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Abstract 

The sodium/glucose cotransporters (SGLT1 and SGLT2) transport glucose across the intestinal 

brush border and kidney tubule.  Dual SGLT1/2 inhibition could reduce hyperglycemia more 

than SGLT2-selective in patients with Type 2 Diabetes; however, questions remain about altered 

gastrointestinal (GI) luminal glucose and tolerability.  Therefore, this was evaluated in slc5a1-/- 

mice or using a potent dual inhibitor (cmpd 8; SGLT1 Ki = 1.5±0.5nM 100 fold > potency than 

phlorizin; SGLT2 Ki = 0.4±0.2 nM). 13C6-glucose uptake was quantified in slc5a1 -/- mice and in 

isolated rat jejunum.  Urinary glucose excretion (UGE), blood glucose (Sprague Dawley rats), 

GLP1 and HbA1c levels (Zucker Diabetic Fatty rats) were measured. intestinal adaptation and 

rRNA gene sequencing was analyzed (C57Bl/6 mice). Blood 13C6-glucose AUC was reduced in 

absence of SGLT1 by 75% (WT 245±6 vs slc5a1-/- 64±6 mg/dl.hr) and cmpd 8 inhibited its 

transport up to 50% in rat isolated jejunum.  Compound 8 reduced the glucose excursion more 

than SGLT2-selective inhibition to (e.g. 1 mg/kg cmpd 8 AUC = 129±3 vs dapagliflozin 249±5 

mg/dl.hr) with similar UGE but lower renal glucose excretion threshold.   In ZDF rats, cmpd 8 

decreased HbA1c and increased total GLP-1 without changes in jejunum SGLT1 expression, 

mucosal weight or villus length. Overall, cmpd 8 (1 mg/kg for 6 days) did not increase cecal 

glucose concentrations nor bacterial diversity in C57BL/6 mice.  In conclusion, otent dual 

SGLT1/2 inhibition lowers blood glucose by reducing intestinal glucose absorption and renal 

glucose threshold, but minimally impacts the intestinal mucosa or luminal microbiota in chow-

fed rodents.  
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Introduction 

The sodium/glucose cotransporters SGLT1 and SGLT2 are driven by a sodium gradient 

created by Na+/K+ ATPase.  SGLT1 transports glucose into intestinal enterocytes, whereas 

SGLT2 (and to a lesser extent SGLT1) reabsorbs glucose in the kidney tubule.  SGLT1 is 

located luminally on the small intestinal brush border of human (Chen et al., 2010), rat (Balen 

et al., 2008) and mouse (Yoshikawa et al., 2011), with negligible amounts elsewhere in the 

gastrointestinal (GI) tract.  Glutamine is the primary energy source for enterocytes (Frankel et 

al., 1993) and glucose transporter 2 (GLUT2) transports most glucose basolaterally.  Selective 

SGLT2 inhibitors, marketed for Type 2 Diabetes Mellitus (T2DM), have varying selectivity for 

SGLT2 relative to SGLT1, e.g. canagliflozin has some SGLT1 activity (SGLT2 IC50 = 4.2 nM, 

SGLT1 IC50 = 663 nM) (Mudaliar et al., 2015). Consistent with this in humans, transient 

inhibition of intestinal SGLT1 occurs with 300 mg canagliflozin (Polidori et al., 2013b). The 

dual SGLT1/2 inhibitor in clinical testing LX4211/sotagliflozin (SGLT2 IC50 = 1.8 nM, SGLT1 

IC50 = 30 nM) also delays glucose uptake after oral glucose or meal test and increases systemic 

levels of glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) (Zambrowicz et al., 2013a; 

Zambrowicz et al., 2012). The delay and augmentation of GLP-1 levels has been noted in 

diabetic KKAy mice (Powell et al., 2014), healthy humans and T2DM patients (Zambrowicz et 

al., 2013b). The effect of canagliflozin on GLP-1 is enhanced in DPP4-deficient rats  (Oguma 

et al., 2016).  The SGLT1-selective inhibitor, GSK-1614235, which is an analog of KGA-2727 

with low oral bioavailability, also increases systemic GLP1 in healthy volunteers (Dobbins et 

al., 2015).   These and other SGLT1 mechanisms in metabolic therapeutics  have been 

reviewed recently (Lehmann et al., 2016; Song et al., 2016); however, the extent to which 

potent inhibition of both SGLT1 and SGLT2 could improve glycemic control has not been 

explored previously.  In the present study, we used genetic (slc5a1 -/- or +/- mice) and 
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pharmacological approaches to investigate the effect of acute and chronic dual SGLT1/2 

inhibition in mice and rats.   Compound 8 (cmpd 8) was selected from a series of 

benzocyclobutane-C-glycosides, due to a 100 fold improved potency in SGLT1 inhibition over 

phlorizin and an approximately equivalent ratio of SGLT1: SGLT2 inhibition (CHO-K1-

SGLT1 overexpressing cells cmpd 8  Ki = 1.5± 0.5nM; phlorizin Ki = 155.8 nM in the same 

assay; CHO-K1 overexpressingSGLT2 Ki = 0.4±0.2 nM).   It had a terminal half-life of ~ 2.5 

hours in rodents (Kuo et al., 2018) suitable for assessing glycemic control in vivo. 

