabbit jejunum in vitro. Conversely, exposure of rabbit jejunal 
tissue to verapamil did not reduce D‐glucose uptake.61,62 However, 
verapamil was shown to improve glucose tolerance 63 and reduce 
serum glucose levels in T2DM patients.64,65 The local anesthetics 
bupivacaine, levobupivacaine and ropivacaine, as well as the anti‐
depressant trimipramine also emerged as novel SGLT1/2 inhibitors 
in this study. Blood glucose lowering has been described for neither 
of them. Interestingly, many of the aforementioned approved drugs 
with novel identified SGLT1/2 inhibitory activity act via inhibition of 
various cation transporters including sodium linked cotransporters 
other than SGLT1/2 (Table S4).58

We applied a cellular screening assay to analyze the SGLT1/2 
inhibitory activity of structurally diverse compounds using the fluo‐
rescent substrate 1‐NBD‐glucose instead of the radiolabelled close 
glucose analog 14C‐α‐methylglucose. This enabled the investigation 
of more than 2000 compounds using a standard microplate fluores‐
cence reader while simultaneously limiting radioactive waste. Wu et 
al66 successfully applied a similar approach to screen for nonglyco‐
side SGLT2 inhibitors and identified compounds with a benzimidaz‐
ole scaffold as hits. 

The activity of the identified novel SGLT1 inhibitors with IC50‐val‐
ues in the μmol/L‐range is modest compared to developed phlorid‐
zin–like SGLT1/2 inhibitors with nmol/L‐range IC50‐values. However, 
it can be speculated that depending on the dose and gastrointestinal 
stability, μmol/L‐range concentrations of these compounds may be 
achievable in the intestinal lumen at the intestinal wall SGLT1 target 
site after oral administration, before absorption and metabolism. For 
example, for the approved drugs with novel SGLT1/2 inhibition, ef‐
ficacious gastrointestinal concentrations may be attainable at their 

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=172.575
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=172.575
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=172.575
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highest prescribed single oral dose (Table S5). However, these drugs 
are designed to be rapidly absorbed and further study is required to 
determine whether effective concentrations are obtained and main‐
tained at the intestinal SGLT1 target site.58 Possibly, applying a re‐
versed pharmacokinetics optimization approach, these compounds 
provide a scaffold to develop nonabsorbable SGLT1 inhibitors anal‐
ogous to the phloridzin–like inhibitor LX2761.29

Moreover, to enhance the potency and selectivity of the iden‐
tified leads we suggest an active learning strategy based on PCM 
modeling.33,67 This type of modeling incorporates data of both li‐
gand and known protein targets without requiring 3D structural 
information making it particularly useful as a virtual screening 
model for transmembrane transporters like SGLT1/2. The PCM 
model is trained on existing data and used to virtually screen a 
library of novel compounds (or modified previously identified 
hits). Subsequently, a selection is made for experimental valida‐
tion based on a high predicted activity but with a relatively modest 
probability.68 This is contrary to ordinary virtual screening wherein 
data points to be selected have a high predicted activity and prob‐
ability. Hence, the model is used to identify data points that lead 
to the highest information gain (exploration) as opposed to identify 
newly active data points (exploitation). Previously this approach 
was shown to lead to a quick improvement in biological activity.69 
Accordingly, using the current and a public dataset, a first PCM 
SGLT1 screening model was developed that effectively predicted 
moderately active SGLT1 inhibitors outside the chemical space of 
the training set.33 We expect further iterations of in silico and in 
vitro testing to improve this PCM SGLT1 model and the activity of 
its predicted hits.

In conclusion, we discovered novel natural and synthetic 
SGLT1/2 inhibitors beyond the chemical space of phloridzin and 
its analogs. The natural inhibitors are promising leads that may 
be further investigated as (prophylactic) agents to control dietary 
glucose uptake, for example as functional food ingredients or 
supplements. The synthetic inhibitors are mainly registered drugs 
indicated for conditions other than hyperglycemia. A blood glu‐
cose lowering (side) effect may be further investigated for these 
drugs. The new structure activity data from this study expands 
the existing public dataset to support further development of vir‐
tual SGLT1 inhibition screening models. Additional in vitro mech‐
anistic studies are required to elucidate molecular interactions 
between the detected inhibitors and SGLT1/2. Finally, the new di‐
verse structure activity data in this study provides starting points 
for development and optimization of novel, potent and selective 
SGLT1/2 inhibitors.
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