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Abstract

Diabetes Mellitus Type 2 (T2D) is an emerging health burden in the USand worldwide,
impacting approximately 15% of Americans. Current front-line therapeutics for T2D patients
include sulfonylureas that act to reduce A1C and/or fasting blood glucose levels, or

Metformin that antagonizes the action of glucagon to reduce hepatic glucose production. Next
generation glucomodulatory therapeutics target members of the high-affinity glucose transporter
Sodium-Glucose-Linked-Transporter (SGLT) family. SGLT1 is primarily expressed in intestinal
epithelium, whose inhibition reduces dietary glucose uptake, whilst SGLT?2 is highly expressed
in kidney - regulating glucose reabsorption. A number of SGLT?2 inhibitors are FDA approved
whilst SGLT1 and dual SGLT1 & 2 inhibitor are currently in clinical trials. Here, we discuss and
compare SGLT2, SGLT1, and dual inhibitors” biochemical mechanism and physiological effects.
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Here the biochemical mechanism and physiological effects of the SGLT2 and SGLT1 selective,
and dual SGLT1/2 inhibitors effects are studied and compared to understand their therapeutic
potential in treating type-2 Diabetes Mellitus and describe the evolution of advanced therapeutics
against SGLTs.
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1. Introduction

Diabetes Mellitus (DM) is characterized by pancreatic p-cells insufficiency in either
inadequate synthesis and release of insulin (type 1, T1D) or target cells/tissue becoming
resistant to glucose uptake driven by insulin (type 2, T2D). Insulin plays a pivotal

role in glucose homeostasis by lowering elevated blood glucose to homeostatic levels
via stimulating cellular glucose intake in adipose tissue and skeletal muscle fibers and
promoting glycogenesis in the liver. However, in diabetics this dysregulation of insulin-
to-glucagon ratio leads to hyperglycemia, and advanced-glycation end products that
significantly contribute to cardiovascular and renal complications. []

Genetic and environmental factors such as obesity, alcohol use and inactivity are driving
increasing prevalence of T2D worldwide. [ Amongst the several strategies proposed for
the management of T2D, Metformin emerged as one of the leading medications and acts by
sensitizing cells to insulin and preventing gluconeogenesis in the liver. [31 Some 150 million
people worldwide are prescribed Metformin, including 45 to 55% of diabetic patients (with
no contraindications), and often prescribed in combination with other therapeutics dictated
by patient-specific physiology and regimen. [4] Complimentarily, there are many other
classes of anti-diabetes medications that treat T2D with varied mechanisms: preventing
glucose secretion from liver cells, stimulating the release of insulin from pancreatic

cells, sensitizing to current insulin, inhibiting Dipeptidyl peptidase-4 (DPP-4), stimulating
Glucagon-like peptide-1 (GLP-1) signaling to modulate digestion or glucose reabsorption in
the kidneys. [°] Herein we discuss these, and their related mechanisms of action.
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Sodium-Glucose-Linked-Transporters (SGLT) function as plasma membrane sodium and
glucose symporters involved in glucose uptake from the lumen into the intestinal epithelium,
in and renal nephrons. SGLT1 is primarily expressed in the epithelial lining of the intestines
while SGLT2 is primarily located in the lining of the nephron in the kidneys. SGLT
inhibitors have become popular second-line treatments for T2D management due to their
glucomodulatory, reno-protective and cardiovascular effects. [ Additionally, approximately
94% of T2D patients develop at least one cardiovascular, metabolic or renal comorbidity
with traditional medications, further promoting the use of SGLT inhibitors. ["] Some current
SGLT2 inhibitors include Canagliflozin, Dapagliflozin, and Empagliflozin, which decrease
renal glucose reabsorption and consequently increase excretion in the urine. [8] More
recently, SGLT2 has been studied at a biochemical/molecular level, elucidating its structure,
analyzing interactions with inhibitors and other proteins. [ Although SGLT2 inhibitors are
an established therapy for diabetic patients with cardiovascular complications and diabetic
nephropathy, their use has been associated with a higher risk for urinary tract infections,
fractures, and limb amputations. [10: 111 SGLT1 inhibition presents itself as a potential
alternative given its intestinal prevalence and prevention of dietary glucose uptake with a
number of drugs such as LX2761, TP0438836, and Mizagliflozin in development. Here

we will begin by discussing the benefits of targeting each SGLT receptor with respect to
inhibition mechanisms and their physiologic effects.

2. Background

2.1. Biological significance of SGLT1/2

The expression profiles of SGLT1 and SGLT2 isoforms are crucial in understanding their
physiological differences. SGLTSs are expressed on the apical membrane, bringing sodium
ions down their concentration gradient into the epithelial cell and allowing the glucose
molecule to enter the cell against its concentration gradient. [12]

2.1.1. Role in renal glucose transport—In the kidney, approximately 900 mmol

of glucose per day is reabsorbed in the proximal convoluted tubule of the nephron in
healthy adults. [131 97% of this reabsorption is mediated by SGLT2 which appears in

the early S1/S2 segments of the tubule. SGLT1 is more predominant in the late S2/S3
segments and accounts for approximately 3% reabsorption. [24] For SGLT to function in
transporting glucose, active transport of Na* ions out of the tubule lining is necessary. This
transport is driven by basolateral Na*/K*-ATPase, bringing 3 Na* out of the tubule into
the interstitium and 2 K* into the tubule from the interstitium, while keeping Na* at a

low intracellular concentration. [13] Therefore, when glucose is present in the lumen of the
nephron, SGLT2 transporters on the apical membrane function as symporters where they
adopt different outward and inward conformations to take one Na* and glucose from the
lumen and bring them inside the tubule cell (Figure 1). Overall, the glucose reabsorption
machinery in kidneys is not saturated under normal conditions. The glucose concentration in
plasma at which the filtered glucose load reaches the Tmax (2.08 mmol/min) is known as
the theoretical plasma glucose threshold. However, glucosuria begins at ~10 mmol plasma
glucose concentration in healthy individuals and this deviation of the “actual threshold”
from the “theoretical threshold” is due to the nonlinear transition in glucose reabsorption
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and excretion curves as the Tmax is approached. This “curve rounding” have been explained
by the Tmax heterogeneity of individual nephrons. As such, low levels of glucose start
getting excreted into the urine at modestly elevated glucose levels (10-11 mmol) in the
plasma of healthy adults and increase linearly when glucose levels exceed the 15-16 mmol
concentration range. However, in conditions where the GFR is diminished such as kidney
diseases, glucosuria may require high plasma glucose levels whereas lower plasma glucose
levels are needed when GFR is increased as during pregnhancy or Diabetes. As with most
transporters, SGLTs also reach their maximum renal transport at concentrations of 200 mg
dL~1 above which glucose can be found in the urine (glycosuria). [16] In diabetes, the renal
transport maximum of SGLTs increases due to an unknown mechanism, and SGLT mRNA
is affected: in rodent models, both SGLT1 and 2 expression increases while in human T2D
patients, only SGLT1 significantly increases. [17- 18] |n either case, the natural physiological
response is to overexpress glucose transporters due to the tissue receiving low levels of
glucose. Therefore, studies knocking out SGLT2 (the predominant SGLT transporter in

the kidneys) or employing an SGLT2 inhibitor result in significantly smaller a fraction

of glucose reabsorbed mitigating hypergylcemia. Complementing physiologic transport
studies, recent protein structure determination via NMR and cryo-EM in conjugation with
computational homology modeling has allowed visualization of the SGLT1/2 structure, how
macromolecules and ions bind to them, understanding the residues implicated and intra and
intermolecular interactions, and domain-specific conformational changes. [19: 201

2.1.2. Role in gastrointestinal glucose transport—While SGLT2 is primarily
expressed in renal proximal tubule cells, SGLT1 transporters are more widely expressed

in the intestinal epithelium, heart, central nervous system (CNS), kidneys, and other tissues.
[21] The intestinal epithelial cells (enterocytes) that line the lumen allow for the transport

of glucose after they have been broken down into monomeric units along the alimentary
canal. These enterocytes, like nephron epithelium, also have an apical membrane facing

the lumen where the SGLT1 receptor is localized, and a basolateral membrane facing the
circulation (Figure 1). Dietary glucose (200-300 grams day~1) is drawn into the enterocyte
with two Na* ions going down their concentration gradient (Figure 1). Glucose transporters
(GLUT) located on the basolateral membranes are directly involved in glucose transport into
the blood (Figure 1). [22] This passive transporter, specifically GLUT2 found on pancreatic,
intestinal, liver, and kidney cells work with high Ky, allowing it to act as a glucose

sensor for managing the release of blood glucose modulatory molecules such as insulin.

[23] Intestinal glucose transport also mediates intestinal hormone secretion that regulates
blood glucose concentration, including GLP-1 and glucose-dependent insulinotropic peptide
(GIP). [24] These incretin hormones are released after nutrient intake and are mainly
involved in modulating the release of insulin. All this works in concert with the SGLT1
receptor, as supported by the knockout studies which show that eliminating the SGLT1

(SLC5A1I) gene results in lower levels of these incretin hormones and GLUT?2 expression.
[25]

There are many different gastrointestinal hormones released by distinct types of cells.

Cholecystokinin (CCK) and GIP are released by | and K cells in the proximal gut
respectively while Oxyntomodulin (OXM), GLP-1, and Peptide YY (PYY) are released
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by L cells in the distal gut. [26] These hormones play a preventative role in the progression
of diabetes by indirectly managing blood glucose as well as alimentary canal signaling
that manages digestion. Through SGLT1 modulation, diabetes can be treated not only

by preventing dietary absorption but also by regulating hormones that promote satiety

in diabetic patients. GLP-1 functions in decreasing pancreatic a-cell glucagon secretion,
a hormone responsible for promoting glycogenolysis in the liver and releasing glucose
into the bloodstream. [271 GLP-1 modulation plays a pivotal role in the SGLT1 inhibition
pathway, and GLP-1 receptor agonists that do not function directly through an SGLT1
mechanism have already been approved by the FDA for T2D treatment. Sustained GLP-1
release via SGLT1 inhibition arises when glucose continues down the alimentary canal

to later intestinal segments where the gut contains bacteria that metabolize glucose and
release short-chain fatty acids (SCFASs) that trigger GLP-1 release. [25: 28] This allows for
a different hyperglycemia inhibition pathway as consumed carbohydrates can directly be
prevented from entering the bloodstream and excreted in the stool. Small intestines are
largely responsible for the absorption of nutrients, and this is mainly mediated through
Brush Border Enzymes (BBE) that function in digestion.

2.2. Biological activity of SGLT1/2/Dual inhibitors

2.2.1. History of SGLT inhibitors—In 1885, von Mering published a Phlorizin
molecule isolated from the root bark of apple trees that causes glycuresis and diuresis in
human patients, suggesting application in nephritis treatment. [291 [30] |n 1962, Phlorizin was
shown to inhibit sugar transport in kidneys and small intestines. [31 A follow up showed
that Phlorizin acts at the level of the proximal convoluted tubule for renal reabsorption of
the luminal glucose. [32] In vivo studies of diabetic rats found that Phlorizin normalizes
blood glucose and promotes insulin sensitivity for peripheral tissue glucose uptake, suggest
potential use as a treatment for hyperglycemia. [331 However, concerns with solubility, low
bioavailability, and unselective isoform binding, limiting development (Table 1). [34] Further,
T-1095 was a synthetic Phlorizin derivative that had fewer problems in development but
still faced problems with isoform selectivity (Table 1). [35] Subsequent targeting focussed
on C-glucoside-containing molecules for SGLT2 inhibition as opposed to O-glucosides
(Figure 2). This led to increasing the half-life of novel selective SGLT2 inhibitors,

evading degradation from B-glucosidase enzymes that mainly target the O-glucosides. [36]
Additionally, there were notable differences in selecting SGLT2 over SGLT1 (2700:1 for
Empagliflozin), leading to the desired renal effects (Table 1). [37] Other drugs that fall under
this selective SGLT2 inhibition category are Canagliflozin, Dapagliflozin, and Ertugliflozin.
The three approved by the FDA include Canagliflozin, Dapagliflozin, and Empagliflozin,
and combination drugs with Metformin exist. [38] Recently, dual inhibitors as well as
selective SGLT1 inhibitors are being investigated. Sotagliflozin is a dual inhibitor that has
been observed in lowering glucose and is in phase 3 clinical trials for T2D. Due to the
broad expression profile of SGLT1, Sotagliflozin exhibits many cardiovascular, renal, and
intestinal functions. Adverse effects include diarrhea, which is similar to a-glucosidase
inhibitors (AGIs). Mizagliflozin is a selective SGLT1 inhibitor currently being investigated
as a non-absorbable, rapidly degrading molecule that can also potentially improve chronic
constipation. [39 401 The beneficial effects include modulation of GLP-1 and other incretin
hormones that remain crucial in managing glucose concentrations. As the SGLT inhibition
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field grows and more clinical trials are performed, the advantages of SGLT isoform
inhibition are slowly being unveiled and adverse effects are better understood.

2.2.2. SGLT2 inhibitors—Canagliflozin, Empagliflozin, Dapagliflozin and Ertugliflozin
are have extensive preclinical and clinical research and are currently, FDA approved as

a T2D treatment, branded as Invokana, Jardiance, Farxiga, and Steglatro. Canagliflozin

was originally discovered by a research group in Japan investigating the transition to
C-glucosides for SGLT2 inhibition after it was found that O-glucosides were susceptible

to hydrolysis via B-glucosidase in the intestine. [41] In that study, many different heteroatom
rings and substituent groups were added to a phenyl molecule attached to glucose at C1.

[41] The 1C50s of these molecules were used to determine their inhibitory activities against
the human SGLT?2 receptor, and urinary glucose excretion (UGE) in male Sprague-Dawley
(SD) rats to understand the extent of their biological glycosuria effect. Results showed that
a phenylthiophene derivative had the lowest IC50 and further modifications led to a fluorine
substituent attachment, reporting 2.2 nM IC50 on "SGLT2, 910 nM on "SGLT1 (Table 1).
[41] Dapagliflozin is a C-aryl glucoside discovered similarly through testing different R
substituent groups and finding an EC50 of 1.1 nM to "'SGLT2 and 1390 nM to "'SGLT1,
showing approximately 1200-fold selectivity for SGLT2 than SGLT1 in comparison to
Canagliflozin having a 260-fold selectivity (Table 1). [421 Empagliflozin was discovered by
Boehringer Ingelheim using similar methods of C-glucoside variation and was reported to
have even higher SGLT2 selectivity (2700-fold). [43] Ertugliflozin falls in a novel subclass of
SGLT2 selective inhibitors integrating a unique dioxa-bicyclo [3.2.1] octane (bridged ketal)
ring system. Ertugliflozin exhibits high selectivity (>2000 fold) for SGLT2 over SGLT1
and demonstrates an 1Cgq of 0.877 nM for human SGLT2 while 1960 nM for human
SGLT1. Thus, Ertugliflozin and Empagliflozin show the highest selectivity for SGLT2 over
SGLT1 (> 2000-fold) in comparison with other SGLT2 selective inhibitors. [44] Further
studies into SGLT2 inhibitors showed a significant blood glucose reduction after injection
in hyperglycemic ZDF rats and very slight blood glucose changes against normoglycemic
rats, avoiding potential hypoglycemic complications. [41 45 46] Further solidifying SGLT2
inhibition as a major diabetic medication target is its high oral availability of 65%,

78%, 78%, and 100% for Canagliflozin, Dapagliflozin, Empagliflozin, and Ertugliflozin
respectively as well as rapid absorption and > 10 hour half-lives, unlike the initial SGLT
inhibitor such as Phlorizin. 47491 |n addition to the renal SGLT2 binding, intestinal SGLT1
inhibition is seen in Canagliflozin clinical trials, and this is likely since Canagliflozin,
despite being classified as a highly selective SGLT2 inhibitor, still has a higher affinity
(approximately 650 +/- 150 nM) than Dapagliflozin and Empagliflozin (approximately
1400 and 8300 nM respectively), allowing for the physiological effects of SGLT inhibition
to arise (Table 1). One clinical trial (NCT01173549) investigated intestinal absorption of
glucose as well as incretin GIP, PY'Y, and GLP-1 levels, finding along with increased UGE,
there was 31% reduced intestinal absorption at 1 hour and 20% at 2 hours post-meal, 50%
reduction in GIP, 60% PYY increase, and 35% higher GLP-1 (Figure 3). [50] The study was
able to conclude that an SGLT1 intestinal inhibition mechanism is an additional component
of Canagliflozin’s success as a therapeutic.
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Clinical trials were performed to determine beneficial side effects which mainly consisted
of ameliorating cardiovascular disease and improving renal function (Figure 3). The
Canagliflozin Treatment and Trial Analysis (CANTATA) studies and other trials studying
Dapagliflozin, Empagliflozin, and Ertugliflozin found that there was a significant
reduction in hemoglobin Alc levels following treatment, showing proof of blood glucose
clearance. [51-53] To understand the cardiovascular effects, the Canagliflozin Cardiovascular
Assessment Study (CANVAS) program, the EMPA-REG OUTCOME (Empagliflozin
Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients) trial, and the
DECLARE-TIMI 58 (Dapagliflozin Effects on Cardiovascular Events) were the largest
clinical trials held. [54-561 CANVAS found that with Canagliflozin, there was a 14%
reduction in major adverse cardiac events (MACE) which includes cardiovascular-related
death, non-fatal myocardial infarction and stroke, and heart failure hospitalization risk was
reduced by 33%. 541 EMPA-REG Empagliflozin trials also found a 14% reduction in
MACE and a 35% heart failure hospitalization risk reduction, which was similar to the
cardiovascular benefits of Canagliflozin. [53] On the other hand, the DELCARE-TIMI 58
trials found MACE rates of 8.8% in the Dapagliflozin group vs. 9.8% in the placebo (HR
of 0.93). [93] These results concluded that Dapagliflozin does not result in a statistically
significant lower chance of MACE compared to placebo and is associated with only a 17%
cardiovascular risk reduction. [5¢] A reduction of systolic blood pressure has been observed
in patients treated with SGLT2 inhibitors by approximately 3.93 mmHg for Canagliflozin,
2.7 mmHg for Dapagliflozin, and 3.44 mmHg for 10mg Empagliflozin and 4.16 mmHg for
25mg. [54 56, 571 This effect is likely due to the increased UGE and natriuresis resulting

in osmotic diuresis and reduced intravascular volume when higher osmotic pressure in

the filtrate leads to water being drawn into the lumen of the nephron for excretion. [58]

In addition to the direct glucose-lowering effect, SGLT2 inhibitors have been observed to
play a role in raising high density lipids (HDLs) levels, lowering triglyceride levels, and
decreasing body weight. 51 A more recent study performed in mice attributed these changes
in body fat to the upregulation of crucial mitochondrial genes for fatty acid oxidation via

a Peroxisome proliferator-activated receptor a (PPARa) mechanism in the liver. [6%] The
increase in fatty acid oxidation is associated with the generation of ketone bodies to sustain
the energy demands of cardiac muscle. This makes SGLT2 inhibitors effective in T2D
patients with cardiovascular comorbidities. [61] The renal benefits of these inhibitors arise
from significant reductions in albuminuria progression and slowed glomerular filtration rate
(GFR). [54-56] The glomerulus functions in separating large proteins such as albumin from
the filtrate that continues through the nephron to produce urine. Both albumin presence

in the urine, as well as reduced filtration rate due to decreased glomerular pressure, are
signs of kidney damage, and SGLT2 inhibitors likely improve kidney function through

an anti-inflammatory mechanism, lowering Tumor necrosis factor (TNF) receptor 1 and
Interleukin 6 (IL6) levels in the plasma. [62] However, the mechanisms through which they
exert their effects are not fully understood.

Adverse side effects of SGLT2 inhibitors include female genital mycotic infections (GMI),
urinary tract infections (UTI), and abnormalities in volume depletion (Figure 3). [63] In
randomized controlled clinical trials, there is a notable 3 to 4-fold increase in GMIs,
especially in females, with 13.6%, 10.6%, 8.4%, and 5.4% incidences in low-dose
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Ertugliflozin, Canagliflozin, Dapagliflozin, and Empagliflozin groups, respectively. [64]
This is because pharmacologically induced glucosuria creates warm and moist genitalia
environments in which bacteria and fungi can grow. More specifically, studies have found
that Candida glabrata were mostly present in mild to moderate vulvovaginal candidiasis, and
the excessive presence of glucose from glucosuria causes the fungus to secrete a protein

that results in vaginal epithelial cells adhesion and impaired phagocytic recognition. [6°]
However, it is unknown why Canagliflozin has a notably higher incidence of female GMls.
A similar mechanism occurs in males taking SGLT2 inhibitors which results in UTIs from
Candida albicans when the natural synthesis of a glucose-inducible protein allows for the
fungus to adhere to uroepithelium. [66] Meta-analysis data suggests a 6.8% incidence of
UTIs in patients consuming Dapagliflozin vs. a 5.3% incidence in the placebo group. [67]

