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Abstract: Diabetes Mellitus (DM) is a chronic metabolic disease consisting of Type 1 or Type 2 

diabetes. Although treatment of Type 1 diabetes primarily involves insulin therapy, inhibitors of 

sodium glucose co-transporters (SGLT’s) are a promising new therapeutic. Of particular interest are 
the two family members, SGLT1 and SGLT2 that collectively contribute to 100% of filtered glucose 

reabsorption within the kidneys. Consequently, sole SGLT2 inhibitors (SGLT2i) and dual SGLT1/2 

inhibitors (SGLT1/2i) contribute to reducing blood glucose levels by reducing glucose reabsorption 

and promoting glucosuria and natriuresis. Research from our team on SGLT2i, showed that there is 

a compensatory mechanism whereby SGLT1 is upregulated. This therefore may warrant the 

combined use of SGLT1/2i. Our in vitro results demonstrated that whilst both the sole SGLT2i 

empagliflozin (EMPA) and dual SGLT1/2i sotagliflozin (SOTAG) significantly reduce glucose 

uptake within HK2 cells, the latter was more effective. In addition, our in vitro results indicate 

significantly more pronounced upregulation of SGLT1 protein with EMPA compared to SOTAG. 

Our in vivo mechanistic findings demonstrated that SGLT1/2i significantly increased renal SOD1 

levels, whilst SGLT2i significantly elevated renal SOD2 levels. Therefore, our study highlighted that 

SGLT2i and SGLT1/2i differentially regulate protective anti-oxidant proteins in the kidney. 

Keywords: diabetes; sotagliflozin; empagliflozin; sglt1; sglt2 

 

1. Introduction 

Diabetes mellitus (DM) is a disease characterised by hyperglycemia resulting from insulin 

deficiency, insulin resistance, or both. It remains a global health challenge with a significant impact 

on morbidity and mortality. Patients with diabetes are at a high risk of developing associated multi-

organ complications, such as cardiovascular disease (CVD), chronic kidney disease (CKD), and heart 

failure (HF) [1]. These complications substantially effect their quality of life and pose a substantial 

economic burden on the healthcare systems globally. 

Sodium Glucose Co-transporters (SGLTs) are transport proteins found on the luminal side of the 

cell membrane and their activity mediates apical sodium and glucose transport across cell 
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membranes. Among the isoforms, SGLT1 and SGLT2 have been widely investigated [2]. This resulted 

in the development of SGLT inhibitors, a novel pharmacological drug class commonly known as 

“Gliflozins” which have revolutionized the management of type 2 diabetes (T2D) and its 

complications. Gliflozins such as Empagliflozin and Dapagliflozin only target SGLT2 proteins whilst 

dual inhibitors such as Sotagliflozin target both SGLT1 and SGLT2. The gliflozins were designed 

primarily to reduce hyperglycaemia, although pleiotropic effects of these inhibitors are now widely 

reported [3–21]. Despite the significant additional protective effects of these inhibitors, it still needs 

to be determined as to whether dual SGLT1/2 inhibitors may provide more effective cardiorenal 

protection than SGLT2 inhibition alone. 

We have previously shown that in mouse models of diet-induced obesity and neurogenic 

hypertension, SGLT2 inhibition may promote cardiorenal benefits by reducing sympathetic nervous 

system (SNS) activation [3,4]. We also demonstrated that, in a type 1 diabetic (T1D) setting, 

pharmacological inhibition of SGLT2 increased SGLT1 protein expression in the kidneys [12] and 

eyes [6] in a compensatory manner. Additionally, under normal blood glucose levels (euglycemia), 

Rieg et al. demonstrated that both genetic and pharmacological inhibition of SGLT2, promoted a 

compensatory mechanism whereby SGLT1-mediated glucose reabsorption is increased in response 

to SGLT2 inhibition [22]. Taken together, these findings suggest that the kidneys adapt to the 

inhibition of SGLT2 by upregulating SGLT1 activity. Furthermore, we recently demonstrated that 

dual inhibition of SGLT1 and SGLT2 with Sotagliflozin leads to compensatory upregulation of SGLT1 

and SGLT2 protein levels in the kidneys of diabetic mice. 

Oxidative stress plays an essential role in the pathogenesis of diabetes. Reactive oxygen species 

(ROS) such as superoxide overwhelm anti-oxidant systems leading to an imbalance which in turn 

causes oxidative stress. Oxidative stress results in endothelial dysfunction which may occur in the 

retinas during diabetic retinopathy. In addition, oxidative stress results in lipid peroxidation, protein 

damage and DNA damage [23]. It has already been demonstrated that sole SGLT2 inhibition in the 

lens or retina decreases oxidative stress in the eye of T2D patients or mice respectively [24,25]. In 

relation to the kidneys, there is currently controversy concerning the impact of SGLT2i on oxidative 

stress and there are no studies aiming to assess the impact of SGLT1/2i on reactive oxygen species. 

It has been established that different “Gliflozins” have distinct pharmacological, 

pharmacodynamic and pharmacokinetic effects. [26–32]. These differences, along with their variable 

selectivity for SGLT1 and SGLT2 proteins, may contribute to different protective effects on multiple 

organ systems. A study published by Kim et al. [33] has demonstrated that both Empagliflozin and 

Sotagliflozin exert cardioprotective effects in a zebrafish model of diabetes mellitus combined with 

heart failure with reduced ejection fraction. Despite the similar cardioprotective effects of the two 

treatments, Sotagliflozin may be less effective than Empagliflozin at high concentrations [33]. To the 

best of our knowledge there is no data comparing the effects of Empagliflozin and Sotagliflozin in 

T1D. Therefore, in this study, we evaluated the effects of the sole SGLT2 inhibitor, Empagliflozin and 

the dual SGLT1/2 inhibitor, Sotagliflozin, in T1D. 

2. Methods 

2.1. Human Kidney 2 (HK2) Cell Culture 

The human renal proximal tubule cell line, HK2, was generously provided by Dr Melinda 

Coughlan and Prof Karin Jandeleit-Dahm (Baker IDI Heart and Diabetes Institute, Melbourne, VIC, 

Australia). Cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium (HG-DMEM) 

supplemented with L-glutamine (1%), streptomycin/penicillin (2%) and foetal calf serum (FCS) (10%) 

(Thermo Fisher, Melbourne, VIC, Australia). 

Unless stated otherwise, cells were trypsinized, plated in Corning Cell Bind 6 well plates 

(Corning, Glendale, AZ, USA) and allowed to grow to 70% confluency before being treated with 

SGLT2i’s, SOTAG or Norepinephrine (NE) (Sigma-Aldrich, Sydney, NSW, Australia). 

Norepinephrine was diluted in Baxter water and added to the wells in accordance with previous 

studies [4]. Control wells were treated with Baxter water. Norepinephrine was protected from light 
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during its preparation and experiments. SGLT2i’s and SOTAG were dissolved in Dimethylsulfoxide 

(DMSO). Control wells were treated with DMSO. 

2.2. Treatment with NE 

Our team has previously published the optimal NE treatment conditions for SGLT1 and SGLT2 

protein studies in HK2 cells (4, 9). Cells were either treated with 10 µM NE or Vehicle (VEH, Baxter 

water) in 2 ml of high glucose DMEM growth media for a period of 48 hrs. 

2.3. Sole SGLT2 Inhibitors and Dual SGLT1/2 Inhibitor Treatment 

Based on previously published literature, the following SGLT2i’s (canagliflozin, dapagliflozin, 
and empagliflozin) were used at 30 µM for in vitro purposes (34, 35). Stock solutions (0.03 M) were 

prepared. We therefore diluted the stocks 1 in 1000 in HG-DMEM growth media. As DMSO was used 

to dissolve all SGLT2i’s, control cells were treated with DMSO (vehicle) at the same dilutions as 
SGLT2 inhibitor stocks. Incubation times were also chosen based on the literature (34). To allow for 

comparability, SOTAG was also prepared as a 0.03 M stock solution (36). The stock solution was 

diluted at a 1 in 1000 dilution in HG-DMEM growth media. Cells were treated for 48 hrs as per the 

SGLT2i’s. 

2.4. Glucose Uptake in HK2 Cells 

Glucose uptake assays were performed using the fluorescently labelled (Fluorescein 

isothiocyanate or FITC filter) 2[N-(7-nitrobenz-2-oxa-1,2-diaxol-4-yl) amino]-2-deoxyglucose (2-

NBDG) (N13195, Invitrogen, Victoria, Australia). According to the work of Lu and colleagues in 2019, 

incubation of 2-NBDG in a Na+ media is essential due to the sodium-dependent nature of SGLTs. 

The Na+ buffer was prepared with the following constituents (37): 140 mM NaCl, 5 mM KCl, 2.5 mM 

CaCl2, 1 mM MgSO4, 1 mM KH2PO4, and 10 mM HEPES (pH 7.4) diluted in Milli-Q water. 

A 5 mg stock of the fluorescently labelled 2-NBDG was diluted in DMSO to produce a 200 mM 

stock. This glucose analog was used to monitor glucose uptake within HK2 cells via fluorescence 

detected by fluorescent microscopy. After 48 hrs of treatment with either EMPA, SOTAG, NE, or 

VEH, HK2 cells were washed 3X with ice-cold PBS. This was followed by a 2-hour incubation period 

with 2-NBDG (0.2 mM) in Na+ incubation media. Upon completion of the 2-hrs incubation, cells were 

washed 3X with ice-cold PBS and visualised in 2 ml of PBS under fluorescent microscopy (37). When 

fluorescently labelled 2-NBDG was omitted, no fluorescence was detected. A grading system ranging 

from 0-3 (0 represents no fluorescence detected whilst 3 demonstrated the presence of bright green 

fluorescence) was utilised to quantify fluorescence. Microscopic images of random fields of view 

were taken for each treatment well. Results were quantified in a blinded manner by two independent 

individuals. 

2.5. Collection of Protein Cell Lysates 

After cell were treated, they were gently placed on ice where the media was removed and 

discarded. This was followed by two 1X cold PBS washes of each well (2 ml per well). The monolayer 

was then lysed with 60 µl of lysis buffer containing 1X phosphatase inhibitor, 1X protease inhibitor 

and cytosolic extraction buffer (CEB). The CEB buffer consisted of 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) pH 7.5, 14 mM KCl, 5% glycerol, 0.2 nonidet P-40 (Igepal). 

