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Abstract: Recent large placebo-controlled trials of sodium glucose co-transporter 2 (SGLT2) inhibitors
revealed desirable effects on heart failure (HF) and renal dysfunction; however, the mechanisms
underlying these effects are unknown. The characteristic changes in the early stage of diabetic
cardiomyopathy (DCM) are myocardial and interstitial fibrosis, resulting in diastolic and subsequent
systolic dysfunction, which leads to clinical HF. Pericytes are considered to play crucial roles in
myocardial and interstitial fibrosis. In both DCM and diabetic retinopathy (DR), microaneurysm
formation and a decrease in capillaries occur, triggered by pericyte loss. Furthermore, tubulointerstitial
fibrosis develops in early diabetic nephropathy (DN), in which pericytes and mesangial cells are
thought to play important roles. Previous reports indicate that pericytes and mesangial cells play key
roles in the pathogenesis of DCM, DR and DN. SGLT2 is reported to be functionally expressed in
pericytes and mesangial cells, and excessive glucose and Na+ entry through SGLT2 causes cellular
dysfunction in a diabetic state. Since SGLT2 inhibitors can attenuate the high glucose-induced
dysfunction of pericytes and mesangial cells, the desirable effects of SGLT2 inhibitors on HF
and renal dysfunction might be explained by their direct actions on these cells in the heart and
kidney microvasculature.

Keywords: sodium glucose co-transporter 2; diabetic cardiomyopathy; diabetic nephropathy; diabetic
retinopathy; heart failure; pericytes; mesangial cells; fibrosis; microaneurysm; capillary leakage

1. Introduction

Numbers of diabetic patients are reported to be increasing across the world. The International
Diabetes Federation (IDF) estimated 451 million people had diabetes worldwide in 2017, and that
the number will increase to 693 million by 2045, which leads to a large social, financial, and health
system burden [1]. Among major microangiopathic complications of diabetes, nephropathy [2],
cardiomyopathy [3], and retinopathy [4] have a significant impact on patient’s quality of life because
they are leading causes of maintenance hemodialysis, heart failure (HF), or cardiac death and acquired
visual loss, respectively. Appropriate control of blood glucose levels with insulin or sulphonylureas
reduces the risk of diabetic nephropathy and retinopathy in both type 1 and type 2 diabetes [5,6].

DeFronzo et al. used phlorizin, a non-selective sodium glucose co-transporter (SGLT) inhibitor,
to control blood glucose levels in diabetic rats [7]. Thereafter, phlorizin has been utilized in the
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treatment of experimental diabetes. Since T-1095, which inhibits renal reabsorption of glucose, was
developed to treat hyperglycemia in streptozotocin-induced diabetic rats, more selective sodium
glucose co-transporter 2 (SGLT2) inhibitors, which inhibit the reabsorption of glucose at the S1 segment
of renal proximal tubules [8], have been developed and are currently used to treat type 2 diabetic
(T2D) patients. To date, five SGLT2 inhibitors, i.e., dapagliflozin (2008: first published in a journal),
canagliflozin (2010), ipragliflozin (2011), tofogliflozin (2012), empagliflozin (2012), and luseogliflozin
(2013) have been prescribed for T2D patients. The reported effects of SGLT2 inhibitors include the
reduction of blood glucose levels, body weight, and blood pressure, the attenuation of insulin resistance,
and insulin restoration [8]. However, recent experiments or clinical trials revealed new effects of
SGLT2 inhibitors.

Several recent large placebo-controlled trials of SGLT2 inhibitors evaluated the effects on
cardiovascular and renal outcomes in type 2 diabetes mellitus (T2DM) patients. These trials
demonstrated the desirable effects of SGLT2 inhibitors on hospitalization due to HF and renal
function, with little effect on myocardial infarction and ischemic stroke. The mechanisms of these
positive effects of SGLT2 inhibitors are still unknown; however, SGLT2 inhibitors seem to act mainly on
microvascular disorders rather than macrovascular diseases [9–13], and the decrease in albuminuria
was reported to be independent of glycemic control [14]. The mechanisms underlying the desirable
effects of SGLT2 inhibitors seem to involve more than glycemic control.

Among diabetic complications, diabetic neuropathy, diabetic retinopathy (DR) and diabetic
nephropathy (DN) are famous diabetic microangiopathies [15], and diabetic cardiomyopathy (DCM) has
also been investigated since the 1970s, because DCM eventually induces HF in diabetic patients [16–21].
Myocardial and interstitial fibrosis occur in the early stage of DCM, and pericytes are considered
to play crucial roles these events [21,22]. Significant correlations between DR and HF [23–26] and
capillary microaneurysms derived from the loss of pericytes have been reported, and specific changes
in microangiopathy were observed in both DR and DCM [23–26]. From these observations, the
pathogenesis of DCM seems to be one of diabetic microangiopathy. Mesangial cells are considered to
play important roles in DN [27].

Interestingly, functional expression of SGLT2 in pericytes and mesangial cells has been
reported [28–32], and SGLT2 protein expression was revealed to increase under high-glucose
conditions [28,30]. Since glucose and Na+ enter SGLT2 at a ratio of 1:1 [32,33], excess Na+ entry under
high-glucose conditions might induce these cellular dysfunctions. At the same time, SGLT2 inhibitors
might have direct effects on SGLT2 in pericytes and mesangial cells that evoke the preferable effects on
HF and renal dysfunction.

