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Abstract: Diabetes mellitus poses a significant and escalating burden on global public health. As a major breakthrough in

glycemic control, sodium-glucose transporters (SGLT) inhibitors are now established as indispensable agents for managing

type 2 diabetes. This status is evidenced by the continuously increasing market share in the antidiabetic agent market

worldwide. The development of these inhibitors shows how leads from natural products ultimately evolved into clinically

useful agents via structure-based drug design. Specifically, structural modifications to overcome the metabolic instability

of phlorizin have yielded orally administrable SGLT inhibitors with improved pharmacokinetic profiles. This modification

represents a shift towards more resource-efficient and sustainable molecular design. In recent years, these inhibitors have

been found to have cardiorenal protective effects independent of glycemic status in clinical trials, thereby fundamentally

altering their therapeutic positioning towards heart failure and chronic kidney disease. This article reviews the current

market landscape and the evolutionary trajectory of SGLT inhibitors. Additionally, we discuss emerging R&D strategies,

highlighting the role of computational drug design and structural biology in accelerating the identification of novel scaffolds.

By leveraging these advanced methodologies, researchers can overcome current limitations in potency and selectivity. These

approaches offer promising avenues for optimizing lead compounds and developing next-generation therapies with improved

pharmacological profiles.
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1. Introduction

Diabetes was first described more than 3500 years ago in the

ancient Egyptian Ebers Papyrus (1552 BC), where persistent

polyuria was recorded as its hallmark symptom.1 To date,

reports2–5 and extensive global burden studies6–8 show that

diabetes remains one of the world’s four leading diseases. As

documented in the 2025 IDF Diabetes Atlas, around 11.1% of

adults worldwide live with diabetes, corresponding to approx-

imately 589 million people. If current trends persist, the global

patient population is projected to reach 853 million by 2050.9

Lifestyle interventions, including dietary adjustments and

regular physical exercise, remain vital to diabetes manage-

ment.10 In addition to these supplemental measures, glycemic

control is the cornerstone of corresponding treatment. The

latter is crucial for long-term complication prevention.11 Vari-

ous hypoglycemic agents have thus been developed to lower

glycemic levels, each targeting different physiological path-

ways. For example, metformin mainly acts on the liver to in-

hibit glucose production,12 while Dipeptidyl peptidase-4 (DPP-

4) inhibitors such as sitagliptin increase the level of endoge-

nous incretin hormones.13 Glucagon-Like Peptide-1 (GLP-1)

receptor agonists like semaglutide demonstrate a multi-faceted

effect by inhibiting glucagon release, stimulating insulin secre-

tion, and slowing down digestion.14 Sulfonylurea drugs like

gliclazide directly promote insulin secretion in the pancreas.15

Despite the availability of so many treatment options, a class of

drugs known as SGLT inhibitors has emerged as particularly

prominent since the early 2010s.16 They have a distinct mech-

anism of action compared to their predecessors. In fact, they

promote the excretion of sugar in the urine by effectively re-

moving excessive glucose from the body, rather than targeting

the insulin pathway.17 The chemical structure of SGLT in-

hibitors is also quite different compared to other classes. They

are glucose mimetics that structurally mimic the endogenous

substrate of SGLTs.18 Interestingly, this carbohydrate-based

framework not only proves to be clinically transformative but

also redefines the treatment paradigm.19 Given the distinc-

tive origin and clinical importance of SGLT inhibitors, it is

worthwhile to provide an overview of this series of agents.

Carbohydrate-derived SGLT inhibitors launched between

2010 and 2025 have reshaped type 2 diabetes management.

While several reviews have already addressed the pharma-

cology, medicinal chemistry, or clinical outcomes of SGLT

inhibitors, few have attempted to integrate these perspectives

within a single framework. This review integrates innova-

tion vectors including structural biology, AI/ML design, mar-

ket intelligence, and clinical data. By doing so, it uniquely

bridges molecular insights from cryo-EM with their real-world

therapeutic impact. Specifically, we begin with a market anal-

ysis based on proprietary Cortellis data. We present regional

sales distributions and 2024–2025 year-over-year trends, which

are rarely compiled together in existing reviews. We then track

the structural trajectory from phlorizin to C-glycosides and dis-

cuss how recently resolved cryo-EM structures have rational-

ized the selectivity profiles of marketed gliflozins. These struc-

tural insights further guide the development of next-generation

selective/dual SGLT inhibitors. Next, we survey machine learn-

ing applications in SGLT inhibitor discovery, from hit identifi-

cation to scaffold prioritization, a topic barely covered in older

SAR reviews. Finally, we overview the cardiorenal protective

trials. Together, these perspectives complement and extend

existing reviews.

2. Methods for literature retrieval and screening

This review is based on targeted searches in PubMed, Web of

Science Core Collection, and the Cortellis commercial intelli-

gence database, with a cut-off date of August 9, 2026. Search

strategies combined terms for medicinal chemistry (e.g., phlo-

rizin, SGLT inhibitor, C-glycoside, cryo-EM, artificial intelli-

gence), major cardiovascular and renal outcome trials (EMPA-

REG, CANVAS, DECLARE, CREDENCE, DAPA-CKD, EMPA-

KIDNEY, DAPA-HF, EMPEROR-Preserved,

EMPEROR-Reduced, DELIVER, SCORED, SOLOIST-WHF),

and market analytics (global sales, regional shares, 2024–2025

trends). We included full-text English publications report-

ing phase III trial results, structure-activity relationship stud-

ies, cryo-EM structural analyses, peer-reviewed reviews, reg-

ulatory approval documents, and validated Cortellis sales

datasets. Conference abstracts, duplicate reports, and non-

clinical studies lacking translational relevance were excluded.

For each of the four thematic sections: market performance,

structural evolution, and cardiorenal protection, data were

extracted separately. Where trial interpretations diverged,

we relied on the primary New England Journal of Medicine

reports. Market data were taken exclusively from Cortellis

trailing-twelve-month (TTM) figures to ensure consistency.

All commercial data were extracted from Clarivate Cortellis

Product Intelligence (TTM sales to June 30, 2025), with regional

grouping (USA, EU Top 5, Rest of Europe, Latin America, Rest

of World) as defined in the database. Gross distributor-level

turnover was converted to USD using database exchange rates.

Full extraction details for market data are provided in Supple-

mentary Table S1.

3. Global market evolution of SGLT inhibitors

The outstanding clinical efficacy of SGLT inhibitors has been

reflected in their significant commercial success in the global

pharmaceutical market. This success has ushered in a new era

in diabetes management. Figure 1a illustrates the regional sales

distributions for dapagliflozin, canagliflozin, empagliflozin,

and the aggregated group of other SGLT2 inhibitors. It also

displays their combined worldwide market share in 2025. The

global market is highly concentrated: empagliflozin accounts

for 61.4% of total SGLT2 sales, followed by dapagliflozin at
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35.4%, while canagliflozin contributes only 1.8%. The remain-

ing 1.4% is collectively attributed to nine emerging or region-

ally focused SGLT2 inhibitors, reaffirming the dominance of

the Big Three. Across the Big Three products, the United

States remains the largest commercial market, though their

regional patterns differ. Empagliflozin’s sales are heavily con-

centrated in the U.S. (80%), consistent with its competitive

positioning, broad clinical indications, and widespread adop-

tion. Dapagliflozin demonstrates a more diversified interna-

tional footprint, with sales distributed across the United States

(61%), EU Top 5 (14%), and Rest of World (14%). Canagliflozin

shows a more balanced regional distribution, but its overall

volume is markedly lower than the other two leaders. In con-

trast, the combined ‘other SGLT2 inhibitors’ group is driven

primarily by the Rest of World region (67%), reflecting the

presence of several region-specific or newly launched products

outside major Western markets. According to Cortellis data20

(see Supplementary Table S1) and Figure 1b, empagliflozin re-

mains the global leader with worldwide sales exceeding USD

30 billion and 21% YoY (year-over-year) growth, followed by

dapagliflozin at USD 17.3 billion with 16.1% growth. All sales

data were extracted from Clarivate Cortellis over the TTM win-

dow ending June 30, 2025, representing gross distributor-level

turnover standardized to US dollars. It is important to dis-

tinguish this metric from manufacturer-reported net revenue.

