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Abstract

Chronic kidney disease (CKD) is a major public health issue and an independent risk factor for cardiovascular and all-cause
mortality. Diabetic kidney disease develops in 30-50% of diabetic patients and it is the leading cause of end-stage renal
disease in the Western world. Strict blood pressure control and renin-angiotensin system (RAS) blocker use are the
cornerstones of CKD treatment; however, their application in everyday clinical practice is not always ideal and in many
patients CKD progression still occurs. Accumulated evidence in the past few years clearly suggests that sodium-glucose co-
transporter-2 (SGLT-2) inhibitors present potent nephroprotective properties. In clinical trials in patients with type 2 diabetes
mellitus, these agents were shown to reduce albuminuria and proteinuria by 30-50% and the incidence of composite hard
renal outcomes by 40-50%. Furthermore, their mechanism of action appears rather solid, as they interfere with the major
mechanism of proteinuric CKD progression, i.e., glomerular hypertension and hyperfiltration. The present review
summarizes the current evidence from human trials on the effects of SGLT-2 inhibitors on nephroprotection and discusses

their position in everyday clinical practice.

Introduction

Chronic kidney disease (CKD) represents a major public
health issue with a prevalence between 10 and 13% in
Western Societies [1]. The presence of CKD is a long-
established independent risk factor for cardiovascular dis-
ease (CVD) and all- cause mortality [2-4], therefore,
delaying CKD progression was previously suggested to be
of importance for cardioprotection [5, 6]. In addition, ele-
vated levels of urine albumin excretion (UAE) previously
characterized as “microalbuminuria” and currently as
“moderately increased albuminuria” for levels between 30
and 299 mg/day or equivalent or macroalbuminuria or
“severely increased albuminuria for UAE levels 2300 mg/
day or equivalent are associated with increased risk in both
incident CVD and progression toward ESRD [7, 8].
Diabetes mellitus (DM) is recognized as one of the most
common chronic diseases in nearly all countries, causing
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premature death and disability [9]. The prevalence of dia-
betes has increased significantly during the past decades,
mainly as a consequence of the continuous rise in the
incidence of type 2 diabetes mellitus (T2DM); it is predicted
that the global number of adult patients with T2DM will rise
to 642 million by year 2040 [10, 11]. Chronic hypergly-
cemia in diabetic patients causes several macrovascular and
microvascular complications. Diabetic kidney disease
(DKD) is one of diabetes’ microvascular complications, and
develops in ~30-50% of patients with T2DM [12]. DKD
has been identified as the leading cause of end-stage renal
disease (ESRD) during the last decades in United States,
Europe, and Australia—New Zealand, whereas recent ana-
lyses suggest that it has also climbed to be the primary
cause of ESRD in some South-Asian and South-American
countries [12-14].

Therapeutic strategies reducing albumin or protein
excretion in the urine have been long associated with
renoprotective outcomes, since they were shown to slow the
rate of eGFR decline [8, 15-17]. Renin-angiotensin system
(RAS) blockers, including angiotensin-converting enzyme
inhibitors (ACEls) and angiotensin II receptor blockers
(ARBs) are the cornerstone of treatment for proteinuric
CKD, including DKD for many years [8, 18]. According to
the Kidney-Disease-Improving-Global-Outcomes (KDIGO)
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2012 Clinical Practice Guidelines for the Evaluation and
Management of Chronic Kidney Disease, diabetