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Abstract

We have been studying the presence of sodium-glucose cotransporter 2 (SGLT2) in
mesangial cells and pericytes since 1992. Recent large placebo-controlled studies of
SGLT2 inhibitors in patients with type 2 diabetes mellitus have reported desirable effects
of the inhibitors on the diabetic kidney and the diabetic heart. Most studies have indi-
cated that these effects of SGLT2 inhibitors could be mediated by the tubuloglomerular
feedback system. However, a recent study about urine sodium excretion in the presence
of an SGLT2 inhibitor did not show any increases in urine sodium excretion. A very small
dose of an SGLT2 inhibitor did not inhibit SGLT2 at the S1 segment of proximal tubules.
Moreover, SGLT2 inhibition protects against progression in chronic kidney disease with
and without type 2 diabetes. In these circumstances, the tubuloglomerular feedback hy-
pothesis involves several theoretical concerns that must be clarified. The presence of
SGLT2 in mesangial cells seems to be very important for diabetic nephropathy. We now
propose a novel mechanism by which the desirable effects of SGLT2 inhibitors on diabetic
nephropathy are derived from the direct effect on SGLT2 expressed in mesangial cells.

Key Words: sodium-glucose cotransporter 2, mesangial cells, tubuloglomerular feedback, chronic kidney disease,
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Recent large placebo-controlled trials of sodium-glucose 4 years and other prospective studies of SGLT2 inhibitors
cotransporter 2 (SGLT2) inhibitors (empagliflozin, in T2DM patients revealed desirable effects of SGLT2 in-
canagliflozin, and dapagliflozin) in type 2 diabetes mel-  hibitors [1-9]. However, in those desirable effects, signifi-

litus (T2DM) patients observed for approximately 3 to  cant and prominent results were restricted to the decreased
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risks of hospitalization for heart failure, progression of
albuminuria, and decrease in glomerular filtration ratio
(GFR) [1-5, 11]. Among these effects of SGLT2 inhibitors,
the desirable effects of SGLT2 inhibitors on the decrease
in albuminuria were reported to be independent of gly-
cemic control [12]. On the other hand, the United Kingdom
Prospective Diabetes Study (UKPDS 33) in T2DM patients
revealed that attenuation of glycemic control by insulins
or sulfonylureas could decrease the risk of progression of
microangiopathy during approximately 10 years of ob-
servation [13]. A 10-year follow-up of intensive glycemic
control in T2DM from the UKPDS revealed a signifi-
cant 37% decrease in the hazard ratio in microvascular
endpoints and a 16% decrease in the hazard ratio in heart
failure (HF) during the mean 10.4 years of observation
[14]. However, a meta-analysis of strict glycemic control
(ADVANCE, UKPDS, ACCORD, and VADT) [15] and
studies of dipeptidylpeptidase 4 inhibitors (SAVOR-TIMI
53, EXAMINE, and TECOS) [16-19] did not reveal a bene-
ficial effect on cardiovascular outcome during less than
5 years of observation. In the comparison between these
UKPDS findings during 10 years of observation and the
constant findings of SGLT2 inhibitors during 2 to 4 years
of observations, however, SGLT2 inhibitors seem to have
specific functions for the prevention of diabetic nephrop-
athy (DN) and HF in T2DM patients independent of gly-
cemic control [6, 10, 11]. In this review, we would like to
focus on the mechanisms of the desirable effects of SGLT2
inhibitors on DN.

Mesangial Cells

Mesangial cells play important roles in the regulation of
glomerular and intraglomerular circulation and the main-
tenance of glomeruli, such as the protection of glomerular
endothelial cells and leakage of substances from serum and
fluid from microvessels [20,21]. Mesangial cells are divided
into 2 types of cells by their positions in the glomerulus. One
type is the extraglomerular mesangial cells; these cells are
present around afferent and efferent arteries of glomeruli.
Mesangial cells around afferent arteries maintain constant
blood flow in afferent arteries of glomeruli by autocrine
adenosine secretion via the tubuloglomerular feedback
system [22, 23], and other extraglomerular mesangial
cells around efferent arteries of glomeruli react to angio-
tensin II derived from the renin angiotensin system (RAS)
[24]. Other mesangial cells are intraglomerular mesangial
cells, and these cells protect intraglomerular endothelial
cells, regulate glomerular circulation, maintain glomerular
structures, and protect against the leakage of serum sub-
stances, such as albumin, and fluid from microvessels in
the glomerulus (Fig. 1A). In DN, an increased GFR and

basement membrane thickening are reported to occur fol-
lowing glomerular expansion and decreased GFR [235,
26]. In the early stage of DN, the increase in the GFR is
explained by the glomerular hemodynamic hypothesis
[27] or tubuloglomerular feedback system [28], of which
mechanisms are based on the balance between glomerular
afferent and efferent arteriolar tone [29]. In the diabetic
state, rat mesangial cells are reported to lose their con-
tractile response to contractive substances in vitro, such as
angiotensin II [30], followed by mesangial cell swellings,
which are thought to induce glomerular hyperfiltration and
microaneurysms, as seen in diabetic retinopathy (DR), in
the glomerulus [31-34]. An in vitro study indicates that rat
mesangial cells are also implicated in hyperfiltration and
glomeruli, which stem from cellular contractile dysfunc-
tion [31, 35]. Our in vitro study using rat mesangial cells
demonstrated that an increase in extracellular glucose con-
centration induced mesangial dysfunctions, such as loss of
contractile response to contractive substances, overproduc-
tion of extracellular matrix and apoptosis. These changes
are well-known in diabetic glomerulopathy [36], in which
accumulation of extracellular matrix induces basement
membrane thickening and fibrosis, following mesangial
expansion, microaneurysm, and nodular lesion formation,
resulting in diabetic-specific structural changes (Fig. 1B).
Interestingly, phlorizin, an SGLT inhibitor, was reported to
normalize the high glucose-induced loss of the contractile
response of rat mesangial cells and cellular swellings in
vitro [36]. From these observations, SGLT2 might be pre-
sent in mesangial cells, and the desirable effects of SGLT2
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Figure 1. Scheme of diabetic glomerulopathy. (A) Normal glomerulus.
Glomeruli consist of three types of cells. Extra- and intraglomerular
mesangial cells, glomerular endothelial cells, and podocytes. SGLT2 (®)
is expressed in mesangial cells. (B) Pathological changes in diabetic
glomerulopathy. In early diabetic glomerulopathy, basement mem-
brane thickening and fibrosis occur following mesangial expansion,
microaneurysm and nodular lesion formation. SGLT2, sodium-glucose
cotransporter 2.
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inhibitors in DN independent of glycemic control might
be derived from the direct action of SGLT2 inhibitors on
SGLT?2 in mesangial cells.