Despite the promising therapeutic benefits of SGLT1 inhibition, there is a modest increase 

subjects reporting mild or moderate intensity of gastrointestinal (GI) adverse effects (Dobbins 

et al., 2015). Functional mutations within the Slc5a1 gene in humans are associated with severe  

diarrhea (Pode-Shakked et al., 2014; Vallaeys et al., 2013).   Gut-restricted SGLT1-selective 

inhibitors, such as LX2761, can be associated with diarrhea in rodents (Fushimi et al., 2013; 

Powell et al., 2017) and an SLGT1-selective inhibitor, mizagliflozin administered before each 

meal to healthy volunteers increased stool frequency (Inoue et al., 2017) although sotagliflozin 

did not promote defecation (Lapuerta et al., 2015). In rats, high doses of canagliflozin increased 

colonic glucose concentration and decreased pH, presumably due to microbial metabolism of 

glucose to short-chain fatty acids (SCFAs) (De Jonghe et al., 2014). Reducing nutrient 

absorption by bariatric surgery in obese rats resulted in mucosal adaptation and changes in 

SGLT1 expression (Cavin et al., 2016).   Therefore, after chronic SGLT1/2 inhibition in rats 

small intestine was evaluated for mucosal adaptation and SGLT1/GLUT2 expression and in 

mice for altered luminal glucose concentrations and bacterial diversity and abundance.  
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Materials and Methods 

Animals. All reported studies on rats and mice were carried out in the accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health. The protocols for all studies performed at Janssen Pharmaceuticals were 

approved by the Johnson & Johnson Animal Care and Use Committee.  

Age-matched C57Bl/6 wild-type mice, and fully back-crossed mice lacking one allele 

(heterozygous) or both alleles (homozygous null) of Sglt1 (slc5a1) were obtained from Taconic 

Biosciences (Hudson, NY) at 20-22 weeks of age.  Mice were singly housed and fed ad libitum 

60% high-fat low-carbohydrate diet (D12492; Research Diets, New Brunswick, NJ).  Male 

Sprague-Dawley (SD) rats were obtained from Charles River Laboratories (CRL) International 

(Wilmington, MA) at 7-8 weeks of age and fed chow diet (Chow Diet 5K75, Research Diets). 

Male Zucker Diabetic Fatty rats (ZDF rats) were obtained from CRL at 12-13 weeks of age and 

fed chow diet (Formulab Diet 5008, Research Diets). All mice and rats (2 per cage) were 

maintained in a temperature-controlled environment with a 12:12-h light-dark cycle (lights off 

1800; lights on 0600) and with free access to water and food. wo rats per cage.  

Blood glucose levels were measured using One-touch glucometers (LifeScan, Inc, 

Chesterbrook, PA) via tail snip. Urine glucose levels were determined by Olympus system with 

Genzyme diagnostics assay reagent (Sekisui Diagnostics, Lexington, MA). 13C6-glucose levels 

were determined using Liquid Chromatography-tandem mass spectrometry (LC/MS/MS) 

combined with Dried Blood Spot (DBS) sampling technology (Lang et al., 2014).  Blood HbA1c 

levels were tested using a Siemens DCA Vantage analyzer.  Plasma insulin and total GLP-1 

concentrations were detected using Meso Scale Discovery (MSD) electrochemiluminescent 

immunoassays. 
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SGLT1 genotype mouse studies.  Oral glucose tolerance tests (oGTT)were performed on 

conscious, unrestrained mice. Blood glucose levels an overnight fast of mice were measured, 

then the mice received 2 g/kg 13C6-glucose (Cambridge Isotope Labs, Andover, MA) and glucose 

(1:1 ratio) by oral gavage. The blood levels of glucose and 13C6-glucose were measured at 0, 10, 

30, 60, 120, 180, and 240 minutes after the mice were given the 13C6-glucose challenge. Insulin 

tolerance tests (ITT) were performed using human insulin (Humulin R, Eli Lilly, Indianapolis, 

IN). After 4-hrs food removal, the body weight and baseline blood glucose levels were measured 

then insulin (0.75 U/kg sc) injected and blood glucose levels were measured at 0, 15, 30, 60, and 

120 minutes.   

RNA was purified from mouse mucosa tissue utilizing RNeasy mini kit (Qiagen).  In brief; 

tissues were homogenized in 500uL of lysis buffer with 5mM diameter sterile steel ball bearings 

in a tissue lyser (Qiagen TissueLyser II) for 4 minutes at 30Hz.  Homogenates were spun down 

at 12,000rpm for 2 minutes at 4°C, and RNA was purified from supernatants according to 

RNeasy protocol, utilizing the on-column DNase digestion additional quality control procedure 

(Qiagen).  cDNA was generated by reverse transcription using the High Capacity cDNA Reverse 

Transcription Kit (ThermoFisher) according to the manufacturer’s protocols.  qRT-PCR was 

conducted using the viia-7 Real Time PCR machine and SYBR green master mix 

(ThermoFisher).    Primer sequences were:  SLC5A1 (forward 5’ – 

CCCTGTGGTACTGGTGTACG – 3’, reverse 5’–ATCATTCCTGGCATCACCAT–3’), 

SLC2A2 (forward 5’-CTGTCTGTGTCCAGCTTTGC-3’, reverse 5’-

ATCAAGAGGGCTCCAGTCAA -3’), SLC2A1 (forward 5’-GTATCCTGTTGCCCTTCTGC-

3’, reverse 5’-ATCTGCCGACCCTCTTCTTT-3’), and GAPDH (Forward 5’-

GACTGGATAAGCAGGGCGG-3’, Reverse 5’-TACGGCCAAATCCGTTCACA-3’).  The run 
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method for qRT-PCR analysis consisted of 1) Hold state: 50 ⁰C 2minutes, 95 ⁰C 3minutes 2) 

PCR stage: 95 ⁰C 15 seconds (melt stage), 60 ⁰C 30 seconds (annealing and amplification) x 40 

cycles, and 3) Melt curve for primer quality control.  Results are represented by fold change 

(where fold change = 2^- Δ ΔCT).  GAPDH served as the housekeeping control gene. 

Sprague Dawley Rat studies.  For Ussing-Type flux chamber experiments with isolated 

jejunum, fed rats were euthanized using CO2 and mid 1/3 of small intestine (jejunum) was 

resected and washed with ice-cold Krebs-Ringer Bicarbonate buffer (KRB buffer) aerated with 

95% O2-5% CO2.  A 2 cm segment of rat jejunum was cut and placed onto a #8 knitting needle. 

Excess fat was removed and the outer intestinal muscle layer was scored using Dumont forceps. 

Cotton swabs were used to push away the serosal muscle layer, so that the serosal muscle layer 

rolled over the mucosal layer allowing it to then be removed. The mucosal layer was gently 

pulled off the knitting needle into ice-cold KRB buffer and opened longitudinally the positioned 

in cassette cartridge which has an exposed a surface area of 0.1cm2 of the intestine. The cassette 

was placed into the chambers dividing Mucosal/Apical from Serosal/Basolateral sides. The 

apical chamber contained a modified KRB buffer recipe, which included 12.8mM C-13-D-

Glucose rather than the typical 12.8mM of D-Glucose. C-13-D-Glucose receiving buffer 

samples’ C-13-D-Glucose concentrations were quantified using LCMS Nimbus against internal 

standards (Chromatographic Description: Shimadzu LC-20AD pumps with SIL-20AC 

autosampler; Mass Spec. Description: Applied Biosystems/ MDS Sciex API 5000 with APCI 

Source).  

Fluorescein Isothiocyanate-dextran (FITC-Dextran, Sigma, St Louis) was used to determine 

intestinal tissue integrity. FITC-Dextran was added to the serosal/basolateral KRB buffer at a 

final concentration of 20µg/mL. Relative fluorescence units (RFU) were measured on a Safire2 
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plate reader with an excitation wavelength of 492 nm (slit width = 10.0nm) and an emission 

wavelength of 525 nm (slit width = 10.0nm).  Compound 8 in vitro potency (0.001 - 10 µM) was 

previously evaluated using methyl-glucopyranoside (Sigma, St Louis MO) in CHO-K1 cells 

stably expressing SGLT1 or SGLT2, as reported (Kuo et al., 2018). 

For in vivo studies, rats were overnight fasted were treated orally or subcutaneously with 

vehicle (0.5% HPMC) or compounds 30 min prior to oGTTs at 0.5 hrs and 6 hrs post treatment. 

Blood glucose levels were measured at 0, 30, 60, and 120 minutes post glucose challenge.  Rats 

were housed in metabolic cages for urine collection to detect urine glucose excretion (UGE) up 

to 24 hours after oGTTs.   

Calculation of renal threshold for glucose (RTG):  To account for between-group differences in 

BG levels when interpreting UGE data, values of RTG were calculated to assess inhibition of 

renal glucose reabsorption.  Previously obtained glomerular filtration rates (GFR) based on 

creatine clearance were used to calculate RTG over each urine collection interval, as previously 

described (Polidori et al., 2013a; Sha et al., 2011). In short, an idealized threshold relationship 

was used to describe the relationship between BG and UGE (Equation 1): 

                        









G

GG

RT BG  if                                         0

RT BG  if              )RT-(BGGFR
  (mg/min)  UGEof rate                                

(1) 

and this equation, along with measured values of UGE and BG over each urine collection 

interval and estimated GFR values were used to calculate RTG.  Because even untreated, 

normoglycemic animals tend to have trace amounts of UGE, values of RTG were only calculated 

when UGE was at least 20 mg.  The 24 hour mean RTG values were calculated as the weighted 

mean of the values obtained over each urine collection interval.  In several cases, SD rats treated 
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with compounds, had a measured UGE greater than the calculated filtered glucose load (which is 

GFR×BG).   In these cases, RTG was set to 0, which assumes no renal glucose reabsorption 

occurred (consistent with the measured UGE being even greater than the filtered glucose load).  

In vehicle-treated SD rats (and some SD rats treated with low doses of SGLT inhibitors), 

virtually no UGE was observed.  In these rats, a value of 225 mg/dl was imputed based on 

(unpublished) data obtained with glucose infusion studies. 

For subcutaneous administration of cmpd 8 the vehicle was 10% PEG-400/10% Solutol (n=4) 

and rats were terminated at 1 and 6 hours.  Routine LC-MS was used to detect cmpd 8 in tissue 

(kidney and intestinal luminal contents, mucosal scraping and serosa) and plasma in order to 

calculate the tissue:plasma ratio. 

Zucker Diabetic Fatty (ZDF) rat studies.  Male ZDF rats (12 – 14 weeks of age) had blood 

glucose levels that were ≥ 350 mg/dl at the start of ~ 3 weeks of treatment while they were 

maintained on reverse light cycle.   On day 1, ZDF rats were allocated to different treatment 

groups based on their body weights and baseline fed blood glucose levels. Then animals were 

orally dosed with vehicle or cmpd 8 QD for 18 days. Fed blood glucose, body weights, and food 

weights were measured every 4 days. Blood HbA1c levels (day 15) an oGTT with a 0.5 g/kg 

glucose challenge and total GLP-1 levels were measured at 0, and 60 minutes of oGTT (day 16). 

On day 19, twenty-four hours after the final 1 mg/kg dose, the rats were anesthetized and the 

tissues of intestines and kidneys (n=4) were collected. The plasma tissue levels of cmpd 8 were 

detected in intestinal mucosa, serosa/muscularis, and kidneys by LC-MS detection  

For immunohistochemistry 1 cm segments of jejunum were opened longitudinally along the 

mesenteric border, placed flat on biopsy sponges and fixed in 10% NBF for 24 hours then 

transferred to 70% alcohol for later paraffin imbedding for histology.  After routine dehydration 
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and paraffin imbedding, seven coded blocks of tissues, each with 3-4 tissues totaling 19 jejunum 

tissues were processed for immunohistochemistry.  Routine methods were modified to 

accommodate the suggested EDTA (pH 9.0) retrieving pre-treatment solution. SGLT1 polyclonal 

antibody (Abcam, Cambridge MA), negative control (no primary antibody) and positive control 

antibody (Von Willebrand Factor) were used for each tissue. 

SGLT1 inhibition in mice large intestine glucose and 16s rRNA analysis.  Male C57Bl/6 

mice were dosed with 1mg/kg of cmpd 8 for 5 days in late afternoon prior to dark cycle and fed 

regular chow or high sucrose (35%) diets. Control mice were fed regular chow and dosed with 

vehicle.  Body weight, fasted (4 hour) blood glucose, fed blood glucose, gross cecal weight, 

cecal glucose content were measured. At harvest on day 6 the cecum was ligated at the ileocecal 

junction and entire weight including contents was recorded for calculation of % cecal weight to 

body weight.   Cecal contents were diluted 1:1 with 0.9% NaCl and placed on wet ice, vortexed 

1500g at 4°C for 10 minutes, and supernatant sample was taken for glucose analysis by Autokit 

Glucose kit (Wako) using a SpectraMax Plus384 Plate Reader.  In addition to comparing cecal 

bacterial composition at harvest, fecal bacterial diversity was assessed in fecal pellets collected at 

days 0, 2 and 5 to understand dynamic changes. All cecal and fecal samples (total 72 samples) 

were shipped to Diversigen Inc (Houston, TX) for 16S rRNA gene sequencing which included 

extraction, PCR amplification, sequencing (Illumina MiSeq; 2x250bp) and analysis (Caporaso et 

al., 2012; Caporaso et al., 2011). Mouse cecal contents and fecal pellets sequencing identified 

235 OTUs with a cutoff of 4,074 reads/sample. All samples were included in the analysis of 

bacterial richness, diversity, and taxonomic relative abundance. 

All statistical analysis was performed by parametric t-tests or ANOVA with Bonferroni’s, 

Tukey’s or Dunnett’s multiple comparisons post hoc tests (Graph Pad Prism version 7.0, La Jolla 
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CA) where statistical significance was defined as P<0.05 .  A Kruskal-Wallis non-parametric 

ANOVA was used to analyze terminal insulin levels in slc5a1 +/- mice, due to high variability 

without normal distribution. 

 

Results 

Glucose homeostasis was assessed in genetically modified slc5a1 homozygous null (-/-) or +/- 

heterozygous (+/-) mice and compared to age matched WT c57 control mice.  Ileal and jejunal 

mucosa isolated from WT mice had robust expression of slc5a1 mRNA that was essentially 

absent in slc5a1-/- mice and intermediate between these in slc5a1+/- mice (Fig. 1A) that had 

been fed a HFD.   GLUT2 mRNA expression was similar in all groups, consistent with normal 

facilitated transport of absorbed glucose (data not shown).    An oGTT (13C-glucose:glucose 1:1) 

resulted in a glucose excursion that was markedly lower in slc5a1 -/- mice compared to WT and 

heterozygous mice by glucometer (Fig. 1B) .  Detection of 13C-glucose for absorbed glucose (Fig 

1C) illustrated that in slc5a1-/- mice the peak levels were reduced to < 25% of slc5a1+/- and WT 

peak levels.  This difference was reflected in the AUC for 13C6-glucose, which in slc5a1 -/- was 

~ 25% of WT  (Fig 1D).  Consistent with these glucose levels, terminal insulin levels in slc5a1-/- 

mice were low compared to WT and slc5a1+/- mice (Fig. 1E).  An increase in endogenous 

SGLT1 expression has been reported in obesity, therefore, we assessed jejunum slc5a1 mRNA 

expression in DIO C57Bl/6 wild-type mice.  However, different results were obtained in three 

repeat experiments of no change, up and down regulation in slc5a1 mRNA expression in DIO 

relative to lean controls (Fig. 1F).  

Endogenous SGLT1 engagement was assessed by 13C6-glucose transit across isolated muscle-

stripped jejunum in Ussing-type flux chambers using dual SGLT1/2 inhibitor cmpd 8 (Kuo et al., 
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2018).  Tissue integrity of jejunal mucosa, as measured by FITC-dextran detection on basolateral 

side after apical administration was acceptable and stable over time in the presence of DMSO +/- 

cmpd 8 (Fig. 2A).  Thus, in subsequent experiments FITC-dextran detection of >150 RFU after 

90 mins incubation were discarded from 13C-glucose analysis.  Compound 8 (1 µM) reduced the 

uptake of apically applied 13C-glucose over time compared to DMSO vehicle alone (Fig. 2B).  At 

90 mins cpmd 8 (1 and 10 µM) inhibited 13C6-glucose detection on the basolateral side relative to 

vehicle, but did not completely abolish it even at 10 µM (Fig. 2C).   

In SD rats cmpd 8 (0.1-10mg/kg po) given 30 minutes prior to an oGTT reduced the glucose 

excursion (Fig 3A), glucose AUC (Fig. 3C) and urinary glucose excretion (UGE; Fig. 3E).  

Blood glucose levels were significantly reduced by all doses of cmpd 8 and the three highest 

doses of a potent SGLT2-selective inhibitor, dapagliflozin (Fig. 3B, D). Furthermore, UGE 0-24 

hours was comparable for both cmpd 8 (Fig. 3E) and dapagliflozin (Fig. 3F), although the blood 

glucose levels were lower with cmpd 8 than with dapagliflozin.  As a result, the mean RTG 

values were lower for cmpd 8 (Fig. 3G) than for dapagliflozin (Fig. 3H) and, at the highest doses 

of cmpd 8 complete inhibition of renal glucose reabsorption was achieved as evidenced by RTG 

values of approximately 0.   