However, the mechanisms underlying the desirable effects of SGLT2 inhibitors on HF and
renal dysfunction in T2DM have not been fully elucidated. This review summarizes the outcomes
of recent large placebo-controlled trials of SGLT2 inhibitors in T2DM patients and discusses their
possible mechanisms.

2. Cardiovascular Outcomes of Large Placebo-Controlled Trials of SGLT2 Inhibitors

Among the recent studies of SGLT2 inhibitors in T2DM patients [9–12], some reported significant
decreases in 3-point major adverse cardiovascular events (MACE), the occurrence of cardiovascular
death [1,3] and hospitalization for HF (HHF) [9–12] in patients treated with SGLT2 inhibitors compared
with the placebo-treated controls. These trials differed only in the proportions of subjects with
established atherosclerosis and with multiple risk factors: 99% and 1% in EMPA-REG OUTCOME
(empagliflozin), 64% and 36% in the CANVAS Program (canagliflozin) and 40% and 60% in
DECLARE-TIMI 58 (dapagliflozin), respectively. Despite the diversity of atherosclerotic severity
among the subjects, the hazard ratio of HHF significantly decreased in T2DM patients treated with
SGLT2 inhibitors, and this result was consistent across the trials. Moreover, these favorable effects of
SGLT2 inhibitors were also found in the secondary prevention of nonfatal myocardial infarction in a
subanalysis of the CANVAS Program [12] and in the primary prevention of HHF in a subanalysis of
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DECLARE-TIMI 58 [13]. Although these trials revealed a significant decrease in the hazard ratio of
3-point MACE [9–11] and EMPA-REG OUTCOME reported a reduced risk of death from cardiovascular
events [9], the statistical significance of these findings might disappear if death from HF was not
included in the events. Additionally, a subanalysis of the CANVAS Program revealed the beneficial
effects of canagliflozin on the secondary prevention of myocardial infarction, whereas other studies did
not demonstrate any significant decrease in the hazard ratio of myocardial infarction [9–11]. Regarding
cerebrovascular events, none of these studies detected any effect of SGLT2 inhibitors on the risk of acute
ischemic stroke [9–11]. From these data, the preferable effects of SGLT2 inhibitors on cardiovascular
events seem to be mainly on HF rather than on macrovascular diseases (Table 1).

Table 1. Effects of SGLT2 inhibitors on cardiovascular events.

Empagliflozin Canagliflozin Dapagliflozin

3point MACE Sinificantly desirerable N.S. N.S.
Primary 3poin MACE N.D. Sinificantly desirerable N.D.

CV death Sinificantly desirerable N.S. N.S.
HHF Sinificantly desirerable Sinificantly desirerable Sinificantly desirerable

non-fatal MI N.S. N.S. N.S.
non-fatal stroke N.S. N.S. N.S.
Primary HHF N.D. N.D. Sinificantly desirerable
Pre-MI history N.D. Sinificantly desirerable N.S.
Reference No. 9 10, 12 11, 13

N.S.: not significantN.D.: not determined; HHF: hospitalization for heart failure; MI: myocardial infarction.

3. Renal Outcomes of Large Placebo-Controlled Trials of SGLT2 Inhibitors

The desirable effects of SGLT2 inhibitors on the composite of renal worsening, end-stage renal
disease, and renal death were consistently observed in all trials [34–37]. The trials of empagliflozin [34]
or canagliflozin [35] showed a significant reduction in the progression of macroalbuminuria and lower
rates of new-onset microalbuminuria and new-onset macroalbuminuria among participants with normo-
or microalbuminuria at baseline. Moreover, the CREDENCE study revealed the ability of canagliflozin
to significantly reduce end-stage kidney disease (ESKD) and the albumin (mg)-to-creatinine (g) ratio
(UACR) and to slow the reduction in the estimated glomerular filtration rate (eGFR) at a median
follow-up of only 2.62 years [36]. The CREDENCE study also performed a subgroup analysis according
to eGFR at screening (30 to <45, 45 to <60, and 60 to <90 mL/min/1.73 m2) and to baseline UACR
(> and ≤1000). Consequently, subgroups of eGFR (30 to <45, and 45 to <60 mL/min/1.73 m2) and
UACR (>1000) showed a more pronounced reduction in the hazard ratios of the primary composite
outcome ESKD, doubling of serum creatinine or death from renal or cardiovascular causes and of the
renal-specific composite outcome ESKD, doubling of serum creatinine or death from renal causes [36].
The DECLARE-TIMI 58 randomized trial showed a significant reduction in the hazard ratios of the
composite cardiorenal outcome of a sustained ≥40% decrease in eGFR to less than 60 mL/min/1.73 m2,
ESKD, or death from cardiovascular or renal causes, and of the composite renal-specific outcome
of a sustained ≥40% decrease in eGFR to less than 60 mL/min/1.73 m2, ESKD, or death from renal
causes [37]. The DECLARE-TIMI 58 randomized trial also showed a significant reduction in the
hazard ratios of a sustained ≥40% decrease in eGFR to less than 60 mL/min/1.73 m2 and ESKD [37].
The studies of SGLT2 inhibitors in T2DM patients seem to clearly reveal positive effects on urinary
albumin secretion and a decrease in eGFR in DN (Table 2).
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Table 2. Effects of SGLT2 inhibitors on renaldysfunction.