Tubuloglomerular Feedback

Thejuxtaglomerular (JG) apparatus in the nephron consists of
3 types of cells, macula densa (MD), JG, and extraglomerular
mesangial cells, to regulate renal blood flow and the GFR.
Recent large placebo-controlled studies of SGLT?2 inhibitors
in patients with T2DM have reported desirable effects of
these inhibitors on DN [1-5, 10, 11]. Most studies proposed
that these effects of SGLT2 inhibitors could be mediated by
tubuloglomerular feedback [1-5, 10, 11]. Their explanations
are as follows [37] (Fig. 2). In the control subjects, GFR is
maintained normal through tubuloglomerular feedback
system (Fig. 2A), in which MD cells sense Na* and CI con-
centrations in distal tubules and control autocrine secretion
of adenosine, which dilates afferent arterioles of the glom-
erulus via relaxation of extraglomerular mesangial cells
[38]. JG cells secrete renin in response to decreased renal
perfusion pressure or Na* and CI concentrations. In states
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with diabetes mellitus, increased glucose and Na* reabsorp-
tion by SGLT2 occurs at the S1 segment of the proximal
tubules, and the consequential decrease in intratubular Na*
concentrations at MD cells set tubuloglomerular feedback
in motion and leads to afferent arteriole dilatation (Fig. 2B).
This increased reabsorption of Na® would promote Na*
overload in the body and hyperfiltration in the glomeruli,
resulting in HF and DN, respectively. SGLT2 inhibitors, by
inhibiting Na* and glucose reabsorption at the S1 segment
in proximal tubules, revert the pathologic process to normal
GFR by increasing the tubular Na* concentration (Fig. 2C).
However, there was an opposite suggestion regarding the
renal protective effect of empagliflozin by tubuloglomerular
feedback [39]. The tubuloglomerular feedback hypothesis
raises the following serious concerns.

First, the authors of the tubuloglomerular feedback
system hypothesis paid no attention to other Na® re-
absorption mechanisms operating in the tubular system.
Na* is reabsorbed by many mechanisms, such as SGLT1,
Na* channels, Na*-phosphate cotransporters, and Na*-
H* exchangers. If the function of SGLT2 is blocked, other
Na*-reabsorbing mechanisms should be set in motion to
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Figure 2. Tubuloglomerular feedback hypothesis for the underlying mechanism of pleiotropic effects by SGLT2 inhibitors. JG, juxtaglomerular cells;
MD, macular densa cells. (A) In nondiabetic subjects, glomerular filtration ratio (GFR) is maintained normal through tubuloglomerular feedback
system. (B) InT2DM patients, increased reabsorptions of glucose and Na* by SGLT2 in proximal tubules cause a decrease of urinal Na* excretion at
the same time, which stimulates an autocrine secretion of adenosine through tubuloglomerular feedback system. The secreted adenosine dilates
afferent arteriole of glomeruli and induce elevated GFR. (C) In T2DM patients treated with SGLT2 inhibitors, reabsorptions of glucose and Na* by
SGLT2 in proximal tubules are inhibited completely and then the urinal Na* excretion is increased again, which restores the dilatation of the afferent
arteriole of glomeruli and elevated GFR through tubuloglomerular feedback when the presence of SGLT1 in proximal tubules is not taken account.
SGLT1, sodium-glucose cotransporter 1; SGLT2, sodium-glucose cotransporter 2; T2DM, type 2 diabetes mellitus.
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maintain homeostasis, especially SGLT1 in the S3 seg-
ment of proximal tubules according to the report from
Ab-Ghami et al. [40].

Here, we theoretically assessed Na* reabsorption from
glucose dynamics in the proximal tubule. In a healthy man,
180 g/day glucose is filtered into the proximal tubule, and
SGLT2 reabsorbs 150 g of glucose in the S1 segment, which
means that SGLT1 in the S3 segment reabsorbs 30 g of
glucose to make daily urinary glucose excretion 0 g [40]
(Fig. 3A). In the presence of an SGLT2 inhibitor, SGLT1
would be upregulated to compensate for disrupted glucose
transport, since both SGLTs are regulated by protein kinase
C (PKCQ) in almost the same manner [41]. SGLT1 should
take up 120 g of glucose because 60 g of glucose appears
in urine in a healthy man taking an SGLT?2 inhibitor [40]
(Fig. 3-b). The coupling ratio of glucose to Na* is 1:1 in
SGLT2 and 1:2 in SGLT1. As a consequence, Na* reabsorp-
tion is estimated as 150/180 (by SGLT2) + 2 x 30/180 (by
SGLT1) = 1.16 moles in the absence of an SGLT2 inhibitor.
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Without SGLT2 inhibitors

Afferent artery

Glucose reabsorption and
Calculated Na* reabsorption
In the absence and presence

SGLT2 inhibitors

In a similar fashion, 0 + 2 x 120/180 = 1.33 moles of Na" is
reabsorbed in the presence of an SGLT2 inhibitor (Fig. 3C).
Thus, SGLT?2 inhibitors increase the total proximal tubular
reabsorption of Na*, which means the decrease tubular Na*
excretion (Fig. 3C). In support of this, decreased urinal Na*
excretion with an SGLT2 inhibitor was reported in diabetic
rats [42].

Second, the Na* fraction reabsorbed by SGLT2 would
be too small to influence tubuloglomerular feedback. In a
person with 180 L/day GFR and 140 mEq/L serum Na*,
approximately 25.2 (= 180 x 0.14) moles of Na* are re-
absorbed because more than 99% of filtered Na™ is reab-
sorbed in the tubular system. When 90 g/day (0.5 moles)
glucose is excreted in urine from a patient using an SGLT2
inhibitor, the same amount of Na* (0.5 moles) is left un-
absorbed together with glucose, which corresponds to only
2% of total filtered Na* (100 x 0.5/25.2). Such a small
change in Na* concentration is unlikely to affect glom-
erular hemodynamics to a considerable degree. Again, the
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Figure 3. Glucose reabsorption and calculated Na* reabsorption and excretion in proximal tubules in the absence and presence SGLT2 inhibitors.
SGLT1 (@) and SGLT2 (@) in proximal tubules. The reabsorption data of glucose by SGLT2 and SGLT1 in this figure are derived from Abdul-Ghani MA
et al. [40], which were permitted by American Diabetes Association to use for our Figure 3. (A) Glucose and Na* reabsorption in proximal tubules by
SGLT1 and SGLT2 in the absence of SGLT2 inhibitors.The stoichiometry of glucose and Na*is 1:2 in SGLT1 and 1:1 in SGLT2, respectively. (B) Glucose
reabsorption in proximal tubules in the presence of an SGLT2 inhibitor. When SGLT2 is inhibited in the S1 segment, upregulation of SGLT1 results in
increased glucose and Na* reabsorption in the S3 segment. (C) Calculated Na* and glucose reabsorption. Data are based on the report from Abdul-
Ghani MA et al. Diabetes 2013. From these calculations, increased glucose reabsorption by SGLT1, which means the increase of Na* reabsorption,
results in the decrease of urinal Na* excretion in the presence of SGLT2 inhibitors. Finally, total excretion of Na* in the presence of SGLT2 inhibitors
exceeds that in the absence of SGLT2 inhibitors. SGLT1, sodium-glucose cotransporter 1; SGLT2, sodium-glucose cotransporter 2.



Journal of the Endocrine Society, 2021, Vol. 5, No. 8

small amount of Na* left unabsorbed would be further de-
creased by other Na* reabsorption mechanisms.

Furthermore, another argument is the change in tubular
CI concentrations, which is the critical determinant in the
regulation of tubuloglomerular feedback. Because SGLT2
inhibitors increase Na* reabsorption in proximal tubules as
mentioned previously, tubular CI shifts as well as Na* and
consequently tubular CI” concentrations will decrease, which
sharply contrasts with the proposed tubuloglomerular
feedback theory. In addition, it is unknown whether auto-
crine adenosine secretion in tubuloglomerular feedback
dilates afferent arteries that consist of damaged mesangial
cells in the diabetic state, as we mentioned [36]. A recent
study about combination therapy with SGLT2 inhibitors
in T2DM patients taking loop diuretics because of HF re-
vealed no increase in urinal sodium excretion [43], which
means urine Na® uresis is not increased in the treatment
with SGLT2 inhibitors.

Finally, the DAPA-CKD trial and DAPA-HF trial re-
vealed reductions in the progression risk of chronic kidney
disease (CKD) and HF with reduced ejection fraction in
both patients with and without diabetes mellitus [44, 45].
In nondiabetic subjects, an increased GFR is unlikely to
occur (i.e., tubuloglomerular feedback theory may not
apply). In the DAPA-CKD study, the authors speculated the
presence of hyperfiltration by decreases in nephron CKD
[44]. Because all nondiabetic patients with CKD or HF
do not have severely reduced estimated GFR based on the
data of these trials, decreases in the numbers of nephrons
in most subjects seem to be absent, which does not mean
the presence of hyperfiltration in those patients. Therefore,
risk reductions by dapagliflozin, an SGLT2 inhibitor, in the
progression of CKD and HF among most of the subjects
without T2DM are also independent of hyperfiltration
and tubuloglomerular feedback. Concerning the effects of
SGLT?2 inhibitors on HF, we refer to another review [46].

Thus, the tubuloglomerular feedback theory has been
widely believed to attenuate the diabetic kidney and heart
by SGLT2 inhibitors; however, SGLT2 inhibitors may not
induce Na* uresis and may not increase the Na* concen-
tration in tubules in the kidney than previously expected.
The tubuloglomerular feedback theory seems to be inde-
pendent of the reasons for the desirable effects of SGLT2
on DN and HF in T2DM patients.

Renin Angiotensin System

In the RAS, the blood flow in the glomeruli is decreased,
and JG cells secrete renin, which produces angiotensin
II by angiotensin-converting enzyme, contracting glom-
erular efferent arterioles. Thus, the RAS system induces

intraglomerular hypertension in DN [47]. Inhibition of the
RAS by angiotensin-converting enzyme inhibitors (ACElIs)
or angiotensin receptor blockers were reported to reduce
the incidence of albuminuria in T2DM patients [48, 49]
and to decrease the risk of DN and DR in diabetics [49,
50]. These observations might suggest desirable effects par-
ticularly in the early stages of DN and DR. However, in
the condition of decreased contractile response because of
SGLT2 under high glucose [36], whether contractile agents,
such as angiotensin II, could affect the mesangial cell con-
tractile response is unknown. Interestingly, ACEIs were re-
ported to decrease proximal tubular SGLT2 protein levels
compared with those in control diabetic rats in vitro [51].
Although the concentration of captopril (an ACEI) seems
to be high (10* M), it was reported to inhibit SGLT2 in
bovine retinal pericytes in vitro [52]. From these data, RAS
inhibitors might act as weak SGLT2 inhibitors and might
attenuate DN.

SGLT2 in Mesangial Cells

Extracellular  sodium-dependent and phlorizin (a
nonspecific SGLT inhibitor)-sensitive glucose uptake by
rat mesangial cells in vitro was reported in 1995 [53]. The
expression of SGLT2 in rat mesangial cells determined by
western blot analysis in vitro was reported [36]. SGLT2
expression in mesangial cells from dB/dB mice increased
approximately 5-fold under high-glucose conditions in
vitro [54]. SGLT2 expression was reported to be increased
by PKC [55]. Because PKC was reported to increase ex-
pressions of SGLT2 [41, 55], the increased expression of
SGLT?2 in dB/dB mice under a high-glucose condition and
a diabetic state was derived from the increase in PKC in
those circumstances. The increased glucose uptake as well
as Na™ through SGLT2 by mesangial cells would raise intra-
cellular sorbitol levels through the polyol pathway and
activate PKC through the diacyl-glycerol PKC pathway,
leading to inhibition of Na*/K*-ATPases [56]. As a result,
swelling, dysfunction, and loss of the cells occur [36]. These
changes cause the formation of microaneurysms, which
are characteristic changes in diabetic microangiopathies,
as often seen in DR [57, 58]. Moreover, microaneurysms
were observed in the human diabetic heart [59] and were
also observed in DN [32-36]. High-glucose conditions in-
duce mesangial cell swelling and loss of the contractile
response, and these cellular dysfunctions are a cause of
hyperfiltration in the early stages of DN [36]. These dys-
functions of mesangial cells under high-glucose conditions
were restored by phlorizin [36, 59]. In a recent report, a
very low dose of canagliflozin (an SGLT2 inhibitor) at-
tenuated glucose consumption by mesangial cells of db/
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db mice under high-glucose conditions [54]. Moreover, the
low dose of the SGLT2 inhibitor normalized TGF-$1 and
fibronectin mRNA levels in the mesangial cells without
lowering serum glucose and fructosamine levels. These
results suggest that even a very low dose of canagliflozin
directly normalized glucose uptake through SGLT2 in
mesangial cells following normalization of intracellular
glucose levels and TGF-1 and fibronectin mRNA levels.
These beneficial effects of canagliflozin normalized albu-
minuria and pathological changes in DN without chan-
ging glucose levels (the same high-glucose levels as those
in db/db mice). This very low dose of canagliflozin is never
excreted in urine and could not inhibit SGLT2 at the S1
segment of proximal tubules in db/db mice [54] because
the excretion of canagliflozin in urine was <1% of the ad-
ministered dose. These observations seem to indicate that
renoprotection by SGLT2 inhibitors can be explained by
their direct action on SGLT2 in mesangial cells in DN,
which means that the effects of SGLT2 inhibitors on DN
are independent of tubuloglomerular feedback.

SGLT2 in Other Cells

Expression of SGLT2 other than in proximal tubular cells
and mesangial cells was also reported in bovine retinal
pericytes in vitro [52, 60-62]. The origin of both mesangial
cell and pericytes is considered to be mesenchymal stem
cells. Glomerulus in the kidney consists of mesangial cells,
podocytes, and endothelial cells, whereas microvessels in
the body consist of pericytes and endothelial cells [63].
From the published data, SGLT2 acts as a physiological
glucose sensor, and Na* and glucose enter through SGLT2
depending on the extracellular glucose concentration. Na*
taken up through SGLT2 in bovine retinal pericytes in vitro
is exchanged by Ca** via a sodium-calcium exchanger;
thus, extracellular glucose concentration-dependent Ca*
entry occurs, which regulates the tone of the pericytes (i.e.,
extracellular high glucose induces the pericyte contraction
and extracellular low glucose induces the pericyte dilata-
tion) [62]. However, this physiological function of SGLT2
in pericytes is abolished by the presence of SGLT2 inhibi-
tors. Under high-glucose conditions, sorbitol and PKC, as
mentioned in the paragraph on SGLT2 in mesangial cells
of this manuscript, inhibit Na*/K* ATPase, and these in-
hibitions seem to induce cellular swelling and apoptosis
of retinal pericytes following microaneurysm in the retina,
namely DR. Because capillaries consist of endothelial cells
and pericytes and are present in most organs, pericytes are
thought to play important roles in peripheral tissues in the
human body. Under high-glucose conditions, renal inter-
stitial lesions are always exposed to hypoxia, and blood
supplies to these lesions are mainly capillaries. Because

capillary consist of endothelial cells and pericyte, in these
circumstances, pericytes in the kidney might play also im-
portant roles in renal interstitial lesions in diabetes mellitus
and CKD.

On the other hand, SGLT2 expression was reported to
be absent in bovine retinal endothelial cells in vitro [61].
In glomeruli in the kidney, the glomerulus consists of
mesangial cells, endothelial cells, and podocytes. At present,
the expression of SGLT2 in podocytes is unknown. Because
dysfunctions of podocytes, such as loss of foot processes,
are well known to occur in the diabetic state, the presence
or absence of SGLT2 in podocytes should be clarified.

SGLT2 Inhibitors in the Kidney

The structures of the kidney consist of numerous neph-
rons from the glomerulus to the collecting duct [64].
Regarding DN, the effects of SGLT2 inhibitors on dia-
betic glomerulopathy are mentioned in the paragraph on
mesangial cells in this review; however, interstitial tubular
injury was reported to develop before glomerular dysfunc-
tion [65, 66]. Moreover, tubule-interstitial fibrosis is also
considered as a characteristic pathological change of the
early stage of DN [67]. Renal interstitial cells always func-
tion as exchangers of various ions or reabsorbs of various
ions and substances, such as glucose [41, 68, 69]. Under
diabetic conditions, however, these cells are exposed to
hypoxia and the activated HIF-1 leads to fibrosis [70-
72]. Hypoxia in the renal interstitial lesion under diabetic
states was also reported to decrease erythropoietin produc-
tion by dysfunctions of neural crest cells derived from the
fibroblasts surrounding the renal tubules [73]. In T2DM
patients, the erythropoietin level showed increase after ini-
tiation of treatment with an SGLT2 inhibitor dapagliflozin
[74]. Other beneficial effects of SGLT2 inhibitors on renal
interstitial lesions were furthermore reported [75-77]. In
interstitial fibrosis, loss of pericytes in the capillary of inter-
stitial lesion were suggested to play a crucial role in break-
down of proper capillary functions [78]. These beneficial
effects of SGLT2 inhibitors are supposed to be derived from
attenuation of microcirculation. Therefore, it may be diffi-
cult to explain these effects simply by the tubuloglomerular
feedback theory, and pericytes in renal interstitial lesions
should be taken into consideration. The expression of
SGLT2 in bovine retinal pericytes was reported [46, 60-
62], as mentioned for SGLT2 in other cells previously.
From our long-time experiments of pericytes, we suggest
the presence of SGLT2 in pericytes, and beneficial effects
of SGLT?2 inhibitors on renal interstitial lesions seem to be
derived from direct effects of the inhibitors on SGLT2 in
renal interstitial pericytes. Thus, SGLT2 in mesangial cells
and pericytes in the kidney seems to be directly affected
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by SGLT?2 inhibitors, which have beneficial effects on the
kidney with and without diabetes.

Other Mechanisms Other Than a Direct Effect
of SGLT2 Inhibitors on SGLT2 Expressed in
Mesangial Cells

In the early period of SGLT2 inhibitor clinical use, causes
of its desirable effects of SGLT2 inhibitors were raised,
such as lowering blood glucose, increased whole-body me-
tabolism from glucose to fat oxidation, increased ketone
concentration, decreased uric acid concentration, increased
plasma glucagon concentration, body weight loss changes
in plasma electrolyte concentration, and decreased in blood
pressure and [79]. However, these factors, other than the
decrease in blood pressure, were reported to be unlikely
causes of the preferable effects of SGLT2 inhibitors [79].
Recently, effects of SGLT2 inhibitors on attenuation of
oxidative stress in T2DM patients [80], reduction of in-
flammation in rat in vivo [81], and inhibition of Na*/H*
exchanger in rat and rabbit in vitro [82, 83] are raised for
the explanations for preferable effects of SGLT2 inhibitors.
However, a definite mechanism is still unknown.

Conclusion

In recent large, placebo-controlled trials of SGLT2 inhibi-
tors and other prospective studies concerning the heart
and kidney during short observation periods, the prom-
inent desirable effect on HE, albuminuria, and decrease in
GFR were clarified. Most studies reported that those desir-
able effects were independent of glycemic control, and the
mechanisms of the effect of SGLT2 inhibitors are contro-
versial. The tubuloglomerular feedback system has been
mainly used for the explanation for the desirable effects;
however, from this review, the tubuloglomerular feed-
back system may not be a good explanation for the desir-
able effects of SGLT2 inhibitors on the heart and kidney
in T2DM patients. Here, we propose a novel mechanism
underlying the desirable effects of SGLT2 inhibitors. These
effects would be most properly explained if we assume
direct actions of the inhibitors on SGLT2 in mesangial
cells because expressions of SGLT2 in mesangial cells were
reported experimentally. Because mesangial cells regulate
microcirculation and maintain the physiological structures
of microvessels in renal glomeruli, pathological changes in
diabetic glomerulopathy and albuminuria were attenuated
by the inhibition of SGLT2 in mesangial cells as a result.
Moreover, SGLT2 in pericytes might take part in the pro-
gression of renal interstitial dysfunctions in diabetic states
because SGLT2 is expressed in bovine retinal pericytes,
and dysfunction of pericytes in the renal interstitial lesion

may be the causes of DN. Additional precise investiga-
tions are needed to clarify the expression of SGLT2 in the
concerned cells.

Acknowledgments

Financial Support: The authors received no funding in this manu-
script.

Additional Information

Correspondence: Masanori Wakisaka, MD, PhD, Wakisaka Naika,
Fujisaki 1-24-19 Sawaraku Fukuoka, 8140013, Japan. E-mail:
wakisakanaika@nag.bbiq.jp.

Disclosures: M.W., K.N., and T.N. declare no competing interest.
T.K. provided consultations or received lecture fees from Chugai
Pharmaceutical Co Ltd., and grant support from Takeda Pharma-
ceutical Co Ltd., Daiichi Sankyo Ltd., Mitsubishi Tanabe Pharma
Co, Eisai Co Ltd., Astellas Pharma Inc, Chugai Pharmaceutical Co
Ltd., and MSD KK.

Data Availability: All data analyzed during this review are in-
cluded in this published article or in the data repositories listed in
References.

References

1. Zinman B, Wanner C,Lachin JM, et al.; EMPA-REG OUTCOME
Investigators. Empagliflozin, cardiovascular outcomes, and mor-
tality in type 2 diabetes. N Engl ] Med. 2015;373(22):2117-2128.

2. Neal B, Perkovic V, Mahaffey KW, et al.; CANVAS Program
Collaborative Group. Canagliflozin and cardiovascular and renal
events in type 2 diabetes. N Engl | Med. 2017;377(7):644-657.

3. Wiviott SD, Raz I, Bonaca MP, et al.; DECLARE-TIMI 58
Investigators. Dapagliflozin and cardiovascular outcomes in
type 2 diabetes. N Engl ] Med. 2019;380(4):347-357.

4. Wanner C, Inzucchi SE, Lachin JM, et al; EMPA-REG
OUTCOME
sion of kidney disease in type 2 diabetes. N Engl | Med.
2016;375(4):323-334.

5. Sasaki T, Sugawara M, Fukuda M. Sodium-glucose cotransporter

Investigators. Empagliflozin  and  progres-

2 inhibitor-induced changes in body composition and simultan-
eous changes in metabolic profile: 52-week prospective LIGHT
(Luseogliflozin: the Components of Weight Loss in Japanese
Patients with Type 2 Diabetes Mellitus) study. | Diabetes
[nvestig. 2019;10(1):108-117.

6. Cherney DZI, Dekkers CCJ, Barbour SJ, et al.; DIAMOND
investigators. Effects of the SGLT2 inhibitor dapagliflozin on
proteinuria in non-diabetic patients with chronic kidney dis-
ease (DIAMOND): a randomised, double-blind, crossover trial.
Lancet Diabetes Endocrinol. 2020;8(7):582-593.

7. Ku EJ, Lee DH, Jeon HJ, Oh TK. Empagliflozin versus
dapagliflozin in patients with type 2 diabetes inadequately con-
trolled with metformin, glimepiride and dipeptidyl peptide 4
inhibitors: a 52-week prospective observational study. Diabetes
Res Clin Pract. 2019;151:65-73.

8. Koshizaka M, Ishikawa K, Ishibashi R, et al.; PRIME-V Study
Group. Comparing the effects of ipragliflozin versus metformin


mailto:wakisakanaika@nag.bbiq.jp?subject=

Journal of the Endocrine Society, 2021, Vol. 5, No. 8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

on visceral fat reduction and metabolic dysfunction in Japanese
patients with type 2 diabetes treated with sitagliptin: a pro-
spective, multicentre, open-label, blinded-endpoint, random-
ized controlled study (PRIME-V study). Diabetes Obes Metab.
2019;21(8):1990-1995.

Neal B, Perkovic V, Mahaffey KW, et al. Canagliflozin and car-
diovascular and renal events in type 2 diabetes. N Engl | Med.
2017;377(7):644-657.

Mahaffey KW, Neal B, Perkovic V, et al.; CANVAS Program
Collaborative Group. Canagliflozin for primary and secondary
prevention of cardiovascular events: results from the CANVAS
program (Canagliflozin Cardiovascular Assessment Study).
Circulation. 2018;137(4):323-334.

Perkovic V, Jardine M]J, Neal B, et al.; CREDENCE Trial
Investigators. Canagliflozin and renal outcomes in type 2 dia-
betes and nephropathy. N Engl | Med. 2019;380(24):2295-2306.
Cherney D, Lund SS, Perkins BA, et al. The effect of sodium
glucose cotransporter 2 inhibition with empagliflozin on
microalbuminuria and macroalbuminuria in patients with type
2 diabetes. Diabetologia. 2016;59(9):1860-1870.

UK Prospective Diabetes Study (UKPDS) Group. Intensive
blood-glucose control with sulphonylureas or insulin com-
pared with conventional treatment and risk of complications
in patients with type 2 diabetes (UKPDS 33). The Lancet.
1998;352(9131):837-853.

Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-
year follow-up of intensive glucose control in type 2 diabetes. N
Engl | Med. 2008;359(15):1577-1589.

Turnbull FM, Abraira C, Anderson R], et al. Intensive glu-
cose control and macrovascular outcomes in type 2 diabetes.
Diabetologia. 2009;52(11):2288-2298.

Scirica BM, Mosenzon O, Bhatt DL, et al. Cardiovascular out-
comes according to urinary albumin and kidney disease in
patients with type 2 diabetes at high cardiovascular risk: ob-
servations from the SAVOR-TIMI 53 Trial. JAMA Cardiol.
2018;3(2):155-163.

Scirica BM, Braunwald E, Raz I, et al.; SAVOR-TIMI 53 Steering
Committee and Investigators. Heart failure, saxagliptin, and
diabetes mellitus: observations from the SAVOR-TIMI 53 ran-
domized trial. Circulation. 2014;130(18):1579-1588.

White WB, Cannon CP,Heller SR, etal.; EXAMINE Investigators.
Alogliptin after acute coronary syndrome in patients with type
2 diabetes. N Engl ] Med. 2013;369(14):1327-1335.

Nauck MA, McGuire DK, Pieper KS, et al. Sitagliptin does not
reduce the risk of cardiovascular death or hospitalization for
heart failure following myocardial infarction in patients with

diabetes: observations from TECOS. Cardiovasc Diabetol.
2019;18(1):116.
Zhang J, Hill CE. Differential connexin expression in

preglomerular and postglomerular vasculature: accentuation
during diabetes. Kidney Int. 2005;68(3):1171-1185.
Schlondorff D, Banas B. The mesangial cell revisited: no cell is
an island. ] Am Soc Nephrol. 2009;20(6):1179-1187.

Barajas L. Cell-specific protein and gene expression in the
juxtaglomerular apparatus. Clin Exp Pharmacol Physiol.
1997;24(7):520-526.

Wetzel RK, Sweadner KJ. Phospholemman expression in
extraglomerular mesangium and afferent arteriole of the

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

juxtaglomerular apparatus. Am | Physiol Renal Physiol.
2003;285(1):F121-F129.

Christensen JA, Bohle A, Mikeler E, Taugner R. Renin-positive
granulated Goormaghtigh cells. Immunohistochemical and
electron-microscopic studies on biopsies from patients with
pseudo-Bartter syndrome. Cell Tissue Res. 1989;255(1):149-153.
Molitch ME, Adler AL Flyvbjerg A, et al. A clinical update from
Kidney Disease: Improving Global Outcomes (KDIGO). Kidney
Int 2015;87(1):20-30.

Simonson MS. Phenotypic transitions and fibrosis in diabetic
nephropathy. Kidney Int. 2007;71(9):846-854.

Gnudi L, Thomas SM, Viberti G. Mechanical forces in diabetic
kidney disease: a trigger for impaired glucose metabolism. | Am
Soc Nephrol. 2007;18(8):2226-2232.

Bankir L, Roussel R, Bouby N. Protein- and diabetes-induced
glomerular hyperfiltration: role of glucagon, vasopressin, and
urea. Am | Physiol Renal Physiol. 2015;309(1):F2-23.

Gnudi L, Karalliedde J. Beat it early: putative renoprotective
haemodynamic effects of oral hypoglycaemic agents. Nephrol
Dial Transplant. 2016;31(7):1036-1043.

Ouardani M, Travo P, Rakotoarivony J, Leung-Tack J. Decrease
of bradykinin-induced glomerular contraction in diabetic rat: a
new cellular interpretation. Eur | Cell Biol. 1997;73(3):232-239.
Dunlop ME, Muggli EE. Small heat shock protein alteration
provides a mechanism to reduce mesangial cell contractility in
diabetes and oxidative stress. Kidney Int. 2000;57(2):464-475.
Ayo SH, Radnik RA, Garoni JA, Glass WF 2", Kreisberg JI. High
glucose causes an increase in extracellular matrix proteins in
cultured mesangial cells. Am ] Pathol. 1990;136(6):1339-1348.
Barry DM, McMillan EA, Kunar B, et al. Molecular deter-
minants of nephron vascular specialization in the kidney. Nazt
Commun. 2019;10(1):5705.

Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney disease:
challenges, progress, and possibilities. Clin | Am Soc Neph.
2017;(12):2032-2045.

Nutt LK, O’ Neil RG. Effect of elevated glucose on endothelin-
induced store-operated and non-store-operated calcium influx
in renal mesangial cells. ] Am Soc Nephrol.2000;(7):1225-1235.
Wakisaka M, Nagao T, Yoshinari M. Sodium glucose
cotransporter 2 (SGLT2) plays as a physiological glucose sensor
and regulates cellular contractility in rat mesangial cells. Plos
One. 2016;11(3):¢0151585.

SC, Blantz RC. Glomerulotubular
tubuloglomerular feedback, and salt homeostasis. | Am Soc
Nephrol. 2008;19(12):2272-2275.

Fioretto P, Zambon A, Rossato M, Busetto L, Vettor R. SGLT2
inhibitors and the diabetic kidney. Diabetes Care. 2016;39(Suppl
2):S165-S171.

Wakisaka M. Empagliflozin and progression of
kidney disease in type 2 diabetes. N Engl ] Med.
2016;375(18):1799-1800.

Abdul-Ghani MA, DeFronzo RA, Norton L. Novel hy-
pothesis to explain why SGLT2 inhibitors inhibit only

Thomson balance,

30-50% of filtered glucose load in humans. Diabetes.
2013;62(10):3324-3328.
Ghezzi C, Wright EM. Regulation of the human Na+-dependent
glucose cotransporter hSGLT2. Am | Physiol Cell Physiol.
2012;303(3):C348-C354.



Journal of the Endocrine Society, 2021, Vol. 5, No. 8

9

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Sé.

Chen L, LaRocque LM, Efe O, Wang ], Sands JM, Klein JD.
Effect of dapagliflozin treatment on fluid and electrolyte
balance in diabetic rats. Am | Med Sci. 2016;352(5):517-523.
Mordi NA, Mordi IR, Singh ]S, McCrimmon R]J, Struthers AD,
Lang CC. Renal and cardiovascular effects of SGLT2 inhib-
ition in combination with loop diuretics in patients with type
2 diabetes and chronic heart failure: the RECEDE-CHF Trial.
Circulation. 2020;142(18):1713-1724.

Wheeler DC, Stefansson BV, Batiushin M, et al. The dapagliflozin
and prevention of adverse outcomes in chronic kidney dis-
ease (DAPA-CKD) trial: baseline characteristics. Nephrol Dial
Transplant. 2020;35(10):1700-1711.

Kosiborod MN, Jhund PS, Docherty KF, et al. Effects of
dapagliflozin on symptoms, function, and quality of life in pa-
tients with heart failure and reduced ejection fraction: results
from the DAPA-HF Trial. Circulation. 2020;141(2):90-99.
Wakisaka M, Kamouchi M, Kitazono T. Lessons from the trials
for the desirable effects of sodium glucose co-transporter 2 in-
hibitors on diabetic cardiovascular events and renal dysfunc-
tion. Int ] Mol Sci. 2019;20(22):5668.

Koitka A, Cooper ME, Thomas MC, Tikellis C. Angiotensin
converting enzyme 2 in the kidney. Clin Exp Pharmacol Physiol.
2008;35(4):420-425.

Huang R, Feng Y, Wang Y, et al. Comparative efficacy and
safety of antihypertensive agents for adult diabetic patients with
microalbuminuric kidney disease: a network meta-analysis.
PLoS One. 2017;12(1):0168582.

Heerspink HJ. Therapeutic approaches in lowering albumin-
uria: travels along the renin-angiotensin-aldosterone-system
pathway. Adv Chronic Kidney Dis. 2011;18(4):290-299.

Wang B, Wang F, Zhang Y, et al. Effects of RAS inhibitors on
diabetic retinopathy: a systematic review and meta-analysis.
Lancet Diabetes Endocrinol. 2015;3(4):263-274.

Bautista R, Manning R, Martinez F, et al. Angiotensin
[I-dependent increased expression of Na+-glucose cotransporter
in hypertension. Am | Physiol Renal Physiol. 2004;286(1):F127
-F133.

Wakisaka M, Yoshinari M, Nakamura S, et al. Suppression
of sodium-dependent glucose uptake by captopril im-
proves high-glucose-induced morphological and functional
changes of cultured bovine retinal pericytes. Microvasc Res.
1999;58(3):215-223.

Wakisaka M, He Q, Spiro MJ, Spiro RG. Glucose entry into rat
mesangial cells is mediated by both Na(+)-coupled and facilita-
tive transporters. Diabetologia. 1995;38(3):291-297.

Maki T, Maeno S, Maeda Y, et al. Amelioration of diabetic
nephropathy by SGLT2 inhibitors independent of its glucose-
lowering effect: a possible role of SGLT2 in mesangial cells. Sci
Rep.2019;9:4703.