Subcutaneous (instead of oral) administration of cmpd 8 (0.3 and 10.0 mg/kg) increased UGE 

0-4 hours after dosing 30 mins prior to an oGTT (Fig. 4A), as would be expected due to renal 

SGLT inhibition.   Subcutaneous administration of cmpd 8 also prevented the postprandial blood 

glucose excursion (Fig. 4 B, C) in a similar fashion to oral administration.    At termination, 6 

hours after subcutaneous dosing, plasma levels were low for both doses of cmpd 8 (0.06 ± 

0.03µM and 0.07 ± 0.00 µM).   The tissue:plasma ratio was elevated in the kidney and small 

intestinal, but not colonic, mucosa (Fig. 4 E).   The ratio of cmpd 8 levels in small intestinal 
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luminal content to plasma was low, but the colonic luminal contents had an elevated ratio, which 

could arise from sloughed off intestinal enterocytes containing cmpd 8. Combined, these data 

suggest that rapidly after parenteral administration cmpd 8 reaches SGLT1 in the small intestinal 

brush border.   

In ZDF rats cmpd 8 (0.3 and 1.0 mg/kg po for 15 days) reduced fed blood glucose (Fig. 5A), 

AUC of an oGTT (Fig. 5B) and circulating HbA1c levels (Fig. 5C) compared to vehicle.  At the 

same time, the higher dose increased total circulating GLP1 (Fig. 5D) and body weight gain (Fig. 

5E) while food intake remained the same over the entire study (data not shown).  At three weeks 

animals euthanized at 24 hours after the last dose of cmpd 8, had plasma levels below the level 

of quantification; however, detectable levels were noted in small intestine and kidney at both 0.3 

mg/kg (data not shown) and 1.0 mg/kg doses (Fig. 5F).   In jejunum mucosa of these rats there 

was no difference in the level of expression of mRNA encoding SGLT1, GLUT1 or GLUT2 

mRNA after dosing with cmpd 8 compared to vehicle (Fig. 5G).   Consistent with this, jejunum 

brush border membrane SGLT1 immunostaining was qualitatively similar in all groups 

(n=4/group). Representative digital images illustrate that ~90% of the brush border had moderate 

to strong SGLT1 expression across all groups (Fig. 5H).  There was no apparent small intestinal 

mucosal adaptation since gross jejunum mucosal weight of a 2cm segment was similar in all 

groups (vehicle = 0.19±0.02g, 0.3 mg/kg = 0.19±0.01g 1.0 mg/kg = 0.23±0.02g; n=4-8/group).  

Morphometric analysis (n=4/group) confirmed that ther was no difference in villus-crypt ratio or 

villus length (vehicle = 671±36µm, 0.3 mg/kg = 496±20µm, 1.0 mg/kg = 651±18µm). There was 

no difference in cecal contents glucose concentration (vehicle = 23.3±7.5 mg/dl, 0.3 mg/kg = 

29.2±5.1mg/dl, 1.0 mg/kg = 26.8±3.6mg/dl; n=8/group) or pH (vehicle = 6.3±0.1, 0.3 mg/kg = 

6.3±0.1, 1.0 mg/kg = 6.4±0.1; n=8/group)    
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Mice were fed chow or a high sucrose diet combined with cmpd 8 (1 mg/kg po for six days).   

At termination gross cecal weight was decreased in high sucrose diet fed mice treated with cmpd 

8 (Fig. 6A) but overall cecal glucose concentration was similar (Fig. 6B).  There was no 

difference in body weight or fed blood glucose levels (data not shown) and fecal pellets 

consistency and wet weight was similar in all groups (data not shown).  Although cecal glucose 

was not different, there was an increase in variability within cmpd 8 treated chow fed mice.   

However, when we compared cecal bacterial diversity, as measured by the number of observed 

operational taxonomic units (OTU), there was no correlation with cecal glucose concentration in 

the same mice as shown by 16S rRNA gene sequencing (Fig. 6C).   At termination, the relative 

abundance of certain phyla represented in cecal contents only differed in mice fed a high sucrose 

diet with cmpd 8.  In these mice, higher Bacteroidetes and lower Firmicutes were represented 

compared to chow fed with cmpd 8 or chow fed plus vehicle (Fig. 6D).  Cecal and fecal sample 

microbial diversity, collected at the termination of the study, were highly correlated as measured 

by Shannon Diversity Index (SDI; Fig. 6E).  Longitudinal analysis alone of fecal SDI changed 

on day 2 after switching mice to high sucrose diet with cmpd 8 and this diversity was maintained 

to day 6 (Fig. 6F), whereas addition of cmpd 8 or vehicle in chow-fed mice were not different 

throughout the study.  The relative abundance of bacterial orders, as well as bacteria of interest in 

metabolic disease, for example Akkermansia spp. were not altered by cmpd 8 (data not shown).  
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Discussion  

The key findings are that potent SGLT1/2 dual inhibition by cmpd 8, more so than SGLT2-

selective inhibition by dapagliflozin, reduced the oGTT glucose excursion and renal glucose 

thresholds.  When given chronically to ZDF rats, cmpd 8 reduced HbA1c levels with increased 

circulating total GLP1 as expected through intestinal mechanisms.  This was not associated with 

obvious small intestinal adaptation, such as mucosal growth or villus length, nor compensatory 

changes in SGLT1 expression.  In vivo cmpd 8 did not elevate colonic luminal glucose levels 

overall, potentially a consequence of small intestinal glucose ‘escaping’ to the colon.   It was not 

associated with altered bacterial population changes during the time frame studied, although 

combined with a high sucrose diet there was an impact on the Firmicutes-Bacteroidetes ratio.   

These points with be discussed in the context of the literature. 