The Cortellis data captures the total volume moving through

wholesale channels. This metric typically exceeds the net sales

figures reported directly by manufacturers in their financial

statements. Full raw segmented datasets and extraction pa-

rameters are supplied in Supplementary Table S1. Today, the

SGLT2 inhibitor class holds a 10–15% share of the global type

2 diabetes market. As a leading oral therapy alongside DPP-4

inhibitors, the SGLT2 inhibitor class represents a critical and

high-growth category in diabetes management.20

Figure 1. Commercial performance of SGLT2-inhibitor products, analyzed using Clarivate Cortellis trailing-twelve-month (TTM) sales dataset

ending 30 June 2025. (a) Pie-chart plots of regional sales by drug and the worldwide market-share distribution. Regional grouping is defined

according to the Cortellis database classification: USA, EU Top 5 (Germany, France, UK, Italy, Spain), Rest of Europe, Latin America, and

Rest of World. (b) Bar-chart illustration for year-over-year growth by region (TTM June 2024 to TTM June 2025). Note on Data Metrics: All

sales metrics represent gross distributor-level turnover converted into US dollars. This metric reflects the total wholesale channel volume and

should be distinguished from manufacturer-reported net revenue (direct factory sales), as the latter typically excludes distributor margins and

rebates. Complete segmented raw-sales information is supplied within Supplementary Table S1.
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As viewed from the table in Section 5, the period from 2010

to 2025 can be roughly divided into three phases. The histor-

ical development of SGLT inhibitors, herein, is categorized

into distinct phases based primarily on their regulatory ap-

proval dates by major agencies such as the FDA and EMA. It

is important to note that the initial discovery of a compound,

its subsequent regulatory approval for clinical use, and its

commercial launch in specific markets are discrete stages that

can occur years apart. Our analysis focuses on regulatory ap-

provals as the key milestone. In the first phase, the period

from 2012 to 2014 marked the first wave of SGLT2 inhibitor

approvals, establishing the class as a major treatment option.

During this time, dapagliflozin (2012), canagliflozin (2013),

and empagliflozin (2014) rapidly gained widespread adop-

tion in both North American and European markets.21–25 In

parallel, Japan’s PMDA approved a trio of domestically de-

veloped agents in 2014 (i.e., ipragliflozin, luseogliflozin, and

tofogliflozin), signaling the realistic globalization of this drug

class.25

A subsequent phase of innovation (2017–2023) was defined

by agents with refined structures, exemplified by ertugliflozin

(2017)25 and bexagliflozin (2023).26 These compounds have

prolonged half-life and reduced risk of ketoacidosis. This pro-

gression signals the maturity of the field, as focus moves be-

yond foundational efficacy toward refining safety profiles and

long-term durability.

Then, the period around 2019 saw regional pharmaceuti-

cal companies emerging as significant new players. In In-

dia, China, South Korea, and other markets, locally devel-

oped SGLT2 inhibitors were successively launched, such as

remogliflozin (India, 2019),25 henagliflozin (China, 2021),25 and

enavogliflozin (South Korea, 2022).27 This strategic shift to-

wards local research and production is expected to reshape

the global market landscape: it may not only intensify price

competition but also further enhance the accessibility of such

drugs in the Global South countries. Thus, the current SGLT

inhibitor market is entering a new stage of regional diversifica-

tion. Based on the commercial success of several blockbuster

drugs, this field is expected to form a more competitive and

extensive global treatment pattern in the future.

4. Phlorizin as the lead compound

As previously discussed, the market performance of SGLT

inhibitors has been exceptional, and their developmental tra-

jectory in medicinal chemistry is equally noteworthy, merit-

ing a more detailed examination. Natural products, ranging

from small molecules to macromolecules like polysaccharides,

have long been recognized as prime examples of bioprospect-

ing and valuable sources of pharmacologically active agents.

Consequently, they have garnered extensive research interest

across multiple therapeutic areas.28–31 A notable example is

phlorizin (Figure 2), a natural compound found in the bark

of fruit trees, particularly apple trees.32 The evolution from

plant-derived phlorizin to synthetic gliflozins illustrates a tran-

sition from extract-dependent sourcing to resource-efficient

synthetic mimicry. This transition is a key narrative in sus-

tainable pharmaceutical innovation. Researchers in the 19th

century showed great interest in this compound due to its po-

tential antidiabetic properties, as they noticed that glucosuria

occurred when animals were administered phlorizin.33 How-

ever, not until the 1980s and 1990s did researchers understand

the real mechanism behind this physiological phenomenon. In

fact, phlorizin exerts its antidiabetic effects by inhibiting one

type of transporter, known as SGLTs.34–36 Among disclosed

isoforms of SGLTs (i.e., SGLT1-6), SGLT1 and SGLT2 are the

most studied ones owing to their importance in glucose regu-

lation, but they are located in different parts of the body and

have different functions.37,38 SGLT1 is primarily expressed

in the small intestine and kidney, where it facilitates glucose

and galactose absorption from food in the intestine and reab-

sorption of glucose in the proximal kidney tubule, accounting

for about 10% of glucose reabsorption in the kidney. It has a

high affinity for glucose but low capacity. In contrast, SGLT2,

predominantly located in the kidney, mediates most glucose

re-absorption in the proximal tubule, accounting for about 90%

of renal glucose re-absorption and characterized by lower affin-

ity but higher capacity.39 To facilitate a systematic comparison,

Table 1 summarizes the key distinctions between SGLT1 and

SGLT2 in terms of tissue distribution, physiological function,

therapeutic rationale, representative inhibitors, and clinical

status. Research further showed that phlorizin acts as a dual

inhibitor of both SGLT1 and SGLT2.40 While SGLT2 inhibi-

tion in the renal proximal tubules promotes glucose excretion,

the simultaneous inhibition of SGLT1 in the gastrointestinal

tract was believed to lead to undesirable side effects, result-

ing in malabsorption, and causing gastrointestinal issues such

as diarrhea, bloating, and abdominal discomfort.41 Addition-

ally, the oral bioavailability of phlorizin is low due to its labile

β-glycosidic bond, which is readily hydrolyzed by intestinal

β-glucosidases. This enzymatic cleavage converts phlorizin

into its aglycone form, phloretin, and glucose, preventing sub-

stantial absorption of intact phlorizin.42

Figure 2. Structure of phlorizin.

4
Sustain. Sci. Innov. 2026, 1, 103401
https://doi.org/10.54963/ssi.103401

https://doi.org/10.54963/ssi.103401


Sustainable Science and Innovation https://ssi.ukscip.com Review

Table 1. Comparison between SGLT1 and SGLT2.