A 6.0% incidence of UTIs was observed in patients taking Canagliflozin vs. 5.4% in the
placebo group. A 13.5% incidence of UTIs in patients taking Empagliflozin vs. 14.7% in the
placebo group was reported. A 6.3% incidence of UTI was observed in patients consuming
Ertugliflozin in comparison to a 6.4% in the placebo group. [%8] Dapagliflozin was the only
drug associated with UTIs while the other SGLT2 inhibitors only showed increased risk.
These infections were quickly treated with antifungals and rarely led to severe sepsis. Issues
with volume depletion arise from osmotic diuresis since increased UGE results in increased
water excretion. CANVAS trials for Canagliflozin found significantly higher rates of volume
depletion events with 26.0 events per 1000 patients compared to 18.5 events in the placebo
group, while the other drugs have similar adverse events compared to the placebo. [

Despite the renoprotective effects, less common side effects of SGLT2 inhibitors, in general,
include acute renal failure (ARF), diabetic ketoacidosis (DKA), fractures, and amputations
(Figure 3). An analysis of the FDA adverse event report system (FAERS) database indicates
that SGLT?2 inhibitors are associated with 6.5% of the reported adverse event cases. [6]
Canagliflozin specifically was linked to ARF 7.3% of the time, which was significantly
greater than other FDA-approved Empagliflozin and Dapagliflozin SGLT2 inhibitors (4.7%
and 4.8% respectively). 69 While the exact mechanism for ARF from Canagliflozin and
SGLT2 inhibitors is unknown, a combination of reduced glomerular pressure, volume
depletion, and increased medullary oxygen consumption are potential reasons to believe
that hypoxic kidney damage occurs more often with these drugs. [791 Additionally, increased
plasma erythropoietin and reticulocytosis indicate hypoxia, especially in the medulla of

the kidney, as a result of SGLT? inhibition. [71] A more indirect mechanism consists of
downstream renal SGLT1. When renal SGLT2 inhibition occurs, renal SGLT1 facilitates the
transport of glucose at a higher frequency and activates the aldose reductase gene, making
sorbitol and fructose. Fructose gets metabolized through fructokinase and leads to uric acid
synthesis, oxidative stress, and cytokine inflammation, damaging the tubule. [72] While it

is unclear why Canagliflozin causes ARF significantly higher than other FDA-approved
SGLT2 inhibitors, and all inhibitors are being monitored by the FDA for these effects.

The risk of DKA when taking SGLT2 inhibitors is warned by the FDA. In a systematic
review of published case reports, euglycemic DKA was observed more commonly in
Canagliflozin patients than in patients taking other FDA-approved SGLT? inhibitors. [3]
While the exact mechanism behind this is unclear, it may be due to Canagliflozin’s ability
to simultaneously increase glucagon secretion causing gluconeogenesis while increasing
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UGE, resulting in the excessive formation of ketones. [74] In addition to this, it is shown
that the excessive reabsorption of ketone bodies from the kidney is likely because of the
positive electrochemical gradient created when SGLT2 is inhibited. [7®] Increased fractures
have only been observed in the CANVAS ftrials, with a balanced spread of upper and

lower limb fractures occurring in 4% of patients taking Canagliflozin vs. 2.6% of those
taking placebo. [76] Other Canagliflozin clinical trials have not noted significant increases in
fractures and neither do other SGLT2 inhibitors. This is indicated through increased levels
of type 1 p-carboxytelopeptide and osteocalcin which are resorption and formation markers,
respectively, and a statistically significant reduction in hip bone mineral density. [7”] When
sodium does not undergo facilitated transport through SGLT, the excess luminal sodium
increases the activity of sodium-dependent phosphate cotransporters 2A and 2C around the
same proximal renal tubule area, allowing for increased reabsorption of phosphate. This
leads to increased FGF23 protein followed by decreased expression of a crucial enzyme
responsible for converting Vitamin D to its active form. Without this, calcium is not
absorbed in the gastrointestinal (Gl) tract and parathyroid hormone (PTH) is secreted, which
degrades the bone matrix to increase the plasma calcium. [78]

Amputations are controversial adverse effects associated with SGLT2 inhibitors. They
occur significantly more per 1000 patients in CANVAS trials with the worst amputations
occurring at the level of toes and metatarsal. 541 Similar to fractures, this occurs only in
Canagliflozin with significance. Although the exact mechanism for this is not known, it is
speculated that the hypovolumia side effect of SGLT2 inhibitors may contribute to decreased
perfusion to the lower extremity. [7°] Other mechanisms when considering amputations as
a potential side effect of all SGLT2 inhibitors (since there is not enough data to determine
whether it is unique to Canagliflozin) include increased blood viscosity and a link between
diuretics and amputation, both major contributors to the deterioration of tissue, ischemia
and limb salvage. [8%- 811 When considering amputations as a Canagliflozin concern,
differences between Canagliflozin and Dapagliflozin/Empagliflozin include more SGLT1
selectivity as previously mentioned, and complex 1 inhibition through AMPK activation.
[82] This leads to greater AMP and ADP ratios and subsequently lowers oxygen uptake in
cells. Additionally, Canagliflozin has the potential to inhibit endothelial cell proliferation
contributing to peripheral artery disease, limb ischemia, and subsequently amputations. [83]
Therefore, physicians must be aware of these and other adverse effects as well as more
recent meta-analyses that have studied large scale Canagliflozin use. [84]

2.2.3. SGLT1 inhibitors—Selective SGLT1 inhibition shows a lot of promise but

have lagged behind SGLT2 inhibitors. The reduced risk of MACE and heart failure in
general from the use of SGLT2 selective inhibitors is mainly in patients with established
atherosclerotic disease and does not necessarily address diabetics with multiple risk factors.
In addition to this, inhibition of SGLT1 presents a strategy of preventing dietary glucose
from being absorbed in the intestines before the glucose makes its way to the kidneys,
providing the opportunity to prevent the SGLT2 adverse effects. Current SGLT1 selective
inhibitors in development are Mizagliflozin (DSP-3235, KGA-3235 or GSK-1614235 alias
names), KGA-2727, LX2761, and TP0438836. KGA-2727 was first developed in 2012 as
the first selective SGLT1 inhibitor with a pyrazole-O-glucoside structure by adding different
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R substituent groups onto the O-glucoside. [85] The study calculated inhibitory constants as
97.4 nM and 13600 nM for "'SGLT1 and "SGLT2 respectively, which was more selective

for SGLT1 than previously described Phlorizin. LX2761 was discovered as a C-glucoside
that mimicked the structure of Sotagliflozin, a dual SGLT1/2 inhibitor, and 1C50s were
screened for greater SGLT1 selectivity. [86] The resulting LX2761 structure had a 2.2 nM
and 2.7 nM 1C50 toward "SGLT1 and "SGLT2, respectively (Table 1). TP0438836 is a
C-phenyl D-glucitol derivative with 7 nM and 28 nM 1C50 toward "SGLT1 and "'SGLT2
respectively (Table 1). [87] GSK-1614235 was developed as an analog to KGA-2727 with the
addition of two methyl groups on the carbon before the terminal amide and has inhibitory
constants of 27 nM and 8170 nM for "SGLT1 and "SGLT?2 respectively, making the drug
more selective for SGLT1 to be used in clinical trials (Table 1). [88] Glucose/fructose

UV testing was performed with rat small intestines to confirm the mechanism for SGLT1
inhibitors in preventing glucose absorption, finding a significantly decreased absorption rate
than Phlorizin and control at two different KGA-2727 concentrations. [85] LX2761 studies
tested cecal (large intestine) glucose levels in mice as well as blood glucose levels, finding a
significant increase in the amount of intestinal glucose passing through the small intestines
into the large intestines and a decrease in blood glucose 1 hour after a meal challenge. [86]
Rat studies with TP0438836 show decreasing plasma glucose dose-dependently 120 minutes
after an oral glucose test. [87] GSK-1614235 resulted in reduced glucose absorption when
given to patients before rather than 30 minutes after a meal. [38] Rodent models further
confirmed the incretin mechanism of SGLT1 selective inhibitors with KGA-2727 reporting
increased plasma GLP-1 dose-dependently in ZDF mice, GSK-1614235 finding increased
GLP-1and PYY in humans, and LX2761 showing higher total GLP-1 with low cecal pH to
indicate the production of SCFA as proof of concept. [85: 86. 881 TP0438836 is a relatively
new molecule with no incretin effect studies. Along with Canagliflozin and other dual
inhibitors, these SGLT1 selective inhibitors exert incretin molecule effects that are crucial in
managing diabetes and present a potential avenue for continued development.

While numerous SGLT?2 inhibitors have been or are currently being clinically evaluated,
there are significantly fewer trials of selective SGLT1 inhibitors. One crossover study
administered GSK-1614235 (selective SGLT1 inhibitor) pre- or post-meal vs. placebo to

12 healthy volunteers to evaluate its effects on glucose absorption and GIP secretion
(NCT01607385). [88] |n addition to pre-meal dosing of GSK-1614235 producing delayed
and reduced intestinal glucose absorption, the selective SGTL1 inhibitor also elevated GIP
for 4 hours post-meal. However, some participants reported mild gastrointestinal symptoms:
diarrhea (n=4), abdominal pain (n=1), and flatulence (n=1). The mechanism for diarrhea in
SGLT1 selective inhibition involves the increase in osmaotic pressure due to high amounts
of cecal glucose and short chain fatty acids (SCFA), resulting in water being drawn into the
large intestines. However, further studies with larger numbers of healthy patients are needed
to know certain GI effects. The diarrhea side effect seen with GSK-1614235 has recently
led to the repurposing of the drug for chronic constipation under the name Mizagliflozin.
[89] |ts effect in increasing plasma GLP-1 levels is being used to alleviate abdominal pain
and has potential application in patients with irritable bowel syndrome. Despite the low
bioavailability of Mizagliflozin, the field of SGLT1 selective inhibitors is mainly centered
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around the discovery of more stable molecules and trying to understand all the potential
benefits and risks of targeting the receptor. [39]

The benefits of SGLT1 inhibition mainly revolve around the modulation of postprandial
glucose absorption and incretin hormone levels such as GLP-1, PYY, and GIP (Figure 3).
Promoting satiety in the individual and stimulating insulin secretion after a meal is crucial
in diabetes management long-term. Success in doing this has been seen with Canagliflozin
which, unlike other SGLT?2 selective inhibitors, is still strong in SGLT1 binding. Renal
SGLT1 inhibition can also prevent the nephrotoxic effects of acute kidney injury (AKI)
with SGLT2 selective inhibitors by preventing the fructose metabolism pathway previously
mentioned. [72] The sodium myoinositol cotransporter 1 (SMIT1) has been linked to
SGLT1, and this interaction contributes to the production of reactive oxygen species (ROS)
in myocardial cells under hyperglycemic conditions. [%0 Both SMIT1 and SGLT1 are
expressed in the heart, and the import of glucose under hyperglycemic conditions can lead
to ischemic cell death and heart failure. SGLT1 inhibitors show potential in preventing

type 2 DM-related heart failure. [91-93] potential neuronal benefits to inhibiting SGLT1

has been observed in slowing the development of cerebral ischemic neuronal damage.

[94] When sodium rushes into the cell through widely expressed SGLT1 receptors in
neurons and myocardial cells, an accumulation of calcium ions can result in mitochondrial
dysfunction in those cells. In hyperglycemia, more sodium is going down its concentration
gradient and glucose follows going into the target cell, making SGLT1 inhibition a potential
avenue to prevent myocardial and cerebral ischemia. In tumor growth, overexpression of
SGLT1 expression allows tumor cells to proliferate and leads to poor prognosis in ovarian
carcinoma and other types of cancer, giving another example of how SGLT1 inhibition can
be beneficial outside of diabetes. [9] Finally, SGLT1 plays a role in the expression of matrix
metalloproteinases during hyperglycemic states in human cardiac fibroblasts. Meng et al.
found that SGLT1 inhibitors significantly reduce the expression of matrix metalloproteinases
and decrease the risk of diabetic cardiomyopathy (Figure 3). [%6] These beneficial effects
for patients with potential cardiovascular and renal comorbidities make SGLT1 inhibition as
promising as SGLT2 inhibition with the added benefit.

Problems that arise when focusing on SGLT1 inhibition mainly consist of the wide
expression profile leading to energy-deficient neurons and myocytes, especially in
hypoglycemic or hypoxic states. [971 Osmotic diarrhea has already been observed in the
Mizagliflozin clinical trial and is a concern due to potential hypotensive and volume
depletion-related events. This is similar to the potential adverse effects of SGLT2 selective
inhibitors since both involve the excretion of glucose. Although SGLT1 inhibitors have
hardly been assessed, the volume depletion events can be seen with SGLT2 inhibitors.
Canagliflozin, which has been previously shown to exhibit some SGLT1 inhibitory activity,
had significant occurrences of osmotic diuresis (34.5% vs 13.3% in drug vs placebo) and
volume depletion events (26.0% vs 18.5%) whereas Empagliflozin did not in the EMPA-
REG OUTCOME trial. [ 551 Notably, SGLT1 deficiency has been linked to elevated
bacterial loads, and this is either due to increased glucose moving to the large intestines
allowing gut microbiome proliferation, or changes in immune cells such as macrophages
impairing the immune system (Figure 3). [98] Finally, SGLT1 has been observed to function
in enteric inflammation, specifically by preventing damage from toll-like receptors (TCRsS),
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and in the intestinal epithelium, glucose inhibits cell death by Nuclear factor kappa-light-
chain-enhancer of activated B-cells (NF-xB). [9] Until more SGLT1 selective inhibitors
go into clinical trials and more data is retrieved, the potential mechanisms and beneficial/
adverse effects remain a mystery.

2.2.4. Dual SGLT1/2 inhibitors—Recently, there has been a push for the application
of dual SGLT1/2 inhibitors, which are typically only slightly more selective for SGLT2.
After the discovery of Phlorizin and T-1095, there was proof of concept for medications

that induce glycosuria as well as increased incretin hormone responses. However, when
these drugs failed due to poor selectivity and bioavailability, there was a switch toward

only inhibiting SGLT2. Today, with the development of selective SGLT1 inhibitors, dual
inhibitors controlling the selectivity for either receptor carve the path to mitigate the
detrimental side effects of inhibiting each receptor. The most developed and studied
SGLT1/2 dual inhibitor currently being investigated is Sotagliflozin, also known as LX4211.
The drug was developed by Lexicon Pharmaceuticals and is derived from an L-xylose
instead of the classic D-glucose as seen in the other SGLT inhibitors in hopes of preventing
degradation and cross-reactivity with other glucose-binding enzymes. [19%] Through a series
of different aromatic substitutions, the Sotagliflozin molecule was found to have 1C50s of
36 nM and 1.8 nM to "SGLT1 and "SGLT2 respectively (Table 1). [102] In vivo studies to
determine the SGLT1 and SGLT2 mechanisms of Sotagliflozin, found significantly greater
GLP-1 levels, PYY levels, and cecal glucose levels as well as lower cecal pH, supporting
the SGLT1 inhibition mechanism. Additionally, 24 hour UGE studies in mice found 696 +/—-
103 mg day ™1 after LX4211 administration compared with 1.1 +/- 0.3 mg day~! measured
before the drug. [101]

Clinical trials with Sotagliflozin show promising results that suggest interplay from both
SGLT1 and SGLT?2 inhibition. A recent meta-analysis of these trials shows 0.42% reduced
hemoglobin Alc levels vs placebo groups in nine pooled studies. [192] Changes in body
weight were seen by an average of 1.33 kg vs placebo groups. Reductions in systolic

and diastolic were 2.4 mmHg and 0.81 mmHg, respectively, and this was not significantly
different from the selective SGLT2 inhibitor Empagliflozin. Although Sotagliflozin showed
a 5% reduction in the incidence of hypoglycemia (OR 0.95), a 6% increase in the incidence
of UTIs (OR 1.06), and a 68% increase in the incidence of DKA (OR 1.68) compared to

the placebo group, all these results were not considered statistically significant. Therefore,
compared to the placebo group, Sotagliflozin was considered safe in terms of hypoglycemic
incidence, UTlIs, and DKA. Diarrhea was the main adverse effect, with a 47% increased
incidence in the Sotagliflozin group compared to the placebo (OR 1.47). Other adverse
events include a 201% increase in the incidence of genital infections (OR 3.01) and a 26%
increase in the incidence of volume depletion (OR 1.26) in the Sotagliflozin group compared
to the placebo.

Results from the SCORED (10,584 patients with T2D and chronic kidney disease
randomized to Sotagliflozin or placebo) and SOLOIST (122 patients with T2D admitted
with worsening heart failure randomized to Sotagliflozin or placebo) trials suggest that
combined SGLT1/2 inhibition reduces myocardial infarction (MI) and stroke more than
SGLT?2 inhibitors alone. [103] While the SCORED trial suggests Sotagliflozin reducing both

Aadv Ther (Weinh). Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Azizogli et al.

Page 13

total (fatal and nonfatal) M1 and stroke by 32% and 34%, respectively, a meta-analysis of
SGLT?2 inhibitors fails to show a significant reduction of either Ml or stroke.

Based on the results of the trial, dual SGLT1/2 inhibitors avoid AKI as a side effect yet are
still a causative factor in genital mycotic infections, volume depletion, and diarrhea. The
SCORED trial showed that there was no significant risk of fractures or amputations, unlike
Canagliflozin. [194] This is potentially because dual SGLT1/2 inhibitors such as Phlorizin
have been implicated in protecting against endothelial dysfunction by increasing levels of
NO and promoting the consumption of glucose in palmitic acid-affected endothelial cells.
[105] The risk of hypotension in clinical trials was also significant with 2.6% of patients
taking Sotagliflozin vs 1.9% of placebo patients. [194] Sotagliflozin trials in type 1 DM
show mild to moderate diarrhea in 4.1% of drug patients vs 2.3% in the placebo group,

yet cases of volume depletion were significant (1.9% to 0.5% for drug and placebo groups
respectively). [198] Due to these severe adverse effects more studies will be needed to better
understand the effects of these therapeutics. For SGLT1 inhibition to be a viable focus for
DM management, the volume depletion must be mitigated potentially through lower SGLT1
affinity while keeping the GLP-1 and incretin effect. Drugs with lower SGLT1 affinity, in
general, can also have enhanced GLP-1 effects through combination therapy with DPP-4
inhibitors, as observed with Sotagliflozin and Canagliflozin. [107]

Licoglifozin (LIK066), another dual SGLT1/2 inhibitor, is currently in phase 2 clinical

trials and has demonstrated promise for a dual inhibition role in the management of T2A
(NCT02470403). When administered to obese patients with or without diabetes, it has led

to significant weight loss and optimization of levels of glucose and incretin hormones,
providing further evidence of the effectiveness of dual inhibition. [198] One clinical trial

(125 patients with T2D and heart failure randomized to either Licoglifozin, Empagliflozin,
or placebo) showed an apparent reduction in N-terminal pro-brain natriuretic peptide (NT-
proBNP) when dosing 10 mg once daily of Licoglifozin vs. placebo at week 12. [109]
NT-proBNP is a biomarker measured to indicate the severity and prognosis of heart failure,
which is a common cardiovascular complication associated with T2D. [110. 111] These
findings may suggest dual inhibition can play a role in alleviating heart failure in T2D
patients, however larger studies are needed to confirm this. The specific mechanisms of how
SGLT1/2 inhibition contributes to the reduction of NT-proBNP have not yet been elucidated;
however, it is proposed that the enhancement of renal sodium and glucose handling, changes
in cardiac metabolism, oxygen supply, and sodium-hydrogen exchange may play a role. [109]
Licoglifozin is considered generally safe and well-tolerated, with the most common adverse
event being diarrhea (90% with Licoglifozin 150 mg once per day vs. 25% with placebo in a
12 week randomized study). [198] Although larger and longer-duration studies are needed to
confirm other side effects, preliminary clinical data suggest low incidences of bone fracture
(1.6%), genital mycotic infection (1.6%), and UTIs (3.3%) of patients with T2D and heart
failure taking Licoglifozin (2.5 mg, 10 mg, or 20 mg once daily) for 12 weeks. [109] These
findings may suggest that dual inhibition may mitigate the side effects commonly seen in
SGLT?2 inhibitors alone.

YG1699 is another dual SGLT1/2 inhibitor undergoing phase 1 clinical trials with results
still being analyzed (NC05089617). While it intends to achieve similar goals to other dual
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inhibitors (enhancing glycemic control and weight loss in T2D patients), further studies may
elucidate more of the unique benefits and adverse events associated with this and other dual
inhibitors.

2.2.5. Other Classes of Diabetes Medication—Current diabetes therapeutics
revolve around the modulation of the incretin and enteroendocrine hormones discussed
previously or act at the level of insulin /glucagon. Due to adverse effects, a number of other
targets have been studied for glucose modulation.