Glucose absorption from the small intestine could not be completely abolished in either slc5a1-

/- mice or after cmpd 8 treatment. Loss of expression was confirmed in jejunal mucosa from 

slc5a1-/- mice and intermediate between WT and slc5a1-/- in slc5a1+/- mice.  Mice had similar 

baseline blood glucose levels but after an oGTT the resulting 13C-glucose excursion was about 

25% of WT levels. Interesting there was no genetic ‘titration’ of glucose uptake in heterozygous 

mice, which had similar 13C6-glucose uptake to WT.   Paracellular uptake of glucose occurs by 

solvent drag through intercellular junctions that are dilated by perijunctional contractile proteins 

during fluid absorption induced by Na+ -coupled transport (Nusrat et al., 2000; Pappenheimer et 

al., 1987). In isolated rat jejunal mucosa cmpd 8 demonstrated functional SGLT1 inhibition by 

the reduction in glucose uptake, but only to a maximal 50% reduction.  This is likely due to the 

absence blood circulation, which helps provide the gradient for paracellular absorption during a 

high nutrient load that would otherwise overwhelm the SGLT1 Vmax. Terminal insulin levels in 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 19, 2018 as DOI: 10.1124/jpet.118.248575

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET248575 

17 

 

slc5a1-/- mice were low compared to WT mice. However, sglt1-/- mice respond to oral glucose 

with increased circulating GLP-1 (Powell et al., 2013a) suggesting that fermentation to SCFA 

enhances GLP-1 release in these mice.  

In rats given cmpd 8 the post-challenge glucose excursion was reduced similar to a related 

SGLT1/2 inhibitor compound 19 (Kuo et al., 2018). At higher doses, the post-challenge blood 

glucose levels were reduced below baseline, and to a greater extent than SGLT2-selective 

inhibitor dapagliflozin.  This is presumably due to the reduction in glucose uptake combined 

with a reduced renal threshold for UGE.   Whether this would translate to a risk for 

hypoglycemia in patients is unclear.  The dual selective LX4211/sotagliflozin in a Phase 3 trial in 

T1DM patients (Clinicaltrials.gov identifier: NCT02531035) achieved HbA1c<7.0 at week 24 but 

higher rates of diabetic ketoacidosis than placebo (Garg et al., 2017).  Documented 

hypoglycemia (blood glucose ≤70 mg/dL) was similar for sotagliflozin and placebo group, and 

only 3 patients (2 in the sotagliflozin and 1 in placebo groups) discontinued due to severe 

hypoglycemia  (Garg et al., 2017).  

Both cmpd 8 and SGLT2-selective dapagliflozin evoked similar UGE in SD rats, but the blood 

glucose levels were lower for cmpd 8.  Compound 8 achieved complete inhibition of renal 

glucose reabsorption at higher doses because RTG values were ~ 0.  Increased expression of renal 

SGLT1 in T2DM patients may develop as a compensatory mechanism to increase glucose 

reabsorption. Indeed, SGLT1 mRNA expression is 4 fold greater in T2DM patient kidney 

biopsies compared to controls (Norton et al., 2017).  Therefore, an advantage of the dual 

SGLT1/2 inhibition in the kidney of diabetic patients may be to add to the efficacy of SGLT2 

inhibitors. SGLT2-selective inhibitors lower RTG by about 65% in humans (Devineni et al., 

2015) and have fractional UGE of ~50% (Abdul-Ghani et al., 2013), whereas phlorizin was 
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shown to completely inhibit renal glucose reabsorption (Chasis et al., 1933). Therefore, dual 

inhibitors like cpd 8 may give substantially more UGE than currently available SGLT2-selective 

inhibitors. 

Obese mice fed a HFD did not show consistent changes in jejunum slc5a1 mRNA with a 

significant increase, decrease, or no change compared to lean controls in three similar cohorts 

tested. Obese diabetic Otsuka Long Evans Tokushima Fatty (OLETF) rats did have increase 

slc5a1 small intestinal expression (Fujita et al., 1998) and SGLT1 expression was increased in 

morbidly obese, non-diabetic humans (Nguyen et al., 2015).   We did not assess whether a high 

high carbohydrate diet may consistently alter SGLT1 expression rather than HFD-feeding.   Rats 

offered high-starch diets had elevated SGLT1 expression (Honma et al., 2009) and switching 

from a CHO-free regimen to glucose in diet increased SGLT1 mRNA (Miyamoto et al., 1993).  

However, transcriptional regulation of SGLT1 may be relatively less important in the context of 

obesity compared to post-transcriptional regulation.  For example, SGLT1 protein rapidly 

transports to the apical membrane (Hines et al., 2000; Wright et al., 1998) and its activity varies 

diurnally to meet the fluctuating availability of glucose in mice (Fatima et al., 2009).  On the 

other hand, cmpd 8 over 3 weeks in ZDF rats (albeit with less than 24 hour exposure) did not 

alter the level of expression of mRNA encoding SGLT1, GLUT1 or GLUT2 mRNA in jejunum 

mucosa.   Jejunum brush border membrane SGLT1 immunostaining was qualitatively similar in 

all groups with an unaltered villus-crypt ratio suggesting no evidence of intestinal adaptation. 

In ZDF rats total GLP-1 in response to oGTT was increased by SGLT1 inhibition, which is 

consistent with other reports, (Powell et al., 2014; Zambrowicz et al., 2013a; Zambrowicz et al., 

2012). This may seem counterintuitive since in SGLT1 -/- mice L cells do not release GLP-1 in 

response to glucose (Parker et al., 2012) (Gorboulev et al., 2012; Roder et al., 2014).  Instead, 
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the enhanced incretin effect is probably due to glucose metabolism to SCFAs in the large 

intestine (Powell et al., 2013b), which in turn activates release of GLP-1 through GPR 41/43 

(FFAR3/2).  SGLT2-selective inhibitors, such as canagliflozin, can also be associated with 

increased GLP1 secretion due to a transient inhibition of SGLT1 at high local luminal 

concentrations (Polidori et al., 2013b).  The enhancement of GLP-1 release by canagliflozin is 

due to the increase in SCFA in the distal intestine (Hira et al., 2017). 