Features SGLT1 SGLT2

Tissue distribution Small intestine (brush border); kidney proximal tubule S3
segment (minor renal expression)

Kidney proximal convoluted tubule S1/S2 segments (almost
exclusively renal)

Transport characteristics High-affinity, low-capacity; 2Na⁺:1 glucose stoichiometry Low-affinity, high-capacity; 1Na⁺:1 glucose stoichiometry
Physiological function Mediates intestinal glucose/galactose absorption; reabsorbs

residual ~10% of filtered glucose in distal proximal tubule
Reabsorbs ~90% of filtered glucose in early proximal tubule

Therapeutic rationale for
inhibition

Delay intestinal glucose absorption → reduce postprandial
glucose spikes; stimulate GLP-1 release; potential
cardioprotective effects

Promote urinary glucose excretion → lower blood glucose;
activate tubuloglomerular feedback → reduce hyperfiltration;
cardio-renal protection

Representative inhibitors Mizagliflozin; LX2761 Dapagliflozin, empagliflozin, ertugliflozin
Clinical status Selective SGLT1 inhibitors: under clinical investigation Multiple agents approved for T2DM, HF, and CKD

Consequently, its dual inhibitory role together with exten-

sive first-pass metabolism limits phlorizin’s clinical utility as

an oral antihyperglycemic drug.43 Given these drawbacks, it

was then the task of medicinal chemists to structurally mod-

ify phlorizin, the lead compound, to yield drug candidates

that are devoid of its shortcomings and possess both enhanced

target specificity and suitable bioavailability.

5. A macro-perspective on SGLT inhibitor devel-

opment

Efforts on structural modification of phlorizin via rational

drug design have already yielded twelve SGLT inhibitor drugs

(mainly SGLT2 inhibitors) approved to date (see Table 2). This

class now stands as a pillar in the field of diabetes treatment on

par with the DPP-4 inhibitors in clinical importance.44 Since as-

pects such as the structural evolution, SAR studies, and specific

profiles of various SGLT inhibitors are already well-elucidated

in previous reviews45–48 and other literature,49–51 a detailed

account is not within our scope. The contribution herein, there-

fore, will offer a more macro-level and succinct overview, pre-

senting our perspective on key developments in this field.

5.1. From O-glycosides to C-glycosides

Early structure-activity relationship (SAR) studies were cen-

tered on the phloretin portion of phlorizin to investigate the

roles of those phenolic hydroxyl groups.49 Nevertheless, the O-

glycosidic linkage susceptible to enzymatic cleavage remains

unmodified, and therefore the oral bioavailability remains poor

for these compounds such as sergliflozin (Figure 3; t1/2 = 1–1.5

h)52 and T-1095 (Figure 3; t1/2 = 1.3 h).53 The short half-life

precluded their further development as viable clinical candi-

dates.54 Therefore, replacement of O-glycosides with other

stable scaffolds, for instance, C-aryl glycosides, was ultimately

proven to be a determinant step in pursuit of orally bioavail-

able SGLT2 inhibitors. This innovation ushered in the first

generation of “gliflozins” with dapagliflozin, canagliflozin,

and empagliflozin (see Table 2) emerging as the pioneering

clinical agents in this area. In contrast to the former class

such as sergliflozin, the sugar moiety is now directly linked to

the aglycone. The structural feature renders gliflozins stable

towards hydrolysis by digestive enzymes and hepatic metab-

olizing systems,49 and the metabolic stability translates into

high oral bioavailability and prolonged half-lives suitable for

once-daily dosing. For instance, dapagliflozin exhibits an oral

bioavailability of ~78% and a half-life of ~12.9 h, a stark contrast

to O-glycoside predecessors.55 Beyond metabolic stability, the

C-aryl glycoside scaffold is also compatible with modern cat-

alytic C-glycosylation methods. Such process improvements

have reduced reliance on protecting groups and heavy metals

in gliflozin manufacturing.

Figure 3. Structures of sergliflozin and T-1095.

Table 2. SGLT inhibitors launched during 2010–2025.56,57

No. Generic name Brand name Structure
SGLT1/2
targeting

Regulator
Approval
year

Approved
indication

Current status

1 Dapagliflozin Forxiga/Farxiga SGLT2

EMA,
FDA,
NMPA,
PMDA

EU: 2012; US:
2014; China:
2017; Japan:
2014

T2DM,
HFrEF, CKD,
HFpEF

Globally
launched

2 Canagliflozin Invokana SGLT2

FDA,
EMA,
PMDA,
NMPA

US: 2013; EU:
2013; Japan:
2014; China:
2017

T2DM, CKD
Globally
launched
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Table 2. Cont.

No. Generic name Brand name Structure
SGLT1/2
targeting

Regulator
Approval
year

Approved
indication

Current status

3 Empagliflozin Jardiance SGLT2

EMA,
FDA,
NMPA,
PMDA

EU: 2014; US:
2014; China:
2017; Japan:
2014

T2DM,
HFrEF &
HFpEF,
CKD

Globally
launched, global
market-leading
SGLT2 inhibitor
by sales volume

4 Ipragliflozin Suglat SGLT2 PMDA Japan: 2014 T2DM
Launched in
Japan

5 Luseogliflozin Lusefi SGLT2 PMDA Japan: 2014 T2DM
Launched in
Japan

6 Tofogliflozin
Apleway/
Deberza

SGLT2 PMDA Japan: 2014 T2DM
Japan-only
launch

7 Ertugliflozin Steglatro SGLT2
FDA,
EMA,
NMPA

US: 2017; EU:
2018; China:
2020

T2DM
Globally
launched

8
Remogliflozin
etabonat

Remo/Remozen SGLT2
CDSCO
(India)

India: 2019 T2DM
Launched in
India

9 Henagliflozin Ruiqin SGLT2 NMPA China: 2021 T2DM
China-only
launch

10 Enavogliflozin Envlo SGLT2
MFDS
(South
Korea)

South Korea:
2022

T2DM

South
Korea-only
launch; Latin
America export
expansion later

11 Bexagliflozin Brenzavvy SGLT2 FDA US: 2023 T2DM US-only launch

12 Sotagliflozin Inpefa SGLT1/2 FDA US: 2023

HF or T2D
with CKD
and other
CV risk
factors

Launched in US

Note: Abbreviations: T2DM = Type 2 diabetes mellitus; T1DM = Type 1 diabetes mellitus; SGLT1 = Sodium-glucose cotransporter 1; SGLT2 = Sodium-glucose
cotransporter 2; EMA = European Medicines Agency; FDA = U.S. Food and Drug Administration; NMPA = National Medical Products Administration (China);
PMDA = Pharmaceuticals and Medical Devices Agency (Japan); MFDS = Ministry of Food and Drug Safety (South Korea); CDSCO = Central Drugs Standard
Control Organization (India); HF = Heart failure; HFrEF = Heart failure with reduced ejection fraction; HFpEF = Heart failure with preserved ejection fraction. For
specific IC₅₀ values of representative compounds, please refer to Section 5.2.2.

5.2. Structural diversification and subtype selectivity

optimization

In the next stage, structural optimization of SGLT inhibitors

further enhances SGLT2 potency and selectivity over SGLT1.