Empagliflozin Canagliflozin Dapagliflozin

Composite of renal worsening

end-stage renal disease, and
renal death Sinificantlydesirerable Sinificantlydesirerable Sinificantlydesirerable

Progression of
macroalbuminuria Sinificantly desirerable Sinificantly desirerable N.A.

new onset of
microalbuminuria Sinificantly desirerable Sinificantly desirerable N.A.

new onset of
microalbuminuria Sinificantly desirerable Sinificantly desirerable N.A.

occurrence of ESKD Sinificantly desirerable Sinificantly desirerable N.A.

reduction of UACR N.A. Sinificantly desirerable Sinificantly desirerable

reduction of eGFR Sinificantlydesirerable Sinificantlydesirerable Sinificantly desirerable

Reference 34 35, 36 37

N.A.: not available; ESKD: endsatgekidney disease; UACR: albumin(mg)-to-creatinine (g) ratio; eGFR:
estimatedglomerular filtration rate.

4. Diabetic Cardiomyopathy

Some studies since the 1970s have reported the importance of DCM in diabetic patients [10–22].
The Framingham Heart Study demonstrated that the occurrence of HF is 2.4- and 5.1-fold greater in
male and female diabetes patients, respectively, than in age-matched control subjects [16]. Moreover,
diabetes was reported to increase the risk of HF approximately 2.5-fold, independent of coronary
artery disease and other comorbidities such as hypertension [20]. The characteristic changes of early
stage DCM are myocardial and interstitial fibrosis and diastolic dysfunction. Subsequently, myocardial
systolic dysfunction occurs, which leads to clinical HF. Myocardial and interstitial fibrosis in DCM
developed independently of hypertension and coronary artery disease [21]; cardiomyocyte hypertrophy
and microvascular abnormalities, such as thickening of the capillary basement membrane, have also
been observed in DCM [22]. Pericytes can convert to myofibroblasts and are therefore considered to
induce fibrosis in diabetic states [38]. Capillary density in the heart was lower in diabetic rats than in
nondiabetic rats [39]. In DCM, the initial interstitial and perivascular fibrosis progressed more widely
following replacement fibrosis accompanied by cardiomyocyte degeneration [40]. Diastolic dysfunction
is a common finding in DCM; it was reported to be the first detectable functional abnormality, even in
almost half of diabetic patients with good glycemic and blood pressure control and no symptoms of
HF [41,42]. From these observations, pericytes in the heart seem to play important roles in cardiac
fibrosis in DCM.

In the reports from the UK Prospective Diabetic Study (UKPDS) 35, significant positive associations
of HbA1c levels with fatal and nonfatal myocardial infarction and stroke, microvascular endpoints,
and HF were reported in T2DM patients [43]. Moreover, UKPDS 35 showed a significant 14% decrease
in fatal and nonfatal myocardial infarction, a 12% decrease in fatal and nonfatal stroke, a 37% decrease
in microvascular endpoints, and a 16% decrease in HF per 1% reduction in HbA1c for the 10.4-year
observation period [43]. In regard to HF in T2DM patients, each 1% increase in HbA1c was reported to
be associated with an 8% increased risk of HF [44]. However, one of the HF studies on the correlation
between the proportion of diabetic patients who had died at the 2-year follow-up and HF according to
HbA1c revealed a U-shaped association, with the lowest risk of death in patients with modest glucose
control (7.1% < HbA1c ≤7.8%) [45]. In studies of the death of diabetic patients with advanced HF with
reduced ejection fraction (HFrEF), deaths increased among patients with HbA1c ≥7.3% [46]. From
these observations, glycemic control seems to be very important for reducing HF in diabetic patients.
Meta-analyses of intensive glucose control studies, including Action to Control Cardiovascular Risk
in Diabetes (ACCOD), Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified
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Release Controlled Evaluation (ADVANCE), UKPDS, and Veterans Affairs Diabetes Trial (VADT), that
used antidiabetic drugs other than SGLT2 inhibitors for glycemic control, showed a significant 15%
decrease in the risk of myocardial infarction but no prevention of HF in T2DM patients in the almost
five-year observation period [47]. These data imply that SGLT2 inhibitors have specific effects on HF,
not glycemic control. In fact, the decrease in HbA1c attained in EMPA-REG OUTCOME, CANVAS
Program, and DECLARE-TIMI 58 was very small, from 0.3% to 0.6% [9–11]. These facts suggest that
the positive effects of SGLT2 inhibitors on HF and renal function in T2DM patients do not stem from
effects on glycemic control.