We reasoned that subcutaneous administration of cmpd 8 might minimize the inhibition of 

intestinal SGLT1 during an oGTT and enable comparison of UGE at equivalent blood glucose 

levels.  However, cmpd 8 given systemically not only reduced UGE after an oGGT, as expected, 

but also inhibited the blood glucose excursion.  Compound 8 was detected in the mucosa of the 

small intestine after systemic administration, consistent with SGLT1 engagement.  Furthermore, 

after oral cpmd 8 dosing the tissue: plasma ratio increased over time suggesting a longer duration 

of action in the gut than the circulating plasma levels and t1/2 of ~ 2 hours would indicate.  

Interestingly, the colonic luminal contents had increased cmpd 8 relative to the plasma levels 6 

hours after dosing sc.   This would be consistent with excretion of small intestinal brush border 

SGLT1-bound (or free) cmpd 8 from the systemic circulation that was carried by GI transit into 

the colon. Combined, these data suggest that rapidly after parenteral administration cmpd 8 

reaches the intestinal brush border and inhibits SGLT1 glucose uptake for longer than the 

circulating half-life.  SGLT1 inhibition in the small intestine is primary mechanism for decreased 

blood glucose in the current study and at the higher doses the glucose excursion was completely 

abolished suggesting complete inhibition of uptake. An increase in GLP-1 that occurs after gut-

restricted SGLT1 selective inhibitors (Powell et al., 2017) and diarrhea was noted in rodents, 

which was decreased by pretreatment with resistant starch, to select for bacterial species that 
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ferment glucose (Powell et al., 2017). Therefore, ingested glucose ‘escapes’ into the large 

intestine where it would be rapidly fermented as an optimal energy source for colonic bacteria. 

An increase in the residual glucose content has been observed in the GI tract of rats treated with 

the SGLT1 inhibitor KGA-2727 (Shibazaki et al., 2012) or LX4211/sotagliflozin (Powell et al., 

2014).  In healthy humans, it is normal for some digestible carbohydrate to reach the colon 

(Anderson et al., 1981; Bond et al., 1980; Stephen et al., 1983). This so-called starch 

malabsorption amounts to about 10-20% of a large starch meal, based on hydrogen breath tests.   

Mice had similar overall cecal glucose concentrations when dosed with cmpd 8 and chow-fed or 

high sucrose chow fed; however we cannot rule that this was due to incomplete 24 hour SGLT1 

inhibition.  Cecal glucose levels were collected in the morning after overnight feeding.  

Interestingly, gross cecal weight was decreased in high sucrose diet-fed mice treated with cmpd 

8 but cecal bacterial abundance (OTU) was not correlated with cecal glucose concentration. In 

mice fed a high sucrose diet with cmpd 8 there were higher Bacteroidetes and lower Firmicutes 

represented compared to chow fed with cmpd 8 and chow fed plus vehicle.  Because cecal and 

fecal microbial diversity were highly correlated by SDI we compared fecal bacterial diversity 

during the study.  Fecal SDI changed on day 2 after switching mice to high sucrose diet with 

cmpd 8, but not after cmpd 8 in chow-fed mice.  A high sucrose diet induces obesity and changes 

in relative abundance of bacteria associated with metabolic disease termed microbiota dysbiosis 

(e.g. Erysipelotrichaceae, Bacillus, Eubacterium, Akkemansia spp.).  Therefore, we conclude that 

increasing glucose by high sucrose diet in the presence of cmpd 8 can alter microbial 

populations; however, compd 8 alone resulted but there was no overall change in glucose levels 

nor microbial dysbiosis. 
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The present study has demonstrated that a potent balanced dual SGLT1/2 inhibitor can 

improve glycemic control to a greater extent than SGLT2-selective compounds.  This is not 

associated with obvious mucosal adaptation or microbial dysbiosis in these preclinical 

experiments.  Whether this translates to sufficiently added benefit without GI adverse effects in 

T2DM patients is unclear.  The therapeutic margin for achieving additional glycemic benefit 

with a dual SGLT1/2 inhibitor compared with a potential risk for hypoglycemia due to the 

combined intestinal and kidney glycemic impact of SGLT1/2 inhibition is currently unknown.  
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Figure Legends  

Figure 1. Glucose homeostasis and slc5a1 mRNA in slc5a1 -/- and lc5a1 +/- and WT mice. 

(A) slc5a1 mRNA levels in jejunal (cross-hatched bars) and ileal (horizontal bars)  

mucosa were low in homozygous slc5a1 -/- and intermediate in slc5a1 +/- compared 

to WT (n=7-8/group) * P<0.05 compared to WT, # P<0.05 compared to slc5a1+/- (B)  

The glucose excursion, after an oGTT (50% 13C6-glucose and 50% glucose) in slc5a1 -

/- mice (■) was markedly lower than in WT (○) and heterozygous mice (▼) and (C) 

Blood 13C6-glucose excursions were similar to glucose, but with a better separation 

among the 3 animal models (D) Blood glucose AUC  in same mice * P<0.05 

compared to WT (black bar) and # P<0.05 slc5a+/- (grey bar) compared to slc5a1 -/- 

mice (white bar).  (E) Terminal plasma insulin levels in same mice, showing that 

slc5a1 -/- mice insulin was lower than both WT (* P<0.05) and +/- mice (# P<0.05 by 

Kruskal-Wallis non-parametric ANOVA due to high variability.  (F) Jejunal mucosa 

slc5a1 expression in HFD-fed DIO mice (cross-hatched bars) is not consistently 

changed relative to lean chow-fed WT mice (stippled bars) in three separate 

experiments (n=7-8/group) 

Figure 2. Muscle-stripped rat jejunum mounted in Ussing-type flux chambers in the 

presence and absence of SGLT1 inhibitor cpmd 8 (1 µM in DMSO). A) Mucosal 

tissue integrity was established in initial experiments by FITC-dextran detection < 100 

RFU on basolateral side after 4-kDa FITC-conjugated dextran was added to apical 

side in the presence of vehicle DMSO (○) and cmpd 8 (■). (B) Time course of 13C-

glucose detection on basolateral side in presence of vehicle alone or with cmpd (1 µM) 

n= 3-9 per time point.  (C) Concentration-related inhibition of 13C-glucose uptake at  
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90 min timepoint by cmpd 8 (0.1-10 µM grey-black bars) and vehicle (white bar).  