Cryo-EM and mutagenesis studies have suggested that this se-

lectivity is determined by a delicate “multi-point fit” involving

sugar C6 substitution, aglycone conformation, and the inter-

action of distal aromatic rings with a hydrophobic vestibule

unique to SGLT2.58,59 The following section summarizes the

key SAR insights for each major structural segment and also

points out the shift from empirical optimization to structure-

based drug design (Figure 4).

5.2.1. C6 position and the glucopyranose core in the

sugar portion

The sugar-binding pockets of human SGLT1 and SGLT2 dif-

fer by only three residues around C6-OH (SGLT1: T460/

L286/M283 vs. SGLT2: S460/V286/L283), generating a larger
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sub-pocket in SGLT2.58 Early SAR showed that replacing C6-

OH (Figure 4) with hydrophobic substituents such as -CH₃ and

-CHF2 (compounds 2 and 3), decreased SGLT2 inhibitory ac-

tivity (Figure 5a). In the meantime, introducing a polar oxime

group at C-6 also resulted in less potent hSGLT2 inhibitors

(compound 4, Figure 5a) than the parent drug.49 Researchers

subsequently showed interest in the D-glucopyranose moi-

ety, replacing it with an L-xylopyranose ring, a pentose that

lacks the side chain. As noted above, dapagliflozin, with a

C6-OH group, exhibits high selectivity for SGLT2 over SGLT1

(~1,000-fold, Figure 5a), whereas sotagliflozin (compound 6,

Figure 5a), which carries a more hydrophobic C6-SCH₃ group,

shows markedly reduced selectivity (~20 fold), enabling dual

SGLT1/2 inhibition. Compared with compound 5 (Figure 5a),

sotagliflozin retains a level of SGLT2 inhibitory activity compa-

rable to that of dapagliflozin.49 Niu and coworkers’ cryo-EM

structural data have provided initial views of the architec-

ture of an LX2761 binding site on hSGLT1 (PDB: 7WMV, Fig-

ure 5c).60 As LX2761 and its mimetics share the same sugar

ring scaffold with sotagliflozin and act as dual SGLT1/2 in-

hibitors, their sugar moiety is expected to bind to hSGLT1 in

the same manner as sotagliflozin. The study indicates that

replacing the C6-OH with SCH3 breaks the hydrogen bond

to Q457 in hSGLT1, but makes new hydrophobic contacts

with T460, L286, and M283 (Figure 5c).60 This modification

markedly enhances hSGLT1 inhibitory potency from 1400 nM

to 36 nM.60,61 In contrast, the corresponding residues in SGLT2

(S460/V286/L283) provide less favorable steric accommodation

for this substituent, maintaining inhibitory potency against

SGLT2 comparable to dapagliflozin. This molecular mecha-

nism of “enhancing SGLT1 inhibition rather than weakening

SGLT2 inhibition” confers its dual SGLT1/2 inhibitory profile.60

Interestingly, installation of a methoxy group at this identi-

cal position (compound 5, Figure 5a) failed to reproduce the

trend observed for sotagliflozin.49 This can likely be attributed

to the diminished hydrophobic contacts between the smaller,

less polarizable methoxy group and the surrounding residues,

compared to the methylthio moiety in sotagliflozin.

Figure 4. Pathway of structure modification.

5.2.2. Aglycone portion optimization

The aglycone portion of most SGLT2 inhibitors consists of two

segments, i.e., a central aryl ring and a distal aryl ring (Fig-

ure 4). The central aryl ring controls the orientation of the

whole molecule, whereas the distal ring docks into an extracel-

lular vestibule that is wider in SGLT2 than in SGLT1.59

Structural and SAR analyses have elucidated the bind-

ing features of marketed SGLT2 inhibitors. For instance,

dapagliflozin (Figure 6) has a chlorophenyl core and an

ethoxyphenyl tail. It forms a hydrogen bond with Gln457

via a water bridge, achieving potent inhibition and high selec-

tivity for SGLT2 over SGLT1.59 Canagliflozin with a central

thiophene ring (Figure 6) presents a distal fluorophenyl that

forms T-shaped π-π stacking with Phe98 (IC50 ≈ 2–6 nM range

across studies).59 Empagliflozin (Figure 6) comprises a central

4-chlorophenyl ring connected through a methylene bridge to

a distal phenyl bearing an (S)-tetrahydrofuran-3-yloxy group.

Its distal aromatic tail occupies the Leu84/Val95 hydrophobic

pocket within SGLT2 and exhibits low-nanomolar inhibitory

potency (IC50 = 3.1 nM) and >2,500-fold subtype selectivity

versus SGLT1.58

Collective SAR data suggest that electron-rich five-

membered heterocycles such as thiophene and dihydroben-

zofuran offer comparable or even superior SGLT2 potency

and selectivity compared to benzene counterparts. This trend

is well exemplified by clinically approved agents including

canagliflozin and tofogliflozin (Figure 6).49 Molecular dynam-

ics simulations would be required to verify whether this su-

periority stems from enhanced scaffold flexibility that enables

deeper insertion of the distal ring into the binding pocket. All

aforementioned SAR conclusions49 regarding the aglycone

skeleton are summarized in the upper panel of Figure 6. In

general, the aromatic ring frameworks and substituent patterns

on aglycone moieties jointly govern the inhibitory potency and

subtype selectivity of these compounds.

Apart from the findings above, the para-position sub-

stituent on the distal aryl ring serves as another vital fac-

tor for fine-tuning SGLT2 inhibitory activity and subtype se-

lectivity. Empagliflozin exemplifies this through its bind-

ing profile. Lipophilic para-substituents ranging from strong

electron-withdrawing halogens to weak electron-donating

alkoxy groups can sustain high SGLT2 inhibitory potency. Nev-
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ertheless, a delicate physicochemical balance must be main-

tained. Generally, increasing the steric bulk or alkyl chain

length of para-substituents elevates SGLT2 affinity. How-

ever, this modification drastically diminishes selectivity over

SGLT1.49,62

Accordingly, clinically successful SGLT2 inhibitors such as

empagliflozin and bexagliflozin adopt compact, rigid small

lipophilic groups at this para site. Such tailored substituents ap-

pear to fit well into the unique hydrophobic outer vestibule of

SGLT2, potentially engaging characteristic amino acid residues

including His268 but showing limited interaction with the cor-

responding binding pocket of SGLT1. This rational design strat-

egy can achieve an optimal balance between high inhibitory

potency and excellent SGLT1/2 selectivity.62

Figure 5. (a) Representative examples of structural modification at C6 position and the glucopyranose core; (b) Structure of LX2761; (c) 2D

ligand interaction diagram between an LX2761 mimetic and hSGLT1 (PDB: 7WMV).60
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Figure 6. Summary and representative examples regarding SAR findings of the aglycone scaffold.