After adding lysis buffer to cells, adhered HK2 cells were then scraped and transferred to a 1.5 ml 

eppendorf tube to be stored at -80 °C for 24 hrs. Cell lysates were thawed and centrifuged at 12 000 

rpm at 4 °C for 10 minutes. Supernatants were gently transferred to a new 1.5 ml eppendorf tube for 

protein quantitation. 

2.6. Protein Quantification Using the Bradford Assay 

Sample protein concentrations were determined using the Bradford assay. The bovine serum 

albumin (BSA) protein standards were added to 96 well plates in duplicate with concentrations 
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ranging from 0-6 µg/µl. In separate wells, 1 µl of protein sample was added in duplicate to the same 

96 well plate. Then, 250 µl of Bradford protein assay reagent was prepared for each sample well (50 

µl of Bio-Rad dye reagent concentrate and 200 µl of Milli-Q water) and added to each well. The 

absorbance of samples was then determined after reading the plate at 595 nm which gave rise to the 

development of a standard curve (OD versus BSA protein standard concentrations). Unknown 

protein sample concentrations were then calculated from using the standard curve. Samples were 

then prepared (10 µg/100 µl) for SGLT1 determination. 

2.7. Enzyme-Linked Immunosorbent Assay (ELISA) 

HK2 lysates were analysed for SGLT1 protein expression levels using a commercially available 

human SGLT1-specific ELISA kit (Cloud clone – SEE 381Hu (Wuhan, China)) as per the 

manufacturer’s instructions. 

2.8. Immunocytochemistry 

SGLT1 was detected in HK2 cells using the immunocytochemistry technique. Using a 6 well 

plate, the cells were fixed in methanol/acetone (1:1) and then endogenous peroxidases were blocked 

with 3% H2O2 followed by blocking with 10% FCS/Tx/PBS. The primary antibody (1:500, Rabbit anti-

SGLT1 antibody, Novus, Centennial, CO, USA.) diluted in Triton X/PBS was added to each well and 

incubated at 4 °C overnight. The following day a secondary conjugated antibody (1:100 goat anti-

Rabbit IgG Peroxidase, Thermofisher, Melbourne, VIC, Australia) was added to each well and then 

stained with diaminobenzadine (DAB) prior to visualisation with a high-powered microscope. 

2.9. Mice and Genotyping 

As a model system, we utilized the Akimba mouse (Ins2AkitaVEGF+/−), a novel transgenic model 

of DR that was generated by crossing the diabetic Akita (Ins2Akita) which develops hyperglycemia 

with Kimba (trVEGF029) mice. The Kimba mouse has transient photoreceptor-specific 

overexpression of human vascular endothelial growth factor 165 (VEGF165) and hence depicts 

changes associated with DR without the hyperglycemic background. The Akimba mouse 

(Ins2AkitaVEGF+/−) is a cross between the diabetic Akita and the Kimba model, and develops advance 

DR features due to the interplay between high blood glucose levels and overexpression of VEGF [38]. 

DNA was isolated from tail clips by using the Wizard Genomic DNA Purification Kit (Promega, 

Madison, WI). Genotyping of Kimba mice was carried out as previously described [39,40]. Akita mice 

were genotyped for the insulin 2 (Ins2) gene as described [41]. Akimba mice were genotyped by using 

protocols for both Kimba and Akita mice. 

2.10. Animal Work 

Animal experimentation was carried out at the Harry Perkins Institute for Medical Research 

animal holding facility (Perth, WA). Animal ethics was approved by the Harry Perkins Institute for 

Medical Research Animal Ethics Committee (AE141/2019). Male Kimba and Akimba mice were bred 

and obtained from the Animal Resources Centre (Perth, WA, Australia) at 2–5 weeks of age. Mice 

were housed under a 12-h light/dark cycle, at 21 ± 2°C and were given a standard chow diet (Specialty 

Feeds, Glen Forrest, WA, Australia) with free access to food and water. Wet mash was replenished 

three times per week. Following a 7-day acclimatization period, the SGLT2 inhibitor EMPA (Ark 

Pharma Scientific Limited, China; 25 mg/kg/day), SOTAG (Med Chem Express, USA; 25mg/kg/day) 

or vehicle (dimethylsulfoxide) was administered to the mice weekly via their drinking water for 8 

weeks. Urine glucose levels were measured (Keto-Diastix; Bayer, Leverkusen, Germany) before 

treatment and 1 week post-treatment to establish the diabetic status of Akimba mice and the 

development of glucosuria induced by EMPA or SOTAG. Mice were weighed weekly. Fasting blood 

glucose levels were measured at the end of the experiment using the Accu-Chek Performa blood 

glucose monitoring system (Roche Diagnostics, North Ryde, Australia). Only male mice were used 
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in the present study as disease progression is known to be slower and less uniform in female mice 

[42]. 

2.11. Glucose Tolerance Testing (GTT) 

Glucose tolerance testing was carried out in non-diabetic and diabetic mice treated for 8 weeks 

with vehicle (DMSO), SGLT2 inhibitor Empagliflozin (EMPA) or dual SGLT1/2 inhibitor SOTAG. 

After fasting for ~5 hrs, mice were given an intraperitoneal glucose injection (1g/kg; 100-200µl 

volumes injected) and blood glucose levels were measured via tail blood samples (~10µl) at 0, 15, 30, 

45, 60, 90, 120 min using a Accu-Chek Performa blood glucose monitoring system (Roche Diagnostics, 

North Ryde, Australia). 

2.12. Tissue and Serum Sample Collection 

After 8 weeks of their respective treatments, the mice were fasted for 5 hrs and had access to 

treatment water. Mice were deeply anesthetized using isoflurane inhalation, underwent cardiac 

puncture to obtain blood and were killed by cervical dislocation. Blood samples were centrifuged, 

serum collected and stored at -80°C. Kidneys and pancreas tissue were harvested, weighed and fixed 

in 10% buffered formaldehyde (PFA) for histology. 

2.13. Immunohistochemistry 

Briefly, kidneys were fixed in 10% buffered formalin for 24 h, followed by wax embedding. 

Paraffin sections (5 μm) were collected and mounted on slides and then heated for 30 minutes at 60 

degrees. Kidneys were washed in xylene (2 x 10 mins) and then rehydrated in 100% ethanol (2 x 5 

mins), 95% ethanol (1 x 5 min), 70% ethanol (3 min) and then water (5 min). For antigen retrieval, 

slides were heated for 5 minutes in a pre-heated 1 x EDTA buffer (pH 8.5; Sigma-Aldrich, Sydney, 

Australia). After washing twice in PBS/0.1% Tween for 5 min, tissue sections were outlined with a 

paraffin pen. Sections were blocked with 3% H2O2 for 10 min, washed twice with PBS/0.1% Tween 

for 5 min and blocked with 5% FBS in PBS/0.1% Tween for 1 hr in a humidified chamber. Sections 

were then incubated overnight at 4C in a humidified chamber with i) mouse anti-Glucagon antibody 

(1:500, NB600-1506, Novus Biologicals, Melbourne, Australia) for Glucagon; ii) rabbit anti-superoxide 

dismutase (SOD)-1 antibody (1:100, Catalog: A0274-20), Abclonal, Massachusetts, USA) for SOD-1; 

and iii) rabbit anti-SOD-2 antibody (1:100, Catalog: A19576-20, Abclonal, Massachusetts, USA) for 

SOD-2. Following overnight incubation, sections were washed three times with PBS/0.1% Tween for 

5 mins and incubated with i) anti-rabbit or anti-mouse (1:100, Santa Cruz Biotechnology, Sydney, 

Australia) secondary antibodies conjugated with HRP in PBS/0.1% Tween for 1 hr. This was followed 

by incubation with DAB. Slides were counterstained with Hematoxylin, dehydrated and mounted 

with DPX (Sigma-Aldrich, Sydney, Australia). 

2.14. Tissue Imaging and Analysis 

Images were obtained using the inverted microscopic system Nikon Eclipse Ti (Nikon, Tokyo, 

Japan) with a digital camera CoolSNAP HQ2 (Photometrics, Tucson, AZ, USA) linked to a computer 

running the image analysis software ‘NIS-Elements Advanced Research’ (Nikon, Tokyo, Japan). The 

mean SOD1 and SOD2 staining expression intensity scores were calculated in counterstained renal 

tissue based on a scale of 0–3 (0 = absent expression; 1 = low expression; 2 = intermediate expression; 

3 = high expression). Expression scores were obtained by two independent scorers to ensure results 

were unbiased. Glucagon staining was analysed with image analysis software (ImageJ 1.43j, National 

Institutes of Health, Bethesda, Maryland, U.S.A.). DAB quantitation was carried out according to the 

work of Fuhrich and colleagues with a slight modification in the background removal step. An 

independent negative threshold was determined for each stained tissue sample (43). 

2.15. Statistical analysis 
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All data were analyzed using two-tailed Student’s t-test or One-way ANOVA and p≤0.05 was 
considered as a significant threshold. 

3. Results 

3.1. In Vitro 

3.1.1. Treatment of HK2 Cells with SOTAG Resulted in a Greater Reduction of Glucose Uptake 

Compared to EMPA 

Using concentrations of EMPA and SOTAG which do not result in cellular toxicity (30 µM), we 

performed a glucose uptake experiment to compare the glucose uptake in HK2 cells treated with 

vehicle, EMPA or SOTAG. Both EMPA and SOTAG treated cells displayed no signs of toxicity when 

inhibitors were used at 30 µM and remained adhered to the culture dish. Furthermore, SOTAG 

treated cells exhibited remarkably enhanced glucose-lowering effects in comparison to the sole 

SGLT2i, EMPA (Figure 1). 

 

Figure 1. Sole SGLT2i (Empagliflozin; EMPA) and dual SGLT1/2i (Sotagliflozin; SOTAG) promote 

reduced glucose uptake in HK2 cells. HK2 cells were treated with EMPA, SOTAG, or vehicle (VEH) 

for 48 hrs in HG-DMEM prior to treatment with fluorescently labelled 2-NBDG in Na+ buffer for 2 

hrs. Representative fluorescent images of HK2 cells treated with (A) VEH/DMSO, (B) EMPA or (C) 

SOTAG. (D) Quantitation of VEH, EMPA and SOTAG mediated glucose uptake. Mean + SEM; 

Statistical significance was determined with a one-way ANOVA. n = 4/group. (VEH vs EMPA; *p = 

0.032), (VEH vs SOTAG; **p<0.001), (EMPA vs SOTAG; ***p = 0.032). Scale bar, 100 µm. Intensity: 0 = 

absent, whilst 3 = high intensity. Results are representative of at least two independent experiments. 
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3.1.2. Treatment of HK2 Cells with NE Promotes Elevated Glucose Uptake 

We investigated the influence of NE on glucose uptake within HK2 cells. The 10 µM 

concentration of NE which has been used in our previous studies has been shown to be functional in 

HK2 cells [4,9]. Confluent monolayers of HK2 cells were treated with NE or vehicle (Baxter water) in 

high glucose DMEM for 48 hrs before treatment with fluorescently labelled 2-NBDG for 2 hrs. This 

was followed by microscopic visualisation of fluorescence in the HK2 cells. We were able to 

demonstrate that NE-treated HK2 cells displayed a significantly higher fluorescence intensity 

compared to vehicle treated cells (Figure 2). In conclusion, this result highlights that exposure to NE 

contributes to increased SGLT mediated glucose uptake within the human proximal tubule cell line. 

Furthermore, this result supports our previous findings that NE promotes increased SGLT 1 and 2 

protein expression and translocation to the cell surface in HK2 cells (4, 9). 

 

 

Figure 2. Norepinephrine (NE) induced glucose uptake within HK2 cells, visualised by 

fluorescence microscopy. HK2 cells were treated with NE (10 µM) or vehicle for 48 hrs in high glucose 
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DMEM before treatment with fluorescently labelled 2-NBDG in Na+ buffer for 2 hrs. (A) 

Representative bright field and fluorescent microscopy images of HK2 cells treated with NE or VEH. 

(B) Quantitation of NE-mediated glucose uptake. Statistical significance was determined with a 

student t-test. n = 3/group; mean ± SEM (VEH vs NE; *p = 0.025). Scale bar, 100 µm. Intensity: 0 = 

absent whilst 3 = high intensity. Results are representative of at least two independent experiments. 

3.1.3. Treatment of HK2 Cells with Sole SGLT2i’s, Dapagliflozin and Empagliflozin Promotes the 

Upregulation of SGLT1 Protein Expression 

The exact mechanisms underlying the regulation of SGLT1 remain unclear. Although both 

SGLT1 and 2 possess identical functions, SGLT1 differs in its expression pattern throughout the body. 

The SGLT2 protein is found within various locations such as the kidneys (predominantly within the 

renal proximal tubules) and retina [5]. Meanwhile, SGLT1 is found in liver, retina, lungs and the distal 

tubules of the kidney. Our team and others have demonstrated that SGLT1 protein expression is 

significantly increased with SGLT2 inhibition in vivo. This observation demonstrates the existence of 

a compensatory mechanism. We endeavoured to investigate whether there is a direct upregulation 

of SGLT1 protein expression that is mediated by the action of three different clinically utilised 

SGLT2i’s (Canagliflozin, Dapagliflozin and Empagliflozin) in HK2 cells. With the aid of a human 

anti-SGLT1 ELISA, we demonstrated that SGLT1 protein expression is indeed significantly increased 

with DAPA and EMPA treatment (Figure 3). 

 

Figure 3. Quantitation of SGLT2 inhibitor mediated regulation of SGLT1 expression in HK2 cells. 

An anti-SGLT1 ELISA was performed on HK2 lysates which were from cells treated with three 

SGLT2i’s (Canagliflozin, CANA; Dapagliflozin, DAPA and Empagliflozin, EMPA) to determine 
SGLT1 expression changes observed with SGLT2 inhibition. Both DAPA and EMPA resulted in a 

significant increase in the upregulation of SGLT1 protein expression compared to vehicle (VEH) 

treated HK2 cells. Statistical significance was determined with a one-way ANOVA. n= 3/group (VEH 

vs DAPA; *p = 0.001), (VEH vs EMPA; **p<0.001). Results are representative of at least two 

independent experiments. 

3.1.4. The SGLT2 Inhibitor Empagliflozin Increases SGLT1 Expression in HK2 Cells 

In an effort to further confirm the SGLT2i (EMPA) mediated increase in SGLT1 protein 

expression, immunocytochemistry for SGLT1 protein was then performed. This method was 

conducted on HK2 cells that were either treated with VEH (DMSO) or EMPA. The SGLT2i, EMPA, 

was used as it resulted in the largest increase in SGLT1 expression by ELISA detection. In Figure 4, 

the SGLT1 expression was visually detectable with the aid of a rabbit anti-SGLT1 antibody and an 

anti-rabbit HRP conjugated antibody followed by DAB treatment. The EMPA treated HK2 cells 

expressed a trend for higher levels of SGLT1 protein as indicated by cytoplasmic brown staining 

(Figure 4). It should be noted that when no anti-SGLT1 antibody was added to the cells, there was no 

brown staining detected. 
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Figure 4. Immunocytochemical detection of SGLT1 expression in HK2 cells treated with Vehicle 

(VEH) or Empagliflozin (EMPA). Each image depicts an individual well of cells treated with either 

VEH (A) or EMPA (B) for 48 hrs. Statistical significance was determined with a student t-test; 

n=5/group. (C) Quantitation of EMPA mediated SGLT1 expression; (VEH vs EMPA; *p = 0.075). Scale 

bar, 100 µm. Results are representative of at least two independent experiments. 

3.1.5. Treatment of HK2 Cells with the Dual SGLT1/2i, Sotagliflozin, Causes a Mild Non-Significant 

Elevation in SGLT1 Protein Expression 

It has been suggested that dual inhibition of both proteins, SGLT1 and 2 with SOTAG treatment 

may provide more advantageous outcomes than EMPA that are beyond its glucose lowering effects 

[44]. We sought to examine whether dual SGLT1/2i with SOTAG also promotes the upregulation of 

SGLT1 protein expression. Using a human anti-SGLT1 ELISA, we showed that SOTAG treatment 

resulted in a mild non-significant elevation in SGLT1 protein expression (Figure 5). 

 

Figure 5. Sotagliflozin (SOTAG) mediated regulation of SGLT1 expression in HK2 cells. SOTAG 

treatment of HK2 cells resulted in a mild non-significant elevation in SGLT1 protein expression 

compared to vehicle (VEH) treated HK2 cells. n= 6/group. Results are representative of at least two 

independent experiments. 

3.2. In Vivo Studies 

3.2.1. SGLT2 and SGLT1/2 Inhibition with EMPA and SOTAG Treatment Promotes Glucosuria in 

Non-Diabetic Kimba Mice 

The Kimba mouse model lacks the hyperglycemic background and therefore acts as the internal 

control to determine the effectiveness of the SGLT2i EMPA and the SGLT1/2i SOTAG to promote 

glucosuria in our in vivo study. Before treatment, urine glucose levels in the non-diabetic Kimba mice 

were 0 mmol/L compared to > 111 mmol/L in the diabetic Akimba mice (data not shown). As 

anticipated, the consumption of 25 mg/kg/day of either EMPA or SOTAG in drinking water resulted 

in glucosuria in the non-diabetic Kimba mice (Figure 6), indicated by the dark brown coloration (> 

111 mmol/L). Mice receiving vehicle remained at 0 mmol/L as indicated by the green coloration. As 

expected, urine glucose levels of the diabetic Akimba mice were positive (> 111 mmol/L) regardless 

of treatment (data not shown). 
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Figure 6. EMPA and SOTAG promotes glucosuria in non-diabetic Kimba mice. Blue equals 0 mmol/L 

glucose whilst dark brown indicates a urinary glucose concentration of >111 mmol/L. 

3.2.2. EMPA and SOTAG Treatment Was Well-Tolerated by Mice 

Kimba and Akimba mice displayed normal responses to touch, smooth and healthy body coats, 

bright eyes and normal posture throughout the 8 weeks of vehicle, EMPA or SOTAG treatment. 

3.2.3. Treatment with EMPA and SOTAG Both Reduce Fasting Blood Glucose Levels Equally in 

Diabetic Akimba Mice 

We tested the glucose lowering potential of both EMPA and SOTAG to determine if dual 

SGLT1/2i is superior to sole SGLT2i. The non-diabetic Kimba blood glucose levels were consistently 

lower than 20 mmol/l and there was no difference between the Vehicle, EMPA or SOTAG groups 

(Figure 7A). The blood glucose levels in Kimba mice were markedly lower than the diabetic Akimba 

mice (Figure 7B). In diabetic Akimba mice, after 8 weeks of treatment, the fasting blood glucose levels 

of the EMPA and SOTAG treated mice were both equally lower than the Vehicle treated mice (Figure 

7B). This result highlights that both sole SGLT2i and dual SGLT1/2i were able to significantly reduce 

diabetic hyperglycemia. 

 

Figure 7. Effect of EMPA and SOTAG on blood glucose levels of non-diabetic Kimba and diabetic 

Akimba mice. Quantitation of fasting blood glucose levels after 8 weeks of treatment with either 

25mg/kg/day of Vehicle, EMPA or SOTAG via drinking water. Statistical significance was determined 

with a one-way ANOVA; Akimba Vehicle vs EMPA (*p<0.001); Akimba Vehicle vs SOTAG 

(**p<0.001); data represented as mean + SEM of 4-6 mice per group. 

3.2.4. EMPA and SOTAG Both Significantly Promote Glucose Tolerance to a Similar Degree 

To address the question whether there is a difference in pancreatic function between mice treated 

with dual SGLT1/2i and sole SGLT2i, we challenged the mice with a glucose bolus and then 

conducted a 120 min GTT in our vehicle, EMPA or SOTAG treated Akimba mice. It was clearly 

evident that the vehicle treated mice were the most glucose intolerant as their fasting blood glucose 

started at over 30 mmol/L at time-point 0 min and remained the highest throughout the time-course. 
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As expected, the fasting blood glucose levels in EMPA or SOTAG treated Akimba mice were 

markedly lower at 16.8±1.6 mmol/L and 15.5±0.5 mmol/L at time-point 0 min, respectively with no 

statistical difference between the two groups. After glucose administration, the EMPA or SOTAG 

treated Akimba mice were consistently displaying lower glucose levels from 15 min onwards 

compared to the Akimba vehicle mice. There was no statistically discernible difference between 

EMPA or SOTAG treated mice (Figure 8B). We also show that the non-diabetic EMPA or SOTAG 

treated Kimba counterparts were the most glucose tolerant mice as evidenced by their markedly 

lower fasting blood glucose levels over the 120 min time-course (Figure 8A). 

 

Figure 8. Administration of EMPA and SOTAG on glucose tolerance in non-diabetic Kimba and 

diabetic Akimba mice. Statistical sigificance was determined with a one-way ANOVA; Kimba 

(Vehicle vs EMPA and SOTAG, 2-3 mice per group); Akimba (Vehicle vs EMPA and SOTAG, *p< 0.05, 

5-6 mice per group). 

3.2.5. EMPA and SOTAG Both Reduce Diabetes Induced Polydipsia 

Both EMPA and SOTAG treatment had no effect on the water intake in non-diabetic Kimba mice 

(Supplementary Figure S1). In Akimba mice, both EMPA and SOTAG treatment reduced the diabetes 

induced polydipsia when compared to vehicle treated mice (Figure 9). When assessing the pre-

treatment and post-treatment water intake, it was evident that Sotagliflozin treatment was also more 

effective at reducing water intake compared to EMPA treatment. 

 

Figure 9. Effect of EMPA and SOTAG on water intake in diabetic Akimba mice. Statistical sigificance 

was determined with a student t-test. Differences (Δ) in water intake from Week 0 to Week 8 are 

presented (*p<0.0001 **p=0.0004 ***p=0.017. n=6 (Akimba Vehicle), n=5 (Akimba EMPA and SOTAG). 
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3.2.6. EMPA and SOTAG Mediated Effects on Glucagon Protein Expression in Diabetic Akimba 

Mice 

As previous studies have shown that SGLT2i may increase glucagon production to reduce 

hypoglycemia, we assessed whether EMPA and SOTAG may regulate glucagon levels. As seen in 

Supplementary Figure S2, we demonstrated that EMPA and SOTAG do not influence glucagon 

protein expression in the pancreatic islets of our Akimba Diabetic mice compared to vehicle 

treatment. 

3.2.7. EMPA and SOTAG Both Increase SOD1 Expression 

In an effort to discern the impact of EMPA and SOTAG on renal oxidative stress, 

immunohistochemistry for SOD1 was performed in kidneys of our Akimba mice. While SOD1 was 

increased in both Empagliflozin and Sotagliflozin compared to Vehicle, it was significantly higher in 

the SGLT1/2 inhibitor SOTAG group. 

 

Figure 10. Renal SOD1 expression in Akimba mice. Statistical sigificance was determined with a one-

way ANOVA. n=4-6 mice/group, *p=0.003 (Vehicle v SOTAG). Abbreviation: Empagliflozin (EMPA) 

and Sotagliflozin (SOTAG). 

3.2.8. EMPA and SOTAG Both Increase SOD2 Expression 

To discern the impact of EMPA and SOTAG had on renal oxidative stress, 

immunohistochemistry for SOD2 was performed in kidneys of our Akimba mice. While SOD2 was 

increased with both Empagliflozin and Sotagliflozin treatment compared to vehicle treatment, it was 

significantly higher in the SGLT2 inhibitor Empagliflozin group. 
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Figure 11. Renal SOD2 expression in Akimba mice. Statistical sigificance was determined with a one-

way ANOVA. n=4-6 mice/group, *p=0.011 (Vehicle v Empagliflozin). Abbreviation: Empagliflozin 

(EMPA) and Sotagliflozin (SOTAG). 

4. Discussion 

While sole SGLT2 inhibition is now considered standard therapy for treatment of T2DM and its 

complications, dual SGLT1/2 inhibitors have shown promise in further advancing organ protection 

[18,19]. Our understanding of the mechanisms underpinning these apparent additional beneficial 

effects remains limited. Only a few studies aimed at comparing and contrasting sole SGLT2 inhibition 

with dual SGLT1/2i in the context of cardiovascular benefits. Firstly, a compare and contrast study 

utilizing the zebrafish model showed that both EMPA and SOTAG offered cardioprotective benefits 

by inhibiting NHE1 activity, although SOTAG may be less effective than EMPA at higher 

concentrations [33]. Additionally, a meta-analysis of human studies [45] showed that T2D patients 

on the dual SGLT1/2 inhibitor exhibited a lower risk of myocardial infarction and stroke than those 

on sole SGLT2 inhibitors. Interestingly, in the latter study, SOTAG treated patients did appear to 

have a higher risk of severe hypoglycemia and diarrhea. Therefore, dual SGLT1/2i demonstrates both 

advantages and disadvantages for diabetes protection. 