Number in box indicates replicates; * P<0.05 by one-way ANOVA and Dunnett’s 

multiple comparison.  Blood 13C glucose detection LLOQ was 0.5 µM (shown as 

dashed line) and any samples below this were plotted as 1/2 of LLOQ  

Figure 3. SGLT1/2 dual inhibition (cmpd 8; A, C, E, G) and SGLT2 selective inhibition 

(dapagliflozin; B, D, F, H) ) dosed orally in SD rats reduced glucose excursion 

after oGTT and increased urinary glucose excretion. A, B) Blood glucose 

excursions (0.1-10 mg/kg cmpd 8 or dapagliflozin given 30 mins prior) were reduced 

in a dose-related manner compared to vehicle.  C, D) glucose AUC during the oGTT 

was significantly reduced by all doses of cmpd 8 and the three highest doses of 

dapagliflozin. E,F) Comparable increase in UGE over 0-24 hours for both cmpd 8 and 

dapagliflozin at 1-10 mg/kg. G, H) During the same time mean RTG values were lower 

for cmpd 8 than dapagliflozin and, at the highest doses of cmpd 8 complete inhibition 

of renal glucose was achieved.  P<0.05 by ANOVA, Tukey’s or Dunnett’s multiple 

comparisons tests. 

Figure 4.  Subcutaneous administration of cmpd 8 30 minutes prior to oGTT increases UGE 

and inhibits glucose uptake with cmpd 8 distribution at termination consistent 

with target engagement in kidney and small intestine.  A) UGE was inhibited over 

0-4 hour doses after oGTT after cmpd 8 (○ = vehicle ■ = 0.3 mg/kg; ▲=1.0 mg/kg 

sc).  B) Blood glucose excursions were prevented by the same doses of cmpd 8, and 

(C) reduced the AUC similar to oral administration in Fig. 3C.  D) Tissue:plasma ratio 

of cmpd 8 at termination, 6 hours after subcutaneous administration, are high in 

kidney (hashed bar) and in small intestinal mucosa (stippled bars) but not in 
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serosa/muscularis externa (filled bars) or in the luminal contents (clear bars), except 

for the colon luminal contents. 

Figure 5.  SGLT1/2 inhibitor cmpd 8 given chronically to ZDF rats improved indices of 

hyperglycemia. A) Compound 8 (■ = 0.3 mg/kg; ▲=1.0 mg/kg) decreased fed blood 

glucose in a dose-related manner from day 0-15 compared to elevated levels in 

vehicle-treated (○).  On day 15 both doses (light and dark grey bars) compared to 

vehicle (white bar) decreased (B) the AUC of glucose excursion after an oGTT after 

cmpd 8 was dosed 1 hour earlier and (C) reduced circulating HbA1c. D) The higher 

dose of cmpd 8 increased total GLP1 and (E) the gain in body weight at day 15 

compared to vehicle. * P<0.05 both doses compared to vehicle-treated; P<0.05 1.0 

mg/kg dose compared to vehicle-treated; # P<0.05 1.0 mg/kg compared to 0.3 mg/kg 

treated rats by one-way or two-way ANOVA.   F) Twenty-four hours after the cmpd 8 

(1 mg/kg) tissue levels were detected in intestinal mucosa and serosa/muscularis, as 

well as kidney. Intestinal luminal contents = clear bars; mucosa = stippled bars; 

serosa/muscularis externa = filled bars; kidney = hashed bar.  G) No effect of cmpd 8 

(0.3 & 1.0 mg/kg) relative to vehicle-treated jejunum mucosa mRNA levels encoding 

SGLT1 (slc5a1; black bar), GLUT1 (slc2a1; white bar) or GLUT2 (slc2a2; grey bar). 

H) Representative digital images of SGLT1 immunohistochemical staining in brush 

border membrane. Bar = 100 µm.   

Figure 6.  Cecal glucose levels and microbial diversity were largely not affected in mice 

dosed cmpd 8 (1 mg/kg) for 6 days unless mice were on a high sucrose diet.  A) 

Gross cecal weight at termination was decreased in high sucrose diet fed mice treated 

with cmpd 8.  * P<0.05 compared to vehicle.  B) Although there is a tendency to 
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higher cecal glucose levels in mice given cmpd 8 with chow (black bar) or high 

sucrose diet (checkered bar) individual variability resulted in no overall difference 

compared to chow-fed vehicle-treated mice. C) At termination cecal bacterial diversity 

(OTU) was not correlated with cecal glucose concentration in the same mice D) At 

termination, the cecal relative abundance of phyla was higher for Bacteroidetes and 

lower Firmicutes in mice fed high sucrose diet with cmpd 8; there was no difference 

between chow fed mice dosed with vehicle of cmpd 8.  E) At termination, microbiota 

diversity in fecal and cecal contents were highly correlated, as measured by SDI.   F) 

Fecal SDI changed on day 2 after switching mice to a high sucrose diet with cmpd 8 

(P<0.05; grey box and whisker plots) and maintained to day 6; whereas fecal SDI in 

cmpd 8 chow-fed mice (clear box and whisker plots) was similar throughout the study.  
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