5.2.3. Structure- and mechanism-based design of next-

generation SGLT1/2 inhibitors

The compounds and design strategies discussed in this section

span different developmental stages. For clarity, we note that

sotagliflozin and mizagliflozin have reached clinical develop-

ment, while the structural optimization strategies discussed be-

low represent rational design hypotheses that have not yet been

clinically validated. Owing to recent disclosure of cryo-EM

structures of the human SGLT2-MAP17 complex and SGLT1

inhibitors with SGLT1, we now have a better understanding of

the mechanism of these transporters. This creates a foundation

for the rational design and optimization of new compounds

which aim at these transporters. As discussed earlier, SCH3 in

sotagliflozin forms more hydrophobic interactions with neigh-

boring amino acids in a smaller cavity of SGLT1 than SGLT2,

which is also consistent with the cryo-EM structures (PDB:

8HG7, Figure 7a).59 Therefore, smaller moieties of hydropho-

bic nature would be expected to favor the inhibitory activity

against SGLT1. In addition, the cryo-EM analysis showed that

other parts of the glucoside binding pockets are conserved

between hSGLT1 and hSGLT2, so no significant difference can

be seen in SGLT1 or SGLT2 inhibitors regarding their sugar

portion.59 These studies also found that the distal aromatic

rings of gliflozins determine SGLT1/2 selectivity. This is due to

differential hydrophobic contacts in the extracellular vestibule.

In hSGLT2, residues such as V95 and L283 interact with the

aglycone tail, whereas their bulkier counterparts, I98 and M283

in hSGLT1 alter pocket geometry.59 Additionally, differences

in the central binding region, i.e., A160 in hSGLT1 vs. the

bulkier V157 in hSGLT2, further contribute to selectivity.60

This may explain why SGLT1-specific inhibitors, such as miza-

gliflozin (Figure 7b), are predicted to clash with V157, whereas

SGLT2-selective gliflozins favor the hSGLT2 pocket.60

The structural analyses also demonstrated that different

classes of SGLT2 inhibitors stabilize distinct conformational

states of the transporter. Gliflozins, such as canagliflozin and

dapagliflozin, have all been shown to bind to the outward-

facing conformation of hSGLT2.59 They occupy both the

glucose-binding site and the extracellular vestibule, which

locks the transporter in an outward-open state and prevents

substrate access from the extracellular side.58,59 In contrast,

phlorizin has been shown to have a distinct binding mode.
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It stabilizes the inward-open conformation of hSGLT2, with

its binding site located near the intracellular side of the Na⁺-

binding pocket. Notably, further study has demonstrated that

phlorizin exhibits biphasic binding kinetics, suggesting the

existence of two distinct binding sites on hSGLT2.59

Figure 7. (a) Sotagliflozin and its interactions with hSGLT2; (b) Struc-

ture of mizagliflozin.

From a drug design point of view, these findings offer two

strategic insights. First, the outward-facing conformation stabi-

lized by gliflozins represents a promising target for developing

high-affinity, metabolically stable SGLT2 inhibitors. This ap-

proach has already yielded several clinically successful drugs.

Second, the distinct binding modes of phlorizin suggest a po-

tential avenue for designing conformation-selective inhibitors

that could trap SGLT2 in the inward-open state. Moreover,

the extracellular high-affinity site for phlorizin remains struc-

turally uncharacterized. However, its existence suggests that

optimizing the phloretin aglycone moiety to enhance interac-

tions with this site could improve potency. This may provide

a conceptual strategy for developing novel chemotypes that

target SGLT2 via a conformational mechanism distinct from

those already known.60,62

5.2.4. SGLT inhibitor discovery and repurposing using

artificial intelligence and machine learning

The integration of artificial intelligence (AI), particularly ma-

chine learning (ML) methods, now serves as a critical innova-

tion vector in modern SGLT inhibitor discovery (Figure 8).

Aligning with the scope of sustainable science, these data-

driven approaches accelerate hit identification and reduce the

reliance on trial-and-error approaches across the drug discov-

ery pipeline. They provide a practical way to dissect the in-

tricate structure-activity relationships governing the activity

of SGLT-targeted compounds. Using large-scale bioactivity

datasets, ML models can efficiently prioritize novel scaffolds,

estimate binding affinity, and highlight structural features rel-

evant to potency and pharmacokinetic performance. When

combined with structural biology techniques such as cryo-

electron microscopy and molecular dynamics simulations, ML

approaches further support atomic-level interpretations of

SGLT1 and SGLT2 conformational behavior, supporting the

development of more selective and better-tolerated inhibitors.

Recent representative studies illustrate these advances clearly.

Figure 8. Artificial Intelligence-aided Drug Development (AIDD) workflow for SGLT inhibitor development.
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Burggraaff et al. constructed a proteochemometric random

forest model to screen for SGLT1 inhibitors, since no human

SGLT1 crystal structure was available.63 The model was trained

on merged ChEMBL public data and a chemically diverse in-

house library containing 3,686 unique molecules. It achieved

a five-fold cross-validation MCC of 0.48, with sensitivity and

specificity of 0.64 and 0.93, respectively. After virtual screening

of over 1.8 million Enamine compounds, 77 representative can-

didates underwent cellular in vitro testing. Among them, 30

molecules exhibited low-micromolar SGLT1 inhibitory activity,

yielding a 39% hit rate. The hits included structurally novel

scaffolds (average Tanimoto 0.33 for the diverse set) and ana-

logues of four non-glycosidic leads including bepridil, bupiva-

caine, cloperastine, and trihexyphenidyl (Figure 9). The varied

structures of active hits suggest multiple potential binding

pockets on SGLT1. More importantly, this work demonstrates

that proteochemometrics can be productively applied to solute

carriers, a target class where structural information remains

scarce.

Figure 9. Chemical structures of four identified novel hSGLT1 in-

hibitors: bepridil, bupivacaine, cloperastine, and trihexyphenidyl.

Zhao and coworkers reviewed applications of machine

learning across antidiabetic drug classes, including SGLT2 in-

hibitors.64 They summarized how widely used ML workflows,

including 3D-QSAR visual analysis using genetic algorithms

and partial least squares and QSAR models based on multi-

layer perceptron neural networks, SVM and projection pursuit

regression, have been applied to characterize C-aryl glucoside

analogs and other inhibitor series. Their overview empha-

sizes that ML not only improves activity prediction but also

pinpoints actionable structural determinants, such as the ben-

eficial role of electron-withdrawing substituents on aromatic

rings for enhancing SGLT2 inhibition.

Moinul et al. applied a multi-model QSAR strategy to iden-

tify structural fingerprints responsible for SGLT2 inhibition.65

This 2022 study built multiple ligand-based machine learning

models to seek SGLT2 inhibitors, given the absence of resolved

human SGLT2 crystal structures. A dataset of 224 diverse

SGLT2 agents was classified by an IC50 threshold of 21.1 nM.

Bayesian and recursive partitioning models were adopted to

extract structural fingerprints. The favorable Bayesian finger-

prints share highly similar C-aryl glucoside scaffolds, while un-

favorable ones converge on indole O-glucosides and nitrogen-

rich heterocycles. This internal similarity within each finger-

print group is largely explained by skewed scaffold distribu-

tion in the training set, with ECFP6’s local-fragment sensi-

tivity further reinforcing this pattern. Nine ML classifiers

were also constructed. Random Forest, Decision Tree, Ad-

aBoost, and Gradient Boosting achieved perfect training AUC

(1.00). Among them, Random Forest delivered the best pre-

dictive accuracy in both the split-test (85.71%) and 10-fold

cross-validation (74.11%) settings. Finally, 669 FDA-approved

drugs were virtually screened via multi-model consensus fil-

tering, retaining 14 candidates unanimously predicted active

by the four top-performing models. The 2D structures of some

active compounds were illustrated in Figure 10 as repurposing

hits, and further wet-lab assays are warranted to validate these

computational findings.

Figure 10. 2D structures of some actives as predicted by Random For-

est (RF), Decision Tree (DT), AdaBoost (ABC) and Gradient Boosting

(GBC) models.

