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SUMMARY

Introduction: Sodium-glucose cotransporter type 2 (SGLT2) inhibitors play a crucial role in
type 2 diabetes treatment, exerting effects on proximal tubules to reduce glucose reab-
sorption and enhance urinary excretion, offering cardiovascular and renoprotective ben-
efits. This study aims to explore the pharmacodynamic advantages of SGLT2 inhibitors,
expanding their therapeutic indications and assessing variations in pharmacological effects
among different representatives.

Methods: A thorough review of literature from 2000 to 2023 via PubMed focused on SGLT2
inhibitors’ pharmacology and clinical impact on T2DM, heart failure, and chronic kidney
disease. Twenty relevant studies were analyzed to understand differences between these
inhibitors, refining their efficacy and safety profiles.

Topic: On May 20, 2024, 16 original human studies examining the effects of SGLT2 inhibi-
tors were found. Additionally, 4 original animal studies investigating the impact of SGLT2
inhibitors on laboratory mice were discovered.

Conclusion: SGLT2 inhibitors show promise in improving patients’ quality of life and reduc-
ing diabetes-related complications. Continuous safety and efficiency monitoring is crucial
for optimizing their therapeutic use, given limited data on their long-term safety and
comparative effectiveness.
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INTRODUCTION

There are various pharmacological approaches
to the treatment of diabetest type 2 (T2DM).
Strict glycemic control with older diabetes
medications, such as metformin, thiazoli-
dinediones, sulfonylureas, meglitinides, and
DPP-4 inhibitors reduces microvascular com-
plications but has no significant effect on mac-
rovascular complications. Sodium-glucose co-
transporter 2 (SGLT2) inhibitors have shown
cardioprotective effects and a reduction in
cardiovascular outcomes. SGLT2 inhibitors
work by blocking the transporter for sodium
and glucose in the renal proximal tubule, lead-
ing to glucose elimination through urine and a
decrease in serum glucose levels.

Cardiovascular disease and chronic
kidney disease are key comorbidities that
influence the choice of therapy. Currently,
four SGLT2 inhibitors are approved for the
treatment of T2DM by the US Food and
Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA): canagliflozin,
dapagliflozin, empagliflozin, and ertugliflozin,
while empagliflozin and dapagliflozin are ad-
ditionally approved for the treatment of heart
failure and chronic kidney disease [http://
www.fda.gov; http://www.ema.europa.eu .

By inhibiting the SGLT?2 transporter,
the reabsorption of glucose is blocked, which
facilitates its excretion and ultimately lowering
blood glucose levels. In addition, the elimina-
tion of glucose via the kidneys does not cause
the negative metabolic effects associated with
the removal of endogenous glucose. This
mechanism contributes to weight loss due to
calorie loss. Also, the action on the SGLT2
transporter affects the excretion of sodium,
which affects the reduction of arterial blood
pressure. The favorable cardiovascular effects
of these drugs are also explained by eliminat-
ing the influence of sympathetic nerves on the
heart and blood vessels. All these factors sug-
gest that SGLT2 transporter inhibition may
provide a more effective treatment of diabetes
with associated cardiovascular disorders com-
pared to existing therapies [1]. SGLT?2 utilizes
one sodium ion per glucose molecule, while
SGLT1 uses two sodium ions per glucose mol-
ecule [2]. Therefore, SGLT2 uses less energy
than SGLT1. Therefore, the most energeti-
cally efficient adaptation to hyperglycemia is
to increase the amount of SGLT2. Studies in
humans with T2DM and genetic rodent mod-
els of T2DM and T1DM support an increase in
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renal SGLT2 expression [3-5]. SGLT2 inhibi-
tors lower HbAlc, uric acid, and body weight,
reducing risk factors for adverse cardiovascu-
lar outcomes.

Numerous preclinical studies have
confirmed their anti-inflammatory, antipro-
liferative, antioxidant, metabolic and vascular
role, as well as their contribution to reducing
negative cardiac remodeling [6,7]. SGLT2-
inhibitors are studied at the molecular, mito-
chondrial, interstitial and electrolyte levels.
Although originally developed to treat hy-
perglycemia in people with diabetes, recent
placebo-controlled outcome trials have shown
that empagliflozin and canagliflozin reduce
the risk of cardiovascular disease in individu-
als with T2DM at high risk for such outcomes..
Exploratory analyzes have also suggested that
they may reduce the progression of kidney dis-
ease in this population [8-10] Increased elimi-
nation of sodium via renal tubules reduces in-
traglomerular pressure, which underpins the
nephroprotective effect of SGLT2 inhibitors.

Most patients usually tolerate this
drug class well, and the most common side
effects of SGLT2 inhibitors recorded in their
post-registration monitoring are predictable
and related to their mechanism of action. Gly-
cosuria can lead to an increased risk of bacte-
rial, particularly fungal, infections of the geni-
tourinary tract increases, which are generally
mild to moderate and respond well to therapy.

Orthostatic hypotension is possible
due to hyponatremia and water loss, which,
in severe cases, can lead to circulatory disor-
ders in peripheral areas, potentially resulting
in gangrene e. SGLT2 inhibitors are not rec-
ommended for use in pregnancy. An increased
risk of lower limb amputation and bone frac-
ture has been reported in clinical practice in a
trial with canagliflozin [11].

Several SGLT2 inhibitors h ave re-
ceived approval for T2DM treatment, while
others are still undergoing pre-registration in
clinical trials. There are three selective SGLT2
inhibitors on the market - canagliflozin (In-
vokana®), dapagliflozin (Farkiga®) and empa-
gliflozin (Jardiance®) - which are approved by
the Food and Drug Administration (FDA) as
mono, dual and triple therapy for T2DM. In
addition to these, several other similar com-
pounds are in the development process and
may be approved soon. Empagliflozin, among
these three approved drugs, shows the high-
est selectivity for SGLT2 compared to SGLT1,
while canagliflozin is the least selective [11].

1484

Volume 11 « Number 3 « December 2024 - HOPH



Denda NI et al: The Influence of The Pharmacodynamic Properties of Drugs on Indications For Their Use -
Sodium-Glucose Cotransporter 2 Inhibitors (SGLT2 Inhibitors)

A highly selective SGLT2 inhibitor,
ertugliflozin (Steglatro®), has been registered
by the European Medicines Agency, from the
group of SGLT2 inhibitors, for the treatment
of T2DM. Although they are primarily reg-
istered as drugs for the treatment of T2DM,
given their proven potential for cardioprotec-
tive and beneficial effects on kidney function,
the indications for dapagliflozin and empa-
gliflozin have now been expanded to include
heart failure and chronic kidney disease.
Therefore, these two representatives of SGLT2
inhibitors are examples of drugs that, due to
their proven beneficial pharmacodynamic ef-
fects and safety of use, the indications have
been extended to the mentioned indications
regardless of T2DM.

This educational article aims to ex-
amine the impact of the potentially beneficial
pharmacodynamic properties of sodium-glu-
cose cotransporter 2 inhibitors on the expan-
sion of indications for the use of these drugs.
In addition, the educational article aims to
show the connection between the differences

in the pharmacological effects of individual
representatives of SGLT2 inhibitors and the
differences in the indication spectrum within
the group of these drugs.

METHODS

A thorough review of literature from 2000 to
2023 via PubMed focused on SGLT2 inhibi-
tors pharmacology and clinical impact on
T2DM, heart failure, and chronic kidney dis-
ease. Twenty relevant studies were analyzed to
understand differences between these inhibi-
tors, refining their efficacy and safety profiles.

TOPIC

Analysis of clinical studies of efficacy and safe-
ty of SGLT2 inhibitors

Study design The most significant results of the study
respondents

A systematic
literature
review

Donnan K. et al., [11].

A randomized

Bonora B. et al., 2020. [12]. clinical trial

Antonio S. et al., 2020. [13]. A meta-analysis

7,020

39,593

Metformin and SGLT2 inhibitors do not car-
ry a high risk of hypoglycemia when used
alone or in combination with other antihy-
perglicemic grugs. However, the risk of hy-
poglycemia is significantly increased when
used concomitantly with insulin or an insu-
lin secretagogue [11].

We believe that a combination of different
mechanisms may play a role in the over-
all cardioprotective and nephroprotective
benefits of SGLT2 inhibitors in diabetic
patients. Clinicians treating patients with
T2DM, especially those with cardiovascular
or renal risk factors, or established cardio-
vascular or renal disease, must carefully
consider this evidence [12].

In the available long-term randomized tri-
als, SGLT2 inhibitors significantly reduce all
causes mortality of T2DM patients [13].

Study design The most significant results of the study
respondents

A retrospective,

Suzuki et al., 2022. [14]. cohort study

A double-blind,
randomized
clinical trial

Tikkanen I, et al 2015. [15].

25,315

Risks for later development of heart fail-
ure, myocardial infarction, angina pectoris,
stroke and atrial fibrillation did not differ
between representatives SGLT2 inhibitors.
This is the first study that compared a wide
range of cardiovascular outcomes in pa-
tients with DM treated with SGLT2 inhibi-
tors in the post-registration period [14].

Empagliflozin was associated with clinically
significant reductions in blood pressure and
HbA1c compared to placebo and was well
tolerated in patients with T2DM and hyper-
tension [15].

825

Table 1. Antihyperglycemic po-
tential and analysis of the effi-
cacy and safety of SGLT2 inhibi-
tors in the treatment of T2DM

Table 2. Cardioprotective po-
tential and analysis of the effi-
cacy and safety of SGLT2 inhibi-
tors in the treatment of heart
failure
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A cardiovascular outcome study of empa-
gliflozin reported a significant reduction
in the risk of death, myocardial infarction,
and stroke. [16].

A systematic
Chrysant, et al., 2017. [16]. literature
review

A large body of evidence has shown that
SGLT2 inhibitors can reduce hospitalization
for heart failure in patients with or without
diabetes [5].

A systematic
Xie Yafei et al., 2023. [5]. literature
review

SGLT2 inhibitors significantly improve car-
diovascular outcomes. A trend towards the

Butler J et al., 2020. [17]. A meta-analysis 18,265 benefit of this group of drugs was observed
in patients with heart failure with pre-
served ejection fraction [17].

A 38% reduction in the risk of CV death was

. A randomized observed with empagliflozin versus placebo

P el 12 18 el A ([ clinical trial gLy in patients with T2DM and established car-
diovascular disease in the trial [18].

Table 3. Nephroprotective po- Number of

tential and analysis of the ef- Author Study design - The most significant results of the study
L. respondents

ficiency and safety of SGLT2

inhibitors in the treatment of SGLT2 inhibitors can reduce albuminuria,
chronic kidney disease. a double-blind the progression of diabetic nephropathy,
randomized lé- thus reducing the need for dialysis by over

Jasna Klen et al., 2023. [19]. ' P 4,401 40%. The molecular mechanisms underlying

cebo-controlled

- . these beneficial effects of SGLT2 inhibitors
clinical trial

extend beyond their glucose-lowering ef-
fects [19].

SGLT2 inhibitors are part of clinical prac-
tice guidelines for slowing the progression
of chronic kidney disease in patients with
and without diabetes mellitus. Inhibition
of glucose transport not only lowers the
concentration of glucose in the plasma, but
also triggers other hemodynamic metabolic
pathways that mediate the protective ef-
fect of the kidney [20].

SGLT2 inhibitors improve tubular oxygen-
ation and metabolism and reduce renal
A systematic inflammation and fibrosis. SGLT2 inhibitors
literature review did not increase the risk of urinary tract in-
fections or the risk of acute renal failure

[21].

Table 4. Analysis of preclini- . -

: . Type of preclinical A species of
cal stuc!]es of pharmac.ol.oglcal Author study laboratory animals The result of the study
properties of SGLT2 inhibitors

According to the duration of action,
SGLT2 inhibitors are divided into
long-acting and representatives of
medium-long action with rapid and

A systematic

Palmer et al., 2023. [20]. literature review

Bailey et al., 2022. [21].

Comparison of Normoglycemic delayed onset of action. All investi-

pharmacokinetics (C57BL/6) gated SGLT2 inhibitors exhibit sig-

and and nificant antihyperglycemic activity,

Tahara et al., 2016. [22]. pharmacodynamics diabetic but differ from each other in the
of representative (KK/Ay T2DM) quality of daily blood glucose con-

SGLT2 inhibitors mice trol as well as in the duration and

onset of the pharmacological ef-
fect, which may be related to the
different efficacy of T2DM control
[22].