5. Mechanisms of Heart Failure and Diabetic Retinopathy

HF is categorized into HF with preserved ejection fraction (HFpEF) and HFrEF (usually ejection
fraction ≤40%) [48]. Although the effect of canagliflozin on known HFpEF was reported to be not
significant, Figtree et al. reported that significant effects of canagliflozin on HFpEF and HFrEF
when subjects with an unknown ejection fraction (EF) were included [49]. HFpEF is usually found
in approximately 40% of diabetic and nondiabetic subjects with HF. The characteristics of HFpEF
include increased left ventricular (LV) stiffness, impaired LV relaxation, decreased microvessel
count and microvessel dilatory dysfunction [50,51], whereas the characteristic of HFrEF is systolic
dysfunction [52,53]. The reported causes of HFrEF are the loss of myocardial mass, impaired myocardial
contractility, and volume and/or pressure overload, which is thought to stem from ischemia and
infarction due to coronary artery disease, uncontrolled hypertension, valvular incompetence, and
microvessel disease [52,53]. Of these pathological changes, microvessel dysfunction is a mechanism of
both HFpEF and HFrEF. In DCM, microaneurysms in capillaries of the heart have been reported [23].
Microaneurysms are one of the characteristic changes in DR [16]. Capillaries consist of endothelial
cells and pericytes, and pericyte swelling and loss occur in the early stage of DR. Pericyte loss
causes microaneurysm formation due to the vulnerability of pericyte-deficient capillary walls, which
subsequently leads to capillary occlusion in the retina [24]. In fact, T2DM patients with DR were reported
to have a 2.5-fold higher risk of developing HF compared to those without DR [25]. An association
between the severity of DR and heart muscle perfusion was found in T2DM patients [26], and
microvascular dysfunction was observed in HFpEF [54]. Capillary density was shown to be decreased
in experimental studies of DCM [38–40]. From these longstanding studies of HF, pericytes in the heart
and retina seem to play very important roles in the cause of HF due to DCM and the development
of DR.

6. Mechanism of Diabetic Nephropathy

The number of patients with DN is increasing, and DN has become a global socioeconomic
problem [55]. DN is considered to be caused by dysfunction from the glomerulus to the collecting duct
(nephron) in the kidney [56]. Glomerular basement membrane thickening, mesangial expansion, and
tubule-interstitial fibrosis are considered characteristic pathological changes in DN [55,56]. Interstitial
tubular injury was reported to develop before glomerular dysfunction in DN, and tubulointerstitial
hypoxia under diabetic conditions was suggested to be important as an early event in DN [57].
Pericytes play a crucial role in tubular interstitial fibrosis via vascular endothelial growth factor
and platelet-derived growth factors [58]. In the kidney, mesangial cells are also important players
in regulating glomerular functions [27]. In early DN, glomerular hyperfiltration occurs, which is
explained by the glomerular hemodynamic hypothesis [59] or tubuloglomerular feedback (TGF) [60].
These mechanisms are based on the balance between glomerular afferent and efferent arteriolar
tone [61]. In the diabetic state, mesangial cells lose their contractile response [62], which is thought to
induce glomerular hyperfiltration [63]. Intraglomerular mesangial cells regulate glomerular circulation
and filtration at the level of microvessels in glomeruli, and extraglomerular mesangial cells regulate
the afferent and efferent arteriolar tone of glomeruli via vasoactive substances. In the diabetic state,
intraglomerular mesangial cells are implicated in albuminuria and mesangial expansion, which
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occludes intraglomerular capillaries and decreases the glomerular filtration rate (GFR) [64]. Mesangial
cells are also implicated in hyperfiltration and intraglomerular hypertension, which stem from cellular
contractile dysfunction [65]. In the tubulointerstitial region of the kidney, the tissues are always exposed
to ischemia and can be damaged, as evidenced by decreased erythropoietin production [66], which may
be worsened by capillary pericyte dysfunction in the diabetic state, as seen in DR. In the diabetic state,
the decreased erythropoietin production by neural crest-derived fibroblasts surrounding the renal
tubules is probably due to tubulointerstitial hypoxia, which improved in T2DM patients treated with
dapagliflozin [66]. The attenuation of pericytes in the diabetic kidney by SGLT2 inhibitors seems not
to be a direct effect of dapagliflozin on erythropoietin-producing cells; rather, microcirculation in the
interstitial region of kidney may have recovered, and serum erythropoietin levels may have increased,
as reported two to four weeks after dapagliflozin administration [66]. The effects of SGLT2 inhibitors on
pericytes may attenuate interstitial function in the kidney. Thus, through these mechanisms, mesangial
cells and pericytes seem to play important roles in the development of DN.

7. SGLT in the Kidney and Heart

SGLT1 and SGLT2 are well known proteins localized in proximal tubular cells in the S3 and S1
proximal tubule segments, where they transport glucose and Na+ at ratios of 1:2 and 1:1, respectively [33].
SGLT1 is also expressed in the small intestine [33]. SGLT1 and SGLT2 expression in human proximal
tubular cells was reported to be increased by protein kinase C (PKC) [33]. We reported functional
SGLT2 expression in mesangial cells and retinal pericytes [28–32] and showed that SGLT2 acts as
a physiological glucose sensor; moreover, pericytes and mesangial cells alter their tone via SGLT2
and Na+-Ca2+ exchangers according to glucose concentration [32]. However, SGLT2 expression in
capillary endothelial cells was not observed [31]. Capillaries consist of pericytes and endothelial
cells; the glomerulus consists of mesangial cells, endothelial cells and podocytes [67,68]; and capillary
networks are present in the entire human body. Therefore, SGLT2 is expressed in entire organs and in
tissues throughout the body, including the heart and kidney, not just in the S1 segment of the proximal
tubule. SGLT1 expression was observed in normal myocardial tissue, where it was largely localized
to the human cardiac myocyte sarcolemma and upregulated under ischemic and diabetic states [69].
SGLT1 has been shown to have protective effects on myocardial ischemic changes [70]. The selectivity
of currently available SGLT2 inhibitors against SGLT1 seems to be sufficient to inhibit SGLT2 and
have no effect on SGLT1 in the heart, since large placebo-controlled trials of SGLT2 inhibitors did
not worsen ischemic myocardial infarction [9–11]. Moreover, arteries, including the coronary artery,
supply oxygen and nutrients via capillaries. SGLT2 inhibitors may have some ability to protect against
diabetes-induced arterial damage by attenuating capillary pericyte dysfunction.

8. Mechanisms of the Desirable Effects of SGLT2 Inhibitors

The results of recent large trials of SGLT2 inhibitors [9–11,34,35] seem to indicate the effects of
SGLT2 inhibitors on capillaries in the heart and kidney, since the dysfunction of SGLT2-expressing
pericytes and mesangial cells is thought to be the cause of HF and DN, as mentioned above. Mesangial
cells and pericytes play crucial roles in protecting capillaries and regulating microcirculation through
contractions, the phagocytosis of metabolic decomposition products around cells, neovascularization
and the capillary permeability of serum substances and fluid [71,72] (Figure 1). The glucose uptake
ratios of SGLT2 and GLUT1 in rat mesangial cells and bovine pericytes are almost 1:1 [25,26]. Phlorizin,
an SGLT inhibitor, normalized glucose uptake by rat mesangial cells, glucose consumption by
bovine pericytes, and the intracellular levels of glucose and its metabolites, such as sorbitol and
fructose, in bovine pericytes under high-glucose conditions [73]. In fact, phlorizin attenuated the high
glucose-induced dysfunction of rat mesangial cells and bovine pericytes, such as cellular swelling
and loss, the decreased contractile response to vasoactive substances (such as angiotensin II), and the
overproduction of type IV collagen [29,30,73].
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Figure 1. The mechanisms of capillary dysfunction in the heart and kidney and the functional expression
of SGLT2 in pericytes and mesangial cells. The functional expression of SGLT2 in pericytes and mesangial
cells is increased under diabetic conditions, and the uptake of both glucose and Na+ through SGLT2 is
also increased. Intracellular sorbitol accumulation and protein kinase C (PKC) activation in response to
increased intracellular glucose levels inhibit Na+/K+-ATPases. Then, intracellular Na+ accumulates,
which leads to cell swelling and the overproduction of the extracellular matrix (upper panel). These
functional changes in pericytes and mesangial cells produce perivascular and interstitial fibrosis.
Myocardial fibrosis also occurs, which induces diastolic dysfunction in diabetic cardiomyopathy (DCM).
These changes in pericytes and mesangial cells decrease the cellular contractile response and induce
capillary structural damage, which promote pericyte loss (pericyte ghosts), microaneurysm formation,
capillary occlusion and increased capillary permeability, resulting in peripheral edema (lower panel).

We recently reported that a very low dose of canagliflozin attenuated albuminuria and pathological
changes in DN in db/db mice without changing glucose levels [27]. In that experiment, SGLT2 expression
in mesangial cells increased approximately five-fold under high-glucose conditions. Abnormal
intracellular glucose metabolism increases intracellular sorbitol levels and activates PKC under
high-glucose conditions, leading to the inhibition of Na+/K+-ATPases. Therefore, the increased SGLT2
expression leads to an increase in the simultaneous uptake of glucose and Na+, which induces cellular
dysfunctions due to the accumulation of intracellular Na+ (Figure 1). However, low-dose canagliflozin
was found to normalize glucose consumption and significantly decrease superoxide production and
the levels of intracellular PKC, fibronectin, and transforming growth factor β1 (TGFβ1) in db/db mice.
Interstitial fibrosis in the diabetic heart and kidney is an important factor in DCM and DN, in which
pericytes play crucial roles [30]. Hepatic fibrosis may be triggered by stellate cells, the equivalent
of pericytes in the liver. Interestingly, SGLT2 inhibitors were reported to slow the progression of
fibrosis in the liver and kidney (dapagliflozin) [74] and in the heart (empagliflozin) [75] under diabetic
conditions. Increased capillary permeability was observed in the heart, lung, and renal cortex and
medulla in diabetic rats [76,77]. Increased capillary permeability is known to induce interstitial edema
and diabetic macular edema (DME) [24,25]. We reported that half the typical dose of the SGLT2
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inhibitor ipragliflozin attenuated the retinal edema and recovered the visual acuity of a diabetic woman
with DME [78]. The restoration of high glucose-induced pericyte dysfunction by the SGLT2 inhibitor
may have attenuated her DME.

Although the mechanisms underlying cardiorenal protection by SGLT2 inhibitors have been
explained by TGF, which induces hyperfiltration in the diabetic state [60], the main cause of the positive
effects of SGLT2 inhibitors is possibly independent of TGF. SGLT2 inhibitors are well-known to increase
urinal Na+ excretions, however, decreased urinal Na+ excretions were reported in diabetic rats treated
with an SGLT2 inhibitor compared to untreated diabetic rats [79]. Chilton suggested that the overall
cardio- and reno-protective effects of SGLT2 inhibitors in T2D patients with high CV risk are most likely
attributable to multiple mechanisms, including hemodynamic, metabolic, anti-inflammatory, and renal
effects [80]. On the other hand, Patel et al. suggested that pleiotropic effects of SGLT2 inhibitors may
be independent of glycemic control for cardiovascular diseases, HF and chronic kidney disease with
or without T2D [81]. Indeed, a very low dose of an SGLT2 inhibitor attenuated diabetic glomerular
pathological changes and urinary albumin excretion, as mentioned above [30]. The very low dose
of canagliflozin in our experiment with db/db mice seemed to produce an effective concentration in
plasma or local renal tissue, as evidenced by SGLT2 inhibition in mesangial cells and pericytes without
any effect on SGLT2 in the proximal tubules, since there was no effect on blood glucose levels. The IC50

of canagliflozin to inhibit alpha-methyl-D-glucopyranoside transport by human SGLT1 and SGLT2 is
reported to be 663 and 4.2 nM, respectively [82], and the excretion of canagliflozin in urine is <1% of
the administered dose [83]. Moreover, phlorizin normalized the high glucose-induced reduction in the
contractile response of mesangial cells, as mentioned in the mechanism of DN section. The desirable
effects of SGLT2 inhibitors on HF and renal dysfunction, as microvascular disorders, could be explained
by their actions on mesangial cells and pericytes, whereby they attenuate high glucose-induced fibrosis
and the capillary permeability of serum substances and fluids (Figure 2).

Figure 2. The mechanisms of SGLT2 in diabetic cardiomyopathy, nephropathy, and retinopathy.
Figure 2. expression in pericytes and mesangial cells under high-glucose conditions induces capillary
damage in the heart, kidney, and retina, as shown in Figure 2. The subsequent cellular dysfunction
evokes DCM, diabetic nephropathy (DN), and diabetic retinopathy (DR). SGLT2 inhibitors inhibit
the excess glucose and Na+ entry through SGLT2 into pericytes and mesangial cells, which protects
against and attenuates high glucose-induced capillary damage in the heart, kidney and retina. Since
capillaries are widespread in the human body, further positive effects of these inhibitors on human
disease are expected.
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9. Treatments for HF and DN Other Than Glucose-Lowering Drugs

The American Heart Association stated that angiotensin converting enzyme inhibitors (ACEIs)
or angiotensin receptor inhibitors (ARIs) can be useful for preventing HF in diabetic patients with
hypertension at high risk for developing HF but with no functional or structural cardiac disorders
and good glycemic control (HbA1c <7.0 and without hypoglycemia) [84]. In DN, inhibition of
the renin-angiotensin system (RAS) by ACEIs or ARIs was reported to reduce the incidence of
microalbuminuria in T2DM patients [85]. RAS inhibitors have also been reported to reduce the risk
of DR [86]. These results suggest that RAS inhibition might have positive effects in the early stages
of DN and DR in T2DM patients. Interestingly, ACEIs were reported to decrease proximal tubular
SGLT2 protein levels compared to controls in diabetic rats [87]. Captopril (an ACEI) at a concentration
of 10-4 M was reported to suppress Na+-dependent glucose uptake and alfa-methyl glucoside uptake;
these substances enter cells through SGLT2, attenuate the intracellular levels of glucose and glucose
metabolites, such as sorbitol and fructose, under high-glucose conditions, and normalize the high
glucose-induced swelling of bovine retinal pericytes [88]. Based on these results, RAS inhibitors might
act as weak SGLT2 inhibitors and might reduce the risk of diabetic complications.

Pioglitazone (a thiazolidinedione) was reported to reduce cardiovascular risk [89]. The effects of
pioglitazone on cardiovascular outcomes were revealed to be significant: there was an 18% reduction
in the hazard ratio of ischemic stroke and a 26% reduction in myocardial infarctions in the combined
data of the PROactive study [90] and IRIS [91]. Regarding macrovascular complications, pioglitazone
seems to have more pronounced and preferable effects than SGLT2 inhibitors [9–11]. However, since
pioglitazone has some effects on Na+ retention [92], it was reported to occasionally induce HF [93].
Regarding DN, urinary albumin excretion decreased in T2DM patients treated with pioglitazone [94,95];
however, a greater decline in eGFR was shown in T2DM patients treated with pioglitazone than in those
treated with placebo [96]. From these reports, pioglitazone seems to be more effective in macrovascular
diseases than in DN. Pioglitazone is a specific ligand of peroxisome proliferator-activated receptor
γ (PPARγ), a nuclear receptor that plays an important role in regulating cell differentiation at the
transcriptional level [97]. PPARγ in smooth muscle cells, macrophages, and endothelial cells has been
reported to play important roles in the pathogenesis of atherosclerosis [98–100]. The inhibitory effects of
pioglitazone on the progression of atherosclerosis in cellular models have also been reported [100,101].
At the microvascular level, pericytes and mesangial cells were reported to functionally express
PPARγ1 and PPARγ2 [102,103], respectively. PPARγ1 in rat mesangial cells was downregulated
by PKC activation, and the downregulation of PPARγ1 was reported to prompt the loss of the
contractile response to angiotensin II, as observed in DN, which was recovered by pioglitazone [104].
Interestingly, troglitazone (another thiazolidinedione) was shown to increase glucose uptake by rat
mesangial cells through GLUT1 under normal and high-glucose conditions; however, intracellular
glucose content did not increase under normal glucose conditions, and intracellular sorbitol levels were
significantly decreased under high-glucose conditions [105]. Pioglitazone also increased glucose uptake
by astrocytes through GLUT1 and protected these cells against hypoglycemia-induced death [106].
Moreover, troglitazone significantly decreased the intracellular redox potential under normal and
high-glucose conditions [105]. The decreases in intracellular glucose and ROS by thiazolidinediones
indicate the normalization of abnormal glucose metabolism under high-glucose conditions in the
presence of SGLT2 inhibitors [27,73]. The differences between thiazolidinediones and SGLT2 inhibitors
include their effects on sodium and glucose entry into cells, namely, SGLT2 inhibitors increase Na+

excretion through urine and decrease Na+ and glucose entry into pericytes and mesangial cells, and
thiazolidinediones occasionally increase Na+ retention by the kidney and increase glucose uptake
by mesangial cells without increasing intracellular glucose metabolites and ROS. DeFronzo et al.
suggested that combination therapy with pioglitazone and SGLT2 inhibitors might reduce further
cardiovascular events in high-risk T2DM patients [107].
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10. Conclusions

The results of large placebo-controlled trials on SGLT2 inhibitors regarding cardiovascular and
renal outcomes revealed the positive effects of these inhibitors on HF and renal function [9–11,14,15].
These findings suggest that SGLT2 inhibitors are mainly effective against microvascular diseases rather
than macrovascular diseases. Further analyses are being conducted to validate these findings. Pericytes
in capillaries and mesangial cells seem to play key roles in the development of DMC and DN, including
in perivascular and cellular fibrosis, microaneurysm formation in capillaries and capillary occlusion,
which are diabetic-specific microangiopathies. Because SGLT2 is functionally expressed in pericytes
and mesangial cells and excess glucose and Na+ enters through SGLT2 in diabetic states induce these
cellular damages, the preferable effects of SGLT2 inhibitors on HF and renal dysfunctions are probably
thought to be independent of the glucose control, and to be mainly derived from direct actions of
SGLT2 inhibitors on mesangial cells and pericytes.

Author Contributions: All authors discussed the concept of the review, worked on the outline, commented in
detail on the first iteration, made critical revisions on later drafts and approved the final draft for submission.

Conflicts of Interest: From Chugai Pharmaceutical Co Ltd., and grant support from Takeda Pharmaceutical Co
Ltd., Daiichi Sankyo Ltd., Mitsubishi Tanabe Pharma Co, Eisai Co Ltd., Astellas Pharma Inc, Chugai Pharmaceutical
Co Ltd., and MSD KK. The other authors declare no conflicts of interest.

References

1. Cho, N.H.; Shaw, J.E.; Karuranga, S.; Huang, Y.; da Rocha Fernandes, J.D.; Ohlrogge, A.W.; Malanda, B. IDF
Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res. Clin.
Pract. 2018, 138, 271–281. [CrossRef] [PubMed]

2. Umanath, K.; Lewis, J.B. Update on Diabetic Nephropathy: Core Curriculum 2018. Am. J. Kidney Dis. 2018,
71, 884–895. [CrossRef] [PubMed]

3. Hölscher, M.E.; Bode, C.; Bugger, H. Diabetic Cardiomyopathy: Does the Type of Diabetes Matter? Int. J.
Mol. Sci. 2016, 17, 2136. [CrossRef] [PubMed]

4. Wong, T.Y.; Cheung, C.M.; Larsen, M.; Sharma, S.; Simó, R. Diabetic retinopathy. Nat. Rev. Dis. Primers 2016,
2, 16012. [CrossRef] [PubMed]

5. Thomas, W.; Shen, Y.; Molitch, M.E.; Steffes, M.W. Rise in albuminuria and blood pressure in patients who
progressed to diabetic nephropathy in the Diabetes Control and Complications Trial. J. Am. Soc. Nephrol.
2001, 12, 333–340. [PubMed]

6. UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-glucose control with sulphonylureas or
insulin compared with conventional treatment and risk of complications in patients with type 2 diabetes
(UKPDS 33). Lancet 1998, 352, 837–853. [CrossRef]

7. Rossetti, L.; Smith, D.; Shulman, G.I.; Papachristou, D.; DeFronzo, R.A. Correction of hyperglycemia with
phlorizin normalizes tissue sensitivity to insulin in diabetic rats. J. Clin. Invest. 1987, 79, 1510–1515.
[CrossRef] [PubMed]

8. Defronzo, R.A.; Davidson, J.A.; Del Prato, S. The role of the kidneys in glucose homeostasis: A new path
towards normalization glycaemia. Diabetes Obes. Metab. 2012, 14, 5–14. [CrossRef] [PubMed]

9. Zinman, B.; Wanner, C.; Lachin, J.M.; Fitchett, D.; Bluhmki, E.; Hantel, S.; Mattheus, M.; Devins, T.;
Johansen, O.E.; Woerle, H.J.; et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes.
New Engl. J. Med. 2015, 373, 2117–2128. [CrossRef] [PubMed]

10. Neal, B.; Perkovic, V.; Mahaffey, K.W.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Desai, M.; Shaw, W.;
Vercruysse, F.; Yee, J.; et al. Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. New.
Engl. J. Med. 2017, 377, 644–657. [CrossRef] [PubMed]

11. Wiviott, S.D.; Raz, I.; Bonaca, M.P.; Mosenzon, O.; Kato, E.T.; Cahn, A.; Silverman, M.G.; Zelniker, T.A.;
Kuder, J.F.; Murphy, S.A.; et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J.
Med. 2019, 380, 347–357. [CrossRef] [PubMed]

12. Mahaffey, K.W.; Neal, B.; Perkovic, V.; de Zeeuw, D.; Fulcher, G.; Erondu, N.; Shaw, W.; Fabbrini, E.; Sun, T.;
Li, Q.; et al. Canagliflozin for Primary and Secondary Prevention of Cardiovascular Events: Results From the
CANVAS Program (Canagliflozin Cardiovascular Assessment Study). Circulation 2018, 137, 323–334. [PubMed]

http://dx.doi.org/10.1016/j.diabres.2018.02.023
http://www.ncbi.nlm.nih.gov/pubmed/29496507
http://dx.doi.org/10.1053/j.ajkd.2017.10.026
http://www.ncbi.nlm.nih.gov/pubmed/29398179
http://dx.doi.org/10.3390/ijms17122136
http://www.ncbi.nlm.nih.gov/pubmed/27999359
http://dx.doi.org/10.1038/nrdp.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/27159554
http://www.ncbi.nlm.nih.gov/pubmed/11158223
http://dx.doi.org/10.1016/S0140-6736(98)07019-6
http://dx.doi.org/10.1172/JCI112981
http://www.ncbi.nlm.nih.gov/pubmed/3571496
http://dx.doi.org/10.1111/j.1463-1326.2011.01511.x
http://www.ncbi.nlm.nih.gov/pubmed/21955459
http://dx.doi.org/10.1056/NEJMoa1504720
http://www.ncbi.nlm.nih.gov/pubmed/26378978
http://dx.doi.org/10.1056/NEJMoa1611925
http://www.ncbi.nlm.nih.gov/pubmed/28605608
http://dx.doi.org/10.1056/NEJMoa1812389
http://www.ncbi.nlm.nih.gov/pubmed/30415602
http://www.ncbi.nlm.nih.gov/pubmed/29133604


Int. J. Mol. Sci. 2019, 20, 5668 11 of 15

13. Verma, S.; McMurray, J.J.V. The Serendipitous Story of SGLT2 Inhibitors in Heart Failure. Circulation 2019,
139, 2537–2541. [CrossRef] [PubMed]

14. Cherney, D.; Lund, S.S.; Perkins, B.A.; Groop, P.H.; Cooper, M.E.; Kaspers, S.; Pfarr, E.; Woerle, H.J.; von
Eynatten, M. The effect of sodium glucose cotransporter 2 inhibition with empagliflozin on microalbuminuria
and macroalbuminuria in patients with type 2 diabetes. Diabetologia 2016, 59, 1860–1870. [CrossRef]
[PubMed]

15. Reddy, M.A.; Zhang, E.; Natarajan, R. Epigenetic mechanisms in diabetic complications and metabolic
memory. Diabetologia 2015, 58, 443–455. [CrossRef] [PubMed]

16. Kannel, W.B.; Hjortland, M.; Castelli, W.P. Role of diabetes in congestive heart failure: The Framingham
study. Am. J. Cardiol. 1974, 34, 29–34. [CrossRef]

17. Seneviratne, B.I. Diabetic cardiomyopathy: The preclinical phase. Br. Med. J. 1977, 1, 1444–1446. [CrossRef]
[PubMed]

18. Bouchard, A.; Sanz, N.; Botvinick, E.H.; Phillips, N.; Heilbron, D.; Byrd, B.F., III; Karam, J.H.; Schiller, N.B.
Noninvasive assessment of cardiomyopathy in normotensive diabetic patients between 20 and 50 years old.
Am. J. Med. 1989, 87, 160–166.

19. Van Hoeven, K.H.; Factor, S.M. A comparison of the pathological spectrum of hypertensive, diabetic, and
hypertensive-diabetic heart disease. Circulation 1990, 82, 848–855. [CrossRef] [PubMed]

20. Tate, M.; Grieve, D.J.; Ritchie, R.H. Are targeted therapies for diabetic cardiomyopathy on the horizon? Clin.
Sci. 2017, 131, 897–915. [CrossRef] [PubMed]

21. Regan, T.J.; Lyons, M.M.; Ahmed, S.S.; Levinson, G.E.; Oldewurtel, H.A.; Ahmad, M.R.; Ahmad, M.R.;
Haider, B. Evidence for cardiomyopathy in familial diabetes mellitus. J. Clin. Invest. 1977, 60, 884–899.
[CrossRef] [PubMed]

22. Kawaguchi, M.; Techigawara, M.; Ishihata, T.; Asakura, T.; Saito, F.; Maehara, K.; Maruyama, Y. A comparison
of ultrastructural changes on endomyocardial biopsy specimens obtained from patients with diabetes
mellitus with and without hypertension. Heart Vessels 1997, 12, 267–274. [CrossRef] [PubMed]

23. Factor, S.M.; Okun, E.M.; Minase, T. Capillary Microaneurysm in the Human Diabetic Heart. N. Engl. J. Med.
1980, 302, 384–388. [CrossRef] [PubMed]

24. Frank, R.N. Diabetic Retinopathy. N. Engl. J. Med. 2004, 350, 48–58. [CrossRef] [PubMed]
25. Cheung, N.; Wang, J.J.; Rogers, S.L. Diabetic retinopathy and risk of heart failure. J. Am. Coll. Cardiol. 2008,

51, 1573–1578. [CrossRef] [PubMed]
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