Yu and colleagues combined machine learning and molecu-

lar dynamics simulations to deepen mechanistic understanding

of SGLT2 inhibition.66 They built classification models on a

dataset of 240 SGLT2 inhibitors and adopted the resolved cryo-

EM SGLT2 structure (PDB: 7VSI) to identify activity-driving

substructures. Six molecular fingerprints and six machine

learning algorithms, including RF and XGBoost, were com-

pared, and ECFP-derived models achieved the best predic-

tive power, which was further verified via Y-scrambling tests.

Meanwhile, SHAP analysis identified ten potency-boosting

Morgan fragments dominated by conjugated aromatic moi-

eties, alongside six unfavorable substructures. The authors

further performed 100 ns transmembrane MD simulations

and MM-PBSA free energy calculations on six representative

SGLT2 ligands (i.e., ENV, EMG, IPG, TG, SG, and DG). The

calculated binding free energies correlated strongly with ex-

perimental values (R2 = 0.90 for the six inhibitors, and 0.92 for

residue mutants), indicating that the simulation system reliably

recapitulates target-inhibitor binding behavior. Overall, this
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integrated ML-simulation workflow may provide structural

guidance for designing novel SGLT2 lead skeletons.

Illahi et al. built QSAR classification and regression models

for SGLT2 inhibitor activity prediction using the KNIME plat-

form.67 They curated 899 valid compounds filtered from 1,049

ChEMBL entries and adopted a 21.1 nM IC50 threshold to

distinguish actives from inactives. Among tested algorithms,

SVM reached the best classification accuracy of 81.66%, while

XGBoost performed best in regression tasks with an exter-

nal R2 of 0.69 and MAE of 0.47. MoSS (Christian Borgelt’s

Molecular Substructure Miner) mining retrieved 113 activity-

associated fragments with high structural similarity, almost

all originating from standard C-glucoside skeletons. The pro-

nounced scaffold bias in the training dataset may create the

same limitation seen in Moinul’s prior work, compromising

the models’ generalization toward structurally distinct novel

leads.

Kaijage and Kraszewski’s 2025 review critically reassessed

progress and challenges in developing selective SGLT1 in-

hibitors.68 The authors pointed out major flaws in early mech-

anistic work using low-similarity bacterial vSGLT templates

and emphasized that recent cryo-EM data have uncovered crit-

ical structural differences between SGLT1 and SGLT2. SGLT1

has a unique Na3 pocket, and the EL5 loop of SGLT2 forms

an aromatic cage that drives the inherent SGLT2 selectivity

of approved gliflozins. The paper demonstrated the utility of

molecular dynamics, MM-GBSA and mutagenesis as effective

approaches to analyse ligand-pocket interactions. However,

even with putative anti-cancer effects suggested by preclini-

cal data, the application of SGLT2 inhibitors is hampered by

systemic side effects. The authors also outlined unresolved

mechanistic gaps, such as unknown Na3 occupancy and pro-

posed lead design strategies targeting SGLT1’s characteristic

pockets, polar EL5 interactions and allosteric regulation to

address existing therapeutic limitations.

Table 3 summarizes the profiles of the aforementioned

AI/ML studies. Notably, Burggraaff’s study has a massive

screening dataset (million-level) and experimentally validates

the identified hits. This comprehensive approach provides

high confidence in the model’s ability to predict promising

molecules. In contrast, the other studies use relatively small

training sets (hundreds to thousands of molecules) with high

structural similarity, leading to significant multicollinearity.

Moreover, none of these studies incorporate ADMET proper-

ties during early screening, likely due to data scarcity, which

further compromises the reliability of their predictions.

Table 3. Summary of representative AI/ML studies in SGLT inhibitor research.

Study Dataset size Algorithm Best metric Validated hit rate

Burggraaff et al.

(2019)63

Training set: 1,683 (public) + 2,007
(in-house) molecules; Screening
library: 1.8 million molecules

RF MCC: 0.48 39%

Moinul et al.
(2022)65

224 molecules KNN, SVC, RF, etc.
(9 algorithms)

Accuracy: 85.71%, Precision: 85.93%, Recall:
85.38%, F1-score: 85.54% (Random Forest:
Split-test approach)

NA

Yu et al. (2024)66 1,240 molecules KNN, SVC, RF, etc.
(6 algorithms)

MCC: 0.782 (RF-ECFPs) NA

Illahi et al. (2025)67 899 molecules MLP, NB, RF, SVM,
etc. (6 algorithms)

Accuracy: 81.66% (SVM, for QSAR classifier);

R2: 0.69, MAE: 0.47 (XGB, for QSAR regression)

NA

Note: Abbreviations: MCC, Matthews Correlation Coefficient; KNN, K-Nearest Neighbors; SVC, Support Vector Classifier; RF-ECFPs, Random Forest-Extended-
Connectivity Fingerprints; SVM, Support Vector Machine; XGB, eXtreme Gradient Boosting; MAE, Mean Absolute Error.

6. Mechanistic deepening and paradigm shift in

clinical benefit

6.1. From “glucose lowering” to “cardio-renal-metabolic

protection”

6.1.1. Clinical trials conducted to study the cardiorenal

protective effects of SGLT inhibitors

The first-in-class SGLT2 inhibitors were originally positioned

as “glucuretics”. By obstructing the low-affinity glucose trans-

porter localized to the S1 segment of the renal proximal tubule,

these agents induce urinary glucose loss of 40–80 g per day

and produce a concomitant 0.5–0.7% reduction in glycated

haemoglobin.69 Yet subsequent investigations have shown

that the osmotic diuretic effects play only a limited role in the

broader spectrum of cardiorenal protective actions afforded by

this drug class. Consistent with the integrated cardiovascular-

kidney-metabolic (CKM) disease continuum proposed by the

AHA and summarized in two landmark contemporary re-

views,70, 71 SGLT inhibitors exert cardioprotective benefits, pri-

marily reductions in HHF and, in select populations, cardio-

vascular mortality. They also confer renoprotective benefits,

including slowing of eGFR decline and reduction in progres-

sion to kidney failure. These effects are thought to be medi-

ated, at least in part, by anti-inflammatory, antifibrotic, and

hemodynamic mechanisms that operate across multiple organ

systems. In discussing these benefits, it is important to note

that the evidence is derived from different levels of evidence.

Wherever possible, we prioritize findings from randomized

controlled trials (RCTs), including the landmark cardiovascu-

lar outcome trials (CVOTs) such as SOLOIST-WHF, SCORED,

and others. However, some mechanistic insights and sub-

group findings are based on post hoc analyses or preclinical

studies, which should be interpreted as exploratory rather
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than confirmatory.