Findings suggest that treatment

SO R with SGLT2 inhibitors with a fast-

pharmaac: (lj( inetics ar'jcci’rdni]:lf’é)tf:rn:]ize ing period protects the kidney from
Kimura Y et al. , 2019. [23]. harmacodynamics treated with cardiorenal syndrome possibly by
Pof represe:(\tativ . canagliflozin reducing oxidative stress mediated

by b-hydroxybutyrate, in type 2

L2 e s diabetic rats [23].
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Comparison of
pharmacokinetics
and
pharmacodynamics
of representative
SGLT2 inhibitors

Oh CM et al., 2019. [24].

Comparison of
pharmacokinetics
and
pharmacodynamics
of representative
SGLT2 inhibitors

Takasu et al., 2014. [25].

CONCLUSION

The potential for significant improvement in
patient’s quality of life and the reduction of the
risk of serious complications makes sodium-
glucose co-transporter 2 inhibitors (SGLT?2 in-
hibitors) a valuable tool in the fight against the
diabetes epidemic and associated comorbidi-
ties. Some representatives of SGLT2 inhibitors,
such as empagliflozin and dapagliflozin, in ad-
dition to being used in the treatment of diabe-
tes, have extended indications for heart failure
and chronic kidney disease that may exist in-
dependently of T2DM. However, continuous
monitoring of the safety and long-term effects
of these drugs remains crucial for optimizing
their therapeutic use.

Although the efficacy of SGLT2 in-
hibitors has been confirmed by numerous ran-
domized clinical trials (RCTs) with sufficiently
large samples to establish indications for their
use clearly, data from both RCTs and observa-
tional studies are lacking, which would deter-
mine the long-term and comparative safety of
representatives of this drug class and explain
the differences in their indications.

CONFLICT OF INTEREST

All authors declare no conflict of interest.

REFERENCES

1. Rahmoune H, Thompson PW, Ward JM, Smith
CD. Glucose transporters in human renal proximal
tubular cells isolated from the urine of patients
with non-insulin-dependent diabetes. Diabetes.
2005;54(12):3427-3434.

2. Beitelshees AL, Leslie BR, Taylor SI. Sodium-
glucose cotransporter 2 inhibitors: A case study in
translational research. Diabetes. 2019;68(6):1109-
1120.

SGLT2 inhibitors have a protective
effect in doxorubicin-induced heart
failure in mice. This implies that

Laboratory mice SGLT2 inhibitor therapy could be

a good treatment strategy even in
heart failure patients without dia-
betes [24].

Inhibition of sodium-glucose co-
transporter 2 by ipragliflozin, alone

Normoglycemic or in combination with existing oral
and antidiabetic drugs, has a potent
diabetic mice effect on blood glucose levels in a

variety of mouse models of hyper-
glycemia [25].

3. Wang XX, Levi J, Luo Y, Myakala K. SGLT2 pro-
tein expression is increased in human diabetic ne-
phropathy: SGLT2 protein inhibition decreases renal
lipid accumulation, inflammation, and the develop-
ment of nephropathy in diabetic mice. J Biol Chem.
2017;292(13):5335-5348.

4. Salah HM, Verma S, Khan MS, Lopes RD. Sodi-
um-glucose cotransporter 2 inhibitors and cardiac
remodeling. J Cardiovasc Transl Res. 2022;15:944-
956.

5. Xie Y, Wei Y, Li D, Pu J, Ding H, Zhang X. Mecha-
nisms of SGLT2 inhibitors in heart failure and their
clinical value. J Cardiovasc Pharmacol. 2023;81:4-
14.

6. Neal B, Perkovic V, Mahaffey KW, et al. Cana-
gliflozin and cardiovascular and renal events in type
2 diabetes. N Engl J Med. 2017;377:644-657.

7. Zinman B, Wanner C, Lachin JM, Fitchett D,
Bluhmki E, Hantel S, Mattheus M, Devins T, Johan-
sen OE, Woerle HJ, Broedl UC, Inzucchi SE. Empa-
gliflozin, cardiovascular outcomes, and mortality in
type 2 diabetes. N Engl J Med. 2015;373:2117-2128.

8. Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von
Eynatten M, Mattheus M, Johansen OE, Woerle HJ,
Broedl UC, Zinman B. Empagliflozin and progression
of kidney disease in type 2 diabetes. N Engl J Med.
2016;375:323-334.

9. Jardine MJ, Zhou Z, Mahaffey KW, Oshima M,
Agarwal R, Bakris G, Bajaj HS, Bull S, Cannon CP,
Charytan DM, de Zeeuw D, Di Tanna GL, Greene T,
Heerspink HJL, Levin A, Neal B, Pollock C, Qiu R,
Sun T, Wheeler DC, Zhang H, Zinman B, Rosenthal
N, Perkovic V. Renal, cardiovascular, and safety out-
comes of canagliflozin by baseline kidney function:
A secondary analysis of the CREDENCE randomized
trial. J Am Soc Nephrol. 2020;31:1128-1139.

10. Shubrook JH, Bokaie BB, Adkins SE. Empa-
gliflozin in the treatment of type 2 diabetes: Evi-
dence to date. Drug Des Devel Ther. 2015;9:5793-
5803.

11. Donnan K, Segar L. SGLT2 inhibitors and met-
formin: Dual antihyperglycemic therapy and the
risk of metabolic acidosis in type 2 diabetes. Eur J
Pharmacol. 2019.

www.hophonline.org

1487



12. Bonora BM, Avogaro A, Fadini GP. Extraglyce-
mic effects of SGLT2 inhibitors: A review of the
evidence. Diabetes Metab Syndr Obes. 2020;13:161-
174.

13. Antonio SG, Matteo M, Edoardo M. SGLT2 in-
hibitors and all-cause mortality: A meta-analysis of
randomized controlled trials. Diabetes Obes Metab.
2020.

14. Suzuki Y, Kaneko H, Okada A, Itoh H, Matsuoka
S, Fujiu K, Michihata N, Jo T, Takeda N, Morita H,
Kamiya K, Atsuhiko M, Ako J, Node K, Yasunaga H,
Kummuro I. Comparison of cardiovascular outcomes
between SGLT2 inhibitors in diabetes mellitus. Car-
diovasc Diabetol. 2022;21(1):67.

15. Tikkanen |, Narko K, Zeller C. Empagliflozin
reduces blood pressure in patients with type
2 diabetes and hypertension. Diabetes Care.
2015;38(3):420-428.

16. Chrysant SG. Promising cardiovascular and blood
pressure effects of the SGLT2 inhibitors: A new class
of antidiabetic drugs. Drugs Today. 2017;53(3):191-
202.

17. Butler J, Usman MS, Khan MS, Greene SJ, Friede
T, Vaduganathan M, Filippatos G, Coats AJS, Anker
SD. Efficacy and safety of SGLT2 inhibitors in heart
failure: systematic review and meta-analysis. ESC
Heart Fail. 2020 Dec;7(6):3298-3309. doi: 10.1002/
ehf2.13169.

18. Inzucchi SE, Zinman B, Fitchett D, Wanner C,
Ferrannini E, Schumacher M, Lachin JM. How does
empagliflozin reduce cardiovascular mortality? In-
sights from a mediation analysis of the EMPA-REG
OUTCOME trial. Diabetes Care. 2018;41(2):356-363.

19. Klen J, DolZan V. SGLT2 Inhibitors in the Treat-
ment of Diabetic Kidney Disease: More than Just Glu-
cose Regulation. Pharmaceutics. 2023;15(7):1995.

20. Palmer BF, Clegg DJ. Kidney-Protective Ef-
fects of SGLT2 Inhibitors. Clin J Am Soc Nephrol.
2023;18(2):279-289.

21. Bailey CJ, Day C, Bellary S. Renal Protection
with SGLT2 Inhibitors: Effects in Acute and Chronic
Kidney Disease. Curr Diabetes Rep. 2022;22:39-52.

22. Tahara A, Takasu T, Yokono M, Imamura M, Ku-
rosaki E. Characterization and comparison of sodi-
um-glucose cotransporter 2 inhibitors in pharma-
cokinetics, pharmacodynamics, and pharmacologic
effects. J Pharmacol Sci. 2016;130(3):159-169.