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

Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W,
King GL. Preferential elevation of protein kinase C isoform beta
1T and diacylglycerol levels in the aorta and heart of diabetic rats:
differential reversibility to glycemic control by islet cell trans-
plantation. Proc Natl Acad Sci U S A. 1992;89(22):11059-11063.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kannel WB, Hjortland M, Castelli WP. Role of diabetes in
congestive heart failure: the Framingham study. Am | Cardiol.
1974;34(1):29-34.
Frank RN. Diabetic
2004;350(1):48-58.
Factor SM, Okun EM, Minase T. Capillary microaneurysms in
the human diabetic heart. N Engl | Med. 1980;302(7):384-388.
Wakisaka M, Yoshinari M, Asano T, et al. Normalization of glu-
cose entry under the high glucose condition by phlorizin attenu-

retinopathy. N Engl ] Med.

ates the high glucose-induced morphological and functional
changes of cultured bovine retinal pericytes. Biochim Biophys
Acta. 1999;1453(1):83-91.

Wakisaka M, Yoshinari M, Yamamoto M, et al. Na+-dependent
glucose uptake and collagen synthesis by cultured bovine retinal
pericytes. Biochim Biophys Acta. 1997;1362(1):87-96.
Wakisaka M, Kitazono T, Kato M, et al. Sodium-coupled glu-
cose transporter as a functional glucose sensor of retinal micro-
vascular circulation. Circ Res. 2001;88(11):1183-1188.

Bruijn LE, van den Akker BEWM, van Rhijn CM, Hamming JF,
Lindeman JHN. Extreme diversity of the human vascular mesen-
chymal cell landscape. ] Am Heart Assoc. 2020;9(23):e017094.
Chevalier RL, Forbes MS. Generation and evolution of atubular
glomeruli in the progression of renal disorders. ] Am Soc
Nephrol. 2008;19(2):197-206.

Singh DK, Winocour P, Farrington K. Mechanisms of disease:
the hypoxic tubular hypothesis of diabetic nephropathy. Naz
Clin Pract Nephrol. 2008;4(4):216-226.

Molitch ME, Adler Al Flyvbjerg A, et al. Diabetic kidney dis-
ease: a clinical update from Kidney Disease: Improving Global
Outcomes. Kidney Int. 2015;87(1):20-30.

Simonson MS. Phenotypic transitions and fibrosis in diabetic
nephropathy. Kidney Int. 2007;71(9):846-854.

Chevalier RL. The proximal tubule is the primary target of injury
and progression of kidney disease: role of the glomerulotubular
junction. Am | Physiol Renal Physiol. 2016;311(1):F145-F161.
Rodan AR. Intracellular chloride: a regulator of transepithelial
transport in the distal nephron. Curr Opin Nephrol Hypertens.
2019;28(4):360-367.

Inoue T, Kozawa E, Okada H, et al. Noninvasive evaluation of
kidney hypoxia and fibrosis using magnetic resonance imaging.
J Am Soc Nephrol. 2011;22(8):1429-1434.

Nlandu Khodo S, Dizin E, Sossauer G, et al. NADPH-oxidase
4 protects against kidney fibrosis during chronic renal injury. |
Am Soc Nephrol. 2012;23(12):1967-1976.

Bessho R, Takiyama Y, Takiyama T, et al. Hypoxia-inducible
factor-1a is the therapeutic target of the SGLT2 inhibitor for
diabetic nephropathy. Sci Rep. 2019;9(1):14754.

Asada N, Takase M, Nakamura J, et al. Dysfunction of fibro-
blasts of extrarenal origin underlies renal fibrosis and renal an-
emia in mice. | Clin Invest. 2011;121(10):3981-3990.

Sano M, Takei M, Shiraishi Y, Suzuki Y. Increased hematocrit
during sodium-glucose cotransporter 2 inhibitor therapy indi-
cates recovery of tubulointerstitial function in diabetic kidneys.
J Clin Med Res. 2016;8(12):844-847.

Shin SJ, Chung S, Kim SJ, et al. Effect of sodium-glucose
co-transporter 2 inhibitor, dapagliflozin, on renal renin-
angiotensin system in an animal model of type 2 diabetes. Plos
One. 2016;11(11):¢0165703.



10

Journal of the Endocrine Society, 2021, Vol. 5, No. 8

76.

77.

78.

79.

Lo CS, Miyata KN, Zhao S, et al. Tubular deficiency of heteroge-
neous nuclear ribonucleoprotein F elevates systolic blood pres-
sure and induces glycosuria in mice. Sci Rep. 2019;9(1):15765.
Yamato M, Kato N, Kakino A, Yamada KI, Inoguchi T. Low
dose of sodium-glucose transporter 2 inhibitor ipragliflozin at-
tenuated renal dysfunction and interstitial fibrosis in adenine-
induced chronic kidney disease in mice without diabetes.
Metabol Open. 2020;7:100049.

Kawakami T, Mimura I, Shoji K, Tanaka T, Nangaku M.
Hypoxia and fibrosis in chronic kidney disease: crossing at
pericytes. Kidney Int. Suppl 2011;2014(1):107-112.
Abdul-Ghani M, Del Prato S, Chilton R, DeFronzo RA. SGLT2
Inhibitors and cardiovascular risk: lessons learned from the EMPA-
REG OUTCOME Study. Diabetes Care. 2016;39(5):717-725.75.

80.

81.

82.

83.

Fadini GP, Bonora BM, Avogaro A. SGLT2 inhibitors and dia-
betic ketoacidosis: data from the FDA Adverse Event Reporting
System. Diabetologia. 2017;60(8):1385-1389.

Terami N, Ogawa D, Tachibana H, et al. Long-term treatment
with the sodium glucose cotransporter 2 inhibitor, dapagliflozin,
ameliorates glucose homeostasis and diabetic nephropathy in
db/db mice. Plos One. 2014;9(6):e100777.

Baartscheer A, Schumacher CA, Wiist RC, et al. Empagliflozin
decreases myocardial cytoplasmic Na+ through inhibition of the
cardiac Na+/H+ exchanger in rats and rabbits. Diabetologia.
2017;60(3):568-573.

Vallon V, Thomson SC. Targeting renal glucose reabsorption to
treat hyperglycaemia: the pleiotropic effects of SGLT2 inhib-
ition. Diabetologia. 2017;60(2):215-225.