Sodium Glucose Co-transporters are currently used to treat diabetes by lowering blood glucose 

levels. Both our in vitro studies utilizing Human Kidney 2 (HK2) cells and our in vivo studies 

utilizing our diabetic Akimba mice showed that when the SGLT2i’s EMPA or SOTAG were 
administered, both drugs resulted in a decrease in in vitro glucose uptake within the cells (Figure 1) 

and an in vivo decrease in glucose levels in mice when compared to vehicle (Figure 7). 

One of the major aims of our study was to compare and contrast whether dual inhibition of both 

SGLT1 and 2 with SOTAG, provides greater metabolic benefits compared to sole inhibition of SGLT2 

with EMPA. With our combined in vitro and in vivo study approach we were able to demonstrate 

that (a) SOTAG treatment resulted in a more pronounced reduction in glucose uptake in HK2 cells 

compared to EMPA treatment; (b) the major neurotransmitter of the SNS, NE upregulates glucose 

uptake in HK2 cells; (c) upregulation of SGLT1 protein expression only occurred with SGLT2 

inhibition via EMPA, but not with dual SGLT1/2 inhibition with SOTAG in vitro; (d) both EMPA and 

SOTAG caused significant equivalent reductions in blood glucose levels and glucose tolerance in vivo; 

(e) SOTAG promoted a greater reduction in water intake in Akimba mice compared to EMPA 

treatment; and (f) EMPA and SOTAG upregulate the anti-oxidative stress proteins SOD2 and SOD1, 

respectively. 

Activation of the SNS is a cardinal feature of the metabolic disturbances associated with T2DM. 

We have previously demonstrated that this associated may at least in part be explained by the bi-
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directional interaction between SNS activity and SGLT2 expression [4]. Indeed, exposure of HK2 cells 

to NE, the main neurotransmitter of the SNS, resulted in upregulation of SGLT2 expression [4]. 

Altered sympathetic nervous system signaling was also identified in the diabetic heart [46]. In our 

current study, we verified using the fluorescently labelled glucose analogue, 2-NBDG, that NE does 

indeed promote SGLT mediated glucose uptake [4,9]. This supports our previous findings where we 

demonstrated that NE increases expression of SGLT 1 and 2 protein expression and their 

translocation to the cell surface [4,9]. Furthermore, this finding provides compelling evidence for the 

notion that the NE induced SGLT1 and SGLT2 translocation to the cell membrane is functional in 

HK2 cells. 

As highlighted in Figure 3, both DAPA and EMPA caused a significant direct upregulation in 

SGLT1 protein expression. Consequently, our in vitro findings aligned with prior research 

concerning the SGLT2i mediated compensatory upregulation of SGLT1 protein expression in vivo 

[6]. The upregulation of SGLT1 protein expression could therefore provide a justification for the 

observed 50-60% of remaining filtered glucose reabsorption with SGLT2 inhibition within the 

proximal tubules under euglycemic conditions [21]. Furthermore, the compensatory increase in 

SGLT1 expression mediated by SGLT2 inhibition could result in diminished efficacy of SGLT2 

inhibitors. The apparent additive benefit of combined SGLT1/2 inhibition with SOTAG compared to 

SGLT2 inhibition alone, as portrayed in a meta-analysis from human trial data [45], may at least in 

part be explained by functional mitigation of SGLT2i induced upregulation of SGLT1 with SOTAG, 

resulting in more pronounced overall metabolic benefits and cardiorenal protective outcomes. 

Another pathogenic mechanism contributing to the development of complications associted 

with longstanding diabetes such as diabetic nephropathy and diabetic retinopathy is hypoxia. 

Decreased retinal blood flow and a deficit in oxygen delivery facilitate this process. Inflammation 

induced capillary dropout contributes to the well described scenario of retinal hypoxia which is 

mediated by the oxygen sensitive transcription factor hypoxia-inducible factor-1 alpha (HIF-1α) [47]. 

Interestingly, expression of the pathogenic factors vascular endothelial growth factor (VEGF) is 

regulated by HIF-1α [42]. Future studies should include uncovering the effect of both the SGLT2 

inhibitor EMPA and the SGLT1/2 inhibitor SOTAG on renal hypoxia in the diabetic Akimba mouse. 

In addition, as SOD’s prevent the production of aggressive ROS’s which promote inflammation, pro-

inflammatory cytokine production in the kidneys should also be assessed after EMPA and SOTAG 

therapy [48]. 

5. Conclusions 

Our current study examined renal oxidative stress related proteins and provided new insights 

into the anti-diabetic protective effects of EMPA, a highly selective sole SGLT2 inhibitor and SOTAG, 

a dual SGLT1/2 inhibitor. In addition, our study using our novel Akimba mouse model failed to 

demonstrate that SOTAG treatment is superior to EMPA therapy. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1: Effect of EMPA and SOTAG on water intake in non-diabetic Kimba 

mice; Figure S2: Effect of VEH, EMPA and SOTAG treatment on glucagon expression in the pancreas of diabetic 

Akimba mice 
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