23. Kimura Y, Kuno A, Tanno M, Sato T, Ohno K, Shi-
bata S, Nakata K, Sugawara H, Abe K, Igaki Y, Yano
T, Miki T, Miura T.. Canagliflozin, a sodium-glucose
cotransporter 2 inhibitor, normalizes renal suscep-
tibility to type 1 cardiorenal syndrome through re-
duction of renal oxidative stress in diabetic rats. J
Diabetes Investig. 2019;10(4):933-946.

24. Oh CM, Cho S, Jang JY, et al. Cardioprotec-
tive Potential of an SGLT2 Inhibitor Against Doxo-
rubicin-Induced Heart Failure. Korean Circ J.

Hospital Pharmacology. 2024; 11(3):1483-1489

2019;49(12):1183-1195.

25. T, Hayashizaki Y, Tahara A, Kurosaki E, Takakura
S. Antihyperglycemic effect of ipragliflozin, a sodi-
um-glucose co-transporter 2 inhibitor, in combina-
tion with oral antidiabetic drugs in mice. Clin Exp
Pharmacol Physiol. 2014;42(1):87-93

1488

Volume 11 « Number 3 « December 2024 - HOPH



Denda NI et al: The Influence of The Pharmacodynamic Properties of Drugs on Indications For Their Use -
Sodium-Glucose Cotransporter 2 Inhibitors (SGLT2 Inhibitors)

Uticaj farmakodinamskih svojstava lekova na
indikacije za njihovu upotrebu - inhibitori
natrijum-glukoza kotransportera 2

(SGLT2 inhibitori)

Nikola I. Denda', Nemanja Z. Maletin', Marko B. Atanaskovi¢', Biljana A. Vuckovi¢*?,
Aleksandar L. Raskovi¢!

! Katedra za farmakologiju, toksikologiju i klinicku farmakologiju, Medicinski fakultet Novi Sad, Univerz-
itet u Novom Sadu, Novi Sad, Srbija

? Katedra za patofiziologiju i laboratorijsku medicinu, Medicinski fakultet Novi Sad, Univerzitet u Novom
Sadu, Novi Sad, Srbija

? Centar za laboratorijsku medicinu, Klinicki centar Vojvodine, Novi Sad, Srbija

KRATAK SADRZAJ

Uvod: Inhibitori natrijum-glukoza kotransportera tipa 2 (SGLT2) igraju kljucnu ulogu u
lecenju dijabetesa tipa 2, delujuci na proksimalne tubule kako bi smanjili reapsorpci-
ju glukoze i povecali njeno izlucivanje urinom, nudeci kardiovaskularne i renoprotek-
tivne benefite. Ova studija ima za cilj da istrazi farmakodinamicke prednosti SGLT2
inhibitora, prosiri njihovu terapijsku primenu i proceni varijacije u farmakoloskim
efektima razlicitih predstavnika.

Metode: Detaljan pregled literature od 2000. do 2023. godine putem PubMed-a foku-
siran je na farmakologiju SGLT2 inhibitora i njihov klinicki uticaj na dijabetes tipa 2,
srcanu slabost i hroni¢nu bubreznu bolest. Analizirano je dvadeset relevantnih studija
kako bi se razumele razlike izmedu ovih inhibitora, sa ciljem poboljsanja njihovih
profila efikasnosti i bezbednosti.

Tema: Dana 20. maja 2024. godine pronadeno je 16 originalnih studija na ljudima
koje ispituju efekte SGLT2 inhibitora. Takode, otkrivene su 4 originalne studije na
zivotinjama koje istrazuju uticaj SGLT2 inhibitora na laboratorijske miseve.
Zakljucak: SGLT2 inhibitori pokazuju potencijal u poboljsanju kvaliteta zivota paci-
jenata i smanjenju komplikacija povezanih sa dijabetesom. Kontinuirano pracenje
bezbednosti i efikasnosti je od sustinskog znacaja za optimizaciju njihove terapijske
primene, s obzirom na ogranicene podatke o dugorocnoj bezbednosti i komparativnoj
efikasnosti.

Kljucne reci: dijabetes melitus, SGLT2 inhibitori, komplikacije dijabetesa
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