To dissect the cardiorenal protective mechanisms of SGLT

inhibitors, a series of industry-sponsored phase III placebo-

controlled trials have been conducted over the past decade to

confirm their clinical efficacy, and 12 relevant trials are catego-

rized and summarized in Table 4 according to four core clin-

ical phenotypes: T2D/ASCVD,72–75 HFrEF,76–79 HFmrEF/HF-

pEF,80,81 and CKD with or without type 2 diabetes.82,83 The

guideline class and level of evidence in the last column are

based on the ESC 2023 Heart Failure Update (for HF trials),84

the KDIGO 2024 CKD Guideline (for renal trials),85 and the

ADA Standards of Care 2026 (for diabetes trials).86

For the T2D/ASCVD phenotype aligned with ADA Stan-

dards 2026 guidance, three landmark phase III trials of selective

SGLT2 inhibitors recruited participants with type 2 diabetes

and established atherosclerotic cardiovascular disease or el-

evated atherosclerotic risk. In EMPA-REG OUTCOME (n =

7,020 T2D), empagliflozin lowered MACE risk by 14%, cut

cardiovascular mortality by 38%, and reduced heart failure

hospitalizations by 35%.72 The CANVAS Program (n = 10,142

T2D) yielded a 33% fall in heart failure admissions and a 40%

reduction in the composite outcome of a sustained 40% reduc-

tion in the estimated glomerular filtration rate, the need for

renal-replacement therapy, or death from renal causes (hazard

ratio, 0.60; 95% CI, 0.47 to 0.77).73 DECLARE-TIMI 58 (n =

17,160 T2D) showed neutral MACE outcomes but still deliv-

ered a 27% reduction in heart failure hospitalization and 24%

lower renal composite risk.74 All three trials were primarily

designed to evaluate atherosclerotic cardiovascular endpoints,

with renal protection only assessed as secondary analyses. Two

trials targeted the HFrEF phenotype (LVEF ≤ 40%). This aligns

with the phenotype definitions later adopted in the 2023 ESC

guidelines. DAPA-HF (n = 4,744) reduced composite cardiovas-

cular death or worsening heart failure by 26%, accompanied

by a 17% drop in all-cause mortality.78 EMPEROR-Reduced (n

= 3,730) produced a 25% risk reduction for the same primary

composite and cut first and recurrent heart failure admissions

by 30%.79 Both trials enrolled mixed cohorts of diabetic and

non-diabetic participants with consistent therapeutic effects

across subgroups.

Table 4. Landmark randomized controlled trials of SGLT inhibitors for cardiorenal outcomes in type 2 diabetes, atherosclerotic cardiovascular

disease, chronic kidney disease and heart failure. Data presented as Hazard Ratio (Relative Risk Reduction).

Phenotype
category

Trial Drug vs.
placebo

Inclusion criteria Sample size
(T2D %)

eGFR
Range

Primary outcome (HR, 95% CI) Key secondary findings Guideline
recommendation

T2D/ASCVD EMPA-REG
OUTCOME

Empagliflozin T2D + high CV risk 7,020 (100%) ≥30 MACE: HR 0.86 HHF ↓35%; CV death ↓38%;
all-cause death ↓32%

ADA 2026: I,A

T2D/ASCVD CANVAS Program Canagliflozin T2D + high CV risk 10,142 (100%) ≥30 MACE: HR 0.86 HHF ↓33%; renal composite
HR 0.60

ADA 2026: I,A

T2D/ASCVD DECLARE-TIMI 58 Dapagliflozin T2D + ASCVD/risk 17,160 (100%) ≥60 MACE: HR 0.93 (NS) HHF ↓27%; renal composite
↓24%

ADA 2026: I,A

HFrEF DAPA-HF Dapagliflozin LVEF ≤ 40%, ±T2D 4,744 (42%) ≥30 Worsening HF/CV death: HR
0.74

All-cause death ↓17% ESC 2023: I,A

HFrEF EMPEROR-Reduced Empagliflozin LVEF ≤ 40%, ±T2D 3,730 (50%) ≥20 CV death/HHF: HR 0.75 Total HHF ↓30% ESC 2023: I,A
HFmrEF/HFpEF EMPEROR-Preserved Empagliflozin LVEF > 40%, ±T2D 5,988 (49%) ≥20 CV death/HHF: HR 0.79 (21%

RRR)
HHF ↓27% ESC 2023: I,A

HFmrEF/HFpEF DELIVER Dapagliflozin LVEF > 40%, ±T2D 6,263 (45%) ≥25 Worsening HF/CV death: HR
0.82

LVEF> or less than 60%
consistent

ESC 2023: I,A

T2D+Recent HF SOLOIST-WHF Sotagliflozin T2D + recent worsening
HF

1,222 (100%) ≥30 CV death/HHF/urgent: HR
0.67

No determined benefit for
HFrEF

Terminated early

CKD (±T2D) DAPA-CKD Dapagliflozin CKD (UACR 200–5,000) 4,304 (67.5%) 25–75 eGFR↓50%/ESKD/CV death:
HR 0.61

Renal-specific 0.56; all-cause
death 0.69

KDIGO 2024: I,A

CKD (±T2D) EMPA-KIDNEY Empagliflozin Broad CKD (eGFR 20–90) 6,609 (46%) 20–90 Kidney progression/CV death:
HR 0.72

All-cause hosp. ↓14% KDIGO 2024: I,A

CKD + T2D CREDENCE Canagliflozin T2D + CKD (UACR
300–5,000)

4,401 (100%) 30–90 Renal/CV death: HR 0.70 HHF ↓39%; ESKD ↓32% KDIGO/ADA: I,A

CKD + T2D SCORED Sotagliflozin T2D + CKD (any UACR) 10,584 (100%) 25–60 CV death/HHF/urgent: HR
0.74

First MACE HR 0.84 Terminated early

Note: Abbreviations: T2D, type 2 diabetes mellitus; ASCVD, atherosclerotic cardiovascular disease; HFrEF, heart failure with reduced ejection fraction (LVEF ≤
40%); HFmrEF, heart failure with mildly reduced ejection fraction (LVEF 41%–60%); HFpEF, heart failure with preserved ejection fraction (LVEF ≥ 40%); CKD,
chronic kidney disease (±T2D means patients with or without type 2 diabetes); LVEF, left ventricular ejection fraction; eGFR, estimated glomerular filtration rate;
UACR, urinary albumin-to-creatinine ratio; MACE, major adverse cardiovascular events (covering cardiovascular death, non-fatal myocardial infarction and
non-fatal stroke); CV, cardiovascular; HHF, hospitalization for heart failure; ESKD, end-stage kidney disease; HR, hazard ratio; NS, non-significant; I,A, Class I,
Level A recommendation; Terminated early refers to trials that were prematurely stopped due to sponsor funding shortage, with pre-defined primary endpoints
adjusted during the trial period.

Per the 2023 ESC focused update on heart failure, two dedi-

cated trials assessed patients with stable HFmrEF and HFpEF

(LVEF >40%), alongside SOLOIST-WHF, which enrolled peo-

ple with type 2 diabetes after recent decompensated heart

failure. EMPEROR-Preserved (n = 5,988) demonstrated a 21%

relative risk reduction in the composite outcome of cardio-

vascular death and heart failure hospitalization, and a 27%

relative risk reduction in heart failure admissions.80 DELIVER

(n = 6,263) achieved an 18% primary outcome reduction, with

uniform benefit observed even in patients with LVEF above or

below 60%. Equivalent efficacy was seen regardless of concur-

rent type 2 diabetes status in both studies.81 SOLOIST-WHF (n

= 1,222, all T2D patients with recent worsening HF) achieved a

33% relative reduction in cardiovascular death, heart failure

hospitalization or urgent HF visits (HR = 0.67). Of note, this

trial was prematurely terminated due to funding constraints.

Its pre-specified primary endpoints were revised mid-study.77

Although sotagliflozin demonstrated promising cardiorenal

outcomes in SOLOIST-WHF, whether SGLT1 inhibition con-

tributes independently to these benefits has not been estab-

lished. No adequately powered head-to-head trial compar-

ing sotagliflozin with a selective SGLT2 inhibitor has been
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conducted, and the observed effects may simply reflect the

combined action of both targets. Therefore, claims regarding

additional cardiorenal advantages of dual inhibition should

be regarded as preliminary and require confirmation in future

prospective trials.

Under the KDIGO 2024 CKD guideline framework, four

pivotal trials evaluated SGLT inhibitor efficacy in patients with

chronic kidney disease with or without type 2 diabetes. CRE-

DENCE (n = 4,401 albuminuric T2D CKD) reduced combined

renal and cardiovascular events by 30%. DAPA-CKD (n = 4,304

mixed diabetic/non-diabetic CKD) produced a 39% reduction

in primary outcome,75 while EMPA-KIDNEY (n = 6,609 wide-

spectrum CKD) confirmed renoprotection down to eGFR 20

mL/min/1.73 m2 and cut all-cause hospitalizations by 14%.83

The SCORED trial evaluated sotagliflozin in adults with type

2 diabetes and moderate kidney impairment (eGFR 25–60),

covering all albuminuria grades. It cut the composite risk of

cardiovascular death, heart failure admission and urgent HF

visits by 26% (HR = 0.74), with a nominal 16% reduction in

MACE. However, this trial was halted early for funding rea-

sons, and its primary endpoints were modified mid-study.76

Similarly, the SCORED trial demonstrated cardiorenal benefits

with sotagliflozin. However, the contribution of SGLT1 inhi-

bition cannot be isolated from SGLT2 effects without a direct

comparison with a highly selective SGLT2 inhibitor.

Overall, these 12 trials demonstrate cardiorenal protection

across all four predefined phenotypes. The most consistent

benefit is the reduction in HHF, observed across T2D/ASCVD,

HFrEF, HFmrEF/HFpEF, and CKD populations regardless of

baseline diabetes status. Composite renal outcomes were con-

sistently reduced in dedicated CKD trials and as secondary

endpoints in the CVOTs. Cardiovascular mortality reduction

was most prominent in T2D/ASCVD (EMPA-REG OUTCOME)

and HFrEF (DAPA-HF). Nevertheless, no significant effect on

stroke has been observed. The magnitude of benefit may vary

across patient populations and clinical endpoints, underscor-

ing the importance of interpreting these findings within the

context of each specific trial population.

6.1.2. Proposed mechanisms of cardiorenal protection

As summarized in Table 5, researchers have conducted relevant

studies to explain how SGLT inhibitors exert certain cardiore-

nal protective effects. To date, there are four types of mecha-

nisms that are proposed regarding these effects. Among these

putative SGLT2 inhibitor mechanisms, haemodynamic regu-

lation carries the strongest clinical validation. SGLT blockade

alleviates glomerular hypertension and curbs albuminuria, a

finding replicated uniformly across landmark kidney outcome

trials.75,82, 83 Anti-inflammatory, antifibrotic and antioxidant

signals are only supported by preclinical models and observa-

tional human biomarker data, and to date, no trial data has con-

firmed that these pathways directly reduce clinical events.78,87

Meanwhile, ketone-driven myocardial metabolism remains an

unvalidated preclinical hypothesis lacking human interven-

tional proof.88,89 Finally, the SGLT1-mediated GLP-1/incretin

pathway remains a plausible but less validated mechanism.

Although dual inhibition enhances GLP-1 and PYY secretion

and the SCORED trial showed clinical signals, evidence is still

largely limited to surrogate biomarkers rather than hard out-

comes.90,91 Overall, haemodynamic remodeling so far best

accounts for SGLT2i clinical benefits, while other pathways

remain largely speculative.

Table 5. Stratification of SGLT inhibitor cardiorenal mechanisms by evidence tier.

Mechanism Evidence tier Core trial/study basis

Haemodynamic regulation High (hard endpoint randomized controlled trials) CREDENCE,75 DAPA-CKD,82 EMPA-KIDNEY83

Anti-inflammatory/antifibrotic
effects

Low (biomarker only, no event proof) DAPA-HF,78 CREDENCE biomarker subanalysis87

Ketone myocardial metabolism Very low (preclinical hypothesis) Isolated heart, rodent and large-animal preclinical metabolic HF

studies88,89

SGLT1-mediated GLP-1/incretin
pathway

Low to moderate (biomarker and surrogate
endpoint evidence)

SCORED trial,76 mechanistic studies on GLP-190/PYY secretion91

6.2. Dual SGLT1/2 inhibition

Dual SGLT1/2 inhibition acts at two distinct sites, i.e., intesti-

nal SGLT1 and renal SGLT2. Blocking intestinal SGLT1 slows

glucose absorption, dampens postprandial glucose spikes,

and promotes GLP-1 (and PYY) secretion, of which GLP-1 has

documented cardiometabolic effects. As discussed earlier, con-

current renal SGLT2 inhibition confers established glucosuric

and haemodynamic benefits observed with selective SGLT2

inhibitors.92 Sotagliflozin is the only clinically approved dual

inhibitor, showing a 20-fold selectivity for the renal transporter.

This moderate selectivity window allows simultaneous inhi-

bition of both transporters. Although highly selective SGLT2

inhibitors have been shown to affect intestinal SGLT1 and

incretin release, these effects are less pronounced and more

transient than those of sotagliflozin, which sustains SGLT1

inhibition into the distal small intestine and produces more

widespread and durable incretin augmentation.93 Based on

positive SCORED trial outcomes versus placebo, sotagliflozin

has secured US regulatory approval for adults with heart

failure or type 2 diabetes mellitus, chronic kidney disease,

and other cardiovascular risk factors. While the SGLT2-

selective agents studied in outcome trials with dapagliflozin,
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empagliflozin, and canagliflozin demonstrate consistent car-

diorenal protection across landmark heart and kidney outcome

trials, sotagliflozin’s dual intestinal-renal glucose blockade

confers a unique pharmacological profile via SGLT1-mediated

incretin augmentation. However, direct head-to-head ran-

domized comparisons against pure SGLT2-selective agents

remain absent, so incremental clinical benefits attributable to

gut SGLT1 inhibition cannot be definitively established from

existing trial data.76,77, 92

7. Conclusion

The story from phlorizin to gliflozins teaches us a lesson in

drug design: it is often more efficient to refine a natural prod-

uct than to start from scratch. Here, structure-guided design

provides the tools to address the limitations of early com-

pounds. More importantly, these drugs have proven to do

far more than lower blood glucose. Their unexpected benefits

in heart failure and kidney disease have reshaped our under-

standing of the connections among metabolism, the heart, and

the kidneys.

Looking forward, the mechanistic understanding we have

gained opens several paths. Dual SGLT1/2 inhibitors, for exam-

ple, promise better overall metabolic control, but will require

careful handling of gut-related side effects. AI and compu-

tational chemistry are accelerating the search for new leads,

though we must recognize that these tools cannot replace

solid experimental validation. We are also intrigued by the

potential of these agents in the treatment of neurodegenera-

tive diseases. Further translational studies are needed to vali-

date these promising preclinical findings for liver94 and neu-

rodegenerative95 diseases. Only then can SGLT inhibitors be

broadly adopted in precision medicine practice.96 Ultimately,

the gliflozin experience reminds us that the most impactful

drugs are those that not only treat disease but also deepen our

understanding of human physiology.
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