GL P-1 Receptor agonists. GLP-1 receptor agonists are one avenue for hyperglycemic
diabetes treatment and current therapeutics include Exenatide, Lixisenatide, Liraglutide,
Dulaglutide and Semaglutidel112]. These are insulinotropic peptide agonists that mimic
GLP-1 biological activity at picomolar concentrations. [113] They increase insulin and
decrease glucagon secretion mainly through a cAMP/protein kinase A (PKA) intracellular
mechanism that promotes insulin gene transcription in pancreatic beta cells and a
cAMP/PKA mechanism that blocks P/Q-type Ca2* channels and prevents glucagon
exocytosis in pancreatic a-cells. [114. 1151 This promotes satiety in the individual. GLP-1
receptor agonists are associated with nausea and vomitting resulting in 5-15% of patients
discontinuing treatment. [112] Additionally, GLP-1 as well as its receptor agonists are
susceptible to degradation via dipeptidyl peptidase 4 (DPP-4) so as this avenue for diabetes
medication grows, it is crucial to develop receptor agonists that slow degradation. [112] The
currently approved receptor agonists avoid this problem and are typically separated into
short-acting and long-acting groups based on the patient’s specific diabetes management
plan.

DPP-4 inhibitors: Inhibiting DPP-4 to maintain elevated levels of GLP-1 in hyperglycemic
states is another potential avenue for treating diabetes. Some of the FDA-approved

drugs include Sitagliptin, Vildagliptin, Linagliptin, Saxagliptin, and Alogliptin which are
small molecule peptide mimetics that block the proteolytic activity at the active site of
DPP-4. DPP-4 inhibitors are not a homogenous class of molecules even though they are
classified as “-gliptin” molecules. Subclassifications of DPP-4 inhibitors are named based
on what subunits of DPP-4 they interact with. [116] Studies show that postprandial GLP-1
concentrations can increase 2—3 fold and hemoglobin Alc levels lower as a result of DPP-4
inhibitors. [1171 However, nasopharyngitis and skin lesions concerns but a lower risk of acute
pancreatitis, due to the increase of GLP-1, has been reported. [116] The additive effects of
GLP-1 receptor agonists and DPP-4 are not expected to have added clinical benefit. [116]

a-glucosidase inhibitors (AGIs): AGIs competitively and reversibly bind a-glucosidase
which is a BBE found in the small intestines. [118] The enzyme functions in cleaving

a-1,4 glycosidic linkages and reduces postprandial blood glucose levels through delayed
carbohydrate absorption in the small intestines. [1191 Current AGIs include Acarbose,
Miglitol, and Voglibose which are structurally similar to sugars and have a nitrogen group
either in their pyranose-like ring (iminosugars) or have a nitrogen covalently attached to the
ring (carbasugars). [120] These serve to mimic smaller tri- and disaccharides that bind to

the active site of the enzyme. Due to their biological function at the intestinal level, AGIs
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work to lower postprandial glucose levels but not fasting glucose levels. Side effects are
remarkably similar to that of SGLT1 inhibition which also works at the intestinal level.

As short-chain carbohydrates stay in the intestinal lumen, water flowing into the intestines
following these macromolecules results in flatulence, diarrhea, bloating, and abdominal
cramping. [1191 However, protective cardiovascular effects are seen with AGIs such as a
lower risk of myocardial infarction and stroke, lower blood pressure, and improvements in
triglyceride levels. [121. 122]

Per oxisome proalifer ator-activated receptor- y (PPAR-y) agonists. PPAR-y agonists are
called thiazolidinediones and work by increasing insulin sensitivity and glucose uptake in
muscle cells. [123] These nuclear receptors regulate carbohydrate metabolism, cell growth,
differentiation, apoptosis, and lipid metabolism. [124] |soforms of this receptor have many
different expression profiles. PPAR-y1 is found in a broad range of tissue types for energy
metabolism while PPAR-y2 is mainly found in adipose tissue for lipid metabolism. [12°]
When thiazolidinediones bind to PPAR-y, they cause heterodimerization of PPAR-y with
retinoid X receptor (RXR), and both act as transcription factors for genes involved in
carbohydrate and lipid metabolism. [126] The increase in insulin sensitivity arises from

the fact that thiazolidinediones can enhance the lipid-storing capacity of adipose tissue

and increases the number of adipocytes, allowing for less adverse lipid accumulation

and therefore reducing insulin resistance in muscle and liver cells. [127] Troglitazone,
Rosiglitazone, and Pioglitazone are the three main drugs that fall in this category and
contain a thiazolidine-2,4-dione sulfur group that makes the class distinct from others.
Severe adverse effects, such as hepatotoxicity, have resulted in Troglitazone being removed
from the market after FDA approval, compared to Rosiglitazone and Pioglitazone with lower
heaptotoxicity,[128] along with a number of other side effects of consideration. [12°]

Biguanides and Sulfonylurea: Metformin is an antidiabetic drug in the biguanides

drug class. [130] |t serves as a first line of defense for diabetes medication and works
through many mechanisms of action. The main anti-diabetic mechanism is reducing liver
gluconeogenesis through the increase in AMP-activated protein kinase (AMPK) stimulation,
a key protein in inhibiting transcription factors for reduced gluconeogenesis enzyme activity.
[130] Although it is not fully known how metformin and other biguanides increase AMPK
stimulation, there are multiple possible mechanisms: increasing AMP/ATP ratio, activating
liver kinase B1, cAMP reduction, and glucagon secretion blockage, glycerophosphate
dehydrogenase inhibition in the mitochondria, and fructose-1-6-bisphosphatase inhibition.
[131-135] Bjguanides also increase skeletal muscle glucose uptake through an unclear
AMPK-dependent pathway. [130] Other drugs in the family include Phenformin and
Imeglimin. Phenformin was approved as a diabetic treatment but was later canceled in many
countries due to lactic acidosis. [13¢] Side effects are minimal and dual oral therapies are
constantly being developed, especially with SGLT inhibitors, for additive glucose-lowering
effects. Sulfonylureas structurally consist of a phenyl group attached to a sulfonyl group
which is attached to a urea group, allowing it to bind to the sulfonylurea receptor (SUR)

on pancreatic beta cell ATP-sensitive potassium channels. [137. 138] This results in the
decrease of potassium efflux and cell depolarization, triggering Ca2* release and insulin
secretion. [139] These drugs also function by decreasing the liver-mediated metabolism of
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insulin, decreasing pancreatic a.-cell glucagon secretion, and increasing insulin sensitivity
in peripheral tissue. [140] SURs have two different subtypes (SUR1 and SUR2) with
different expression profiles and different binding affinities for sulfonylureas. SUR1 is
mainly expressed in the brain and pancreatic pB-cells while SUR2 is predominant in cardiac
and smooth muscle. [137] This means that sulfonylureas with a greater affinity to SUR2 can
have cardiotoxic side effects. Drugs under the sulfonylurea class include Chlorpropamide
and Tolbutamide as first-generation and Glyburide, Glipizide, Glimepiride, and Gliclazide as
second-generation, mainly differing in pharmacokinetics and degradation. [241] Due to the
increased risk of cardiovascular symptoms, Tolbutamide has been labeled with a warning
by the FDA and requires cardiovascular safety studies. [142] Other drugs in this class either
have no change in cardiovascular risk or even beneficial cardiovascular effects. Patients

are typically not administered sulfonylureas as a second-line medication because of these
potential side effects as well as hypoglycemia since insulin secretion is stimulated with no
regard to blood glucose levels. 1431 |f used, they are usually short-acting second-generation
which reduces the risk of medication-induced hypoglycemia.

3. Significance of study

SGLT2 inhibitors are well-established therapeutics for T2D management.

SGLT2 selective inhibitors mainly consist of Canagliflozin, Empagliflozin, Ertugliflozin,
and Dapagliflozin with Empagliflozin and Dapagliflozin having high selectivity for SGLT2
and Canagliflozin having more selectivity for SGLT1 than the others. Clinical trials show
that SGLT2 selective inhibitors have renoprotective and cardiovascular protective effects
consisting of reduced albuminuria, slowing decline in GFR, lower chance of MACE,

lower systolic blood pressure, and lower fat counts in adipocytes. While Dapagliflozin

is not as effective as other SGLT2 inhibitors in alleviating cardiovascular complications,
Canagliflozin is associated with a higher incidence of amputations, fractures, female GMls,
ARF, and euglycemic DKA. It is not clear whether Canagliflozin’s side effects are due to
its more split selectivity for SGLT1 and 2 or if these adverse events are possibly generalized
for all SGLT2 inhibitors (Table 1). Of note amputations and fractures were only found to be
significant in one trial (CANVAS). Additionally, SGLT1 selective inhibitor, Mizagliflozin,
as well as dual inhibitor Sotagliflozin did not note these adverse effects, suggesting some
potential off-target mechanism inherent in Canagliflozin’s structure may exist.

SGLT1 inhibitors” increase in intestinal glucose results in diarrhea and volume depletion /
hypotensive events, however, the wide expression profile for SGLT1 has resulted in
numerous studies to understand its role in myocytes and neurons, providing potential
mechanisms for how SGLT1 inhibition can be used to not only treat diabetes in a
postprandial state but also treat other risk factors associated with hyperglycemia.

The well-characterized SGLT1/2 dual inhibitor, Sotagliflozin (SGLT2/SGLT1 selectivity
ratio ~20), shows clinical data supporting the strategy of dual inhibition for the treatment of
T2D (Table 1). While Sotagliflozin results in similar Alc level and systolic blood pressure
reduction as SGLT2 inhibitors, it appears to show promise in reducing the incidence

of side effects commonly seen in SGLT2 inhibitors, such as bone fractures, UTIs, and
GMils. However, larger studies are needed to fully support these benefits. Additionally,
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Sotagliflozin may reduce the risk of heart failure, myocardial infarction, and stroke in

type 2 DM patients more than SGLT2 inhibitors alone suggesting a synergistic effect of
dual SGLT1 and SGLT?2 inhibition; similar to SGLT1 inhibitors, the primary side effects
associated with dual inhibition include diarrhea and volume depletion. More clinical trials
of SGLT1-only inhibitors are needed to determine whether dual inhibition provides any
reduction in the incidence of these side effects compared to SGLT1 inhibitors alone. Overall,
SGLT1 and SGLT?2 targeting has significant potential given their expression profiles, yet
dual inhibitors may offer a combination of benefits for T2D management due to their effects
on UGE and incretin hormones. The delicate interplay with receptor selectivity is pivotal

in allowing GLP-1 secretion while preventing adverse Gl SGLT1-mediated symptoms from
arising.
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Renal Proximal Tubule
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Figure 1. Cellular localization and biological activity of SGLT1 and SGLT2 in sodium-glucose
co-transport.
SGLT1 (green) along with SGLT2 (purple) localized on the luminal side of the renal

proximal tubule, and mainly SGLT1 on epithelial cells of the small intestine shown
schematically. GLUT transporters (teal) and Sodium-Potassium pumps (yellow) are
localized on the interstitium side and mainly assist in the transport of glucose and sodium-
potassium ions across the renal cells and intestinal epithelial cells. The overall glucose
absorbed is ~180 g day~? in kidneys and ~60-80 g day™L.
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and intestinal functions

cardiovascular, renal,
Eg. Sotagliflozin

Additional

.
.

Dual SGLT
inhibitors

Chronic diarrhea

Figure 2. Chemical and functional evolution of the SGLT inhibitors.
Phlorizin is a natural O-glucoside that was shown to inhibit sugar transport in kidneys and

small intestine in 1962. Since then, the molecules used to treat T2D have faced evolution
in structure and function to avoid p-glucosidase action, for better selectivity towards SGLT
isoforms, and enhance the number of beneficial side effects. The merits (green boxes) and
disadvantages (red boxes) of respective classes of molecules.
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Mechanism of inhibition

SGLT1

Intestinal Glucose Absorption

31% decreased intestinal glucose absorption
50% decreased GIP

60% increased PYY

35% increased GLP-1

SGLT2

Renal Glucose Reabsorption

Adverse side effects
SGLT1
Osmotic diarrhea
Gut microbiome proliferation
Enteric inflammation
SGLT2
Genital Mycotic Infections
Urinary Tract Infections
Acute Renal Failure
Diabetic Ketoacidosis
Fractures
Amputations

Figure 3. Biological activity of SGLT1 and SGLT2 inhibitors.
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Beneficial side effects
SGLT1
Prevents cerebral ischemia
Prevents Type2 DM related heart failure
Prevents myocardial ischemia
Prevents cardiomyopathy
Prevents effects of acute kidney injury
SGLT2
14% reduced major adverse cardiac events
Reduced systolic blood pressure
Increased urinary glucose excretion
Increased HDL levels
Lowered triglyceride levels
Decreased body weight
Reduced albuminuria progression
Reduced Glomerular Filtration Rate
Lowered TNF receptor-1
Lowered IL-6

The major mechanism of action and related physiological effects (yellow box), the beneficial
side effects (green box), and the adverse side effects (red box) of the SGLT1 and SGLT2

selective inhibitors.
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Table 1.

Summary of binding affinities for SGLT inhibitors.[144]
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Molecule Classification SGLT1I1C50(nM) SGLT2IC50(nM) SGLT2/1 Selectivity ratio  Structure
[
N
Ertugliflozin Selective SGLT2  ~1960 ~0.877 ~2235
A
||
. . - —
Empagliflozin  Selective SGLT2 ~8300 ~3.1 ~2700 /( 1/
==
\[,,//

Dapagliflozin  Selective SGLT2  ~1400 ~1.2 ~1200
)‘-._/\\I(/"-
107 Nt
Y
J
Canagliflozin ~ Selective SGLT2 ~710 ~2.7 ~260 )\/\
o
Vet
e il
\
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Molecule Classification SGLT1I1C50(nM) SGLT2I1C50(nM) SGLT2/1 Selectivity ratio  Structure
-~
Sotagliflozin Dual SGLT1/2 ~36 ~1.8 ~20
Phlorizin Dual SGLT1/2 ~400 ~65 ~6.2 ; ) §
T-1095 Dual SGLT1/2 ~200 ~50 ~4 e
LX2761 Selective SGLT1  ~2.2 ~2.7 ~0.8
TP0438836 Selective SGLT1  ~7 ~28 ~0.25
Mizagliflozin ~ Selective SGLT1  ~27 ~8170 ~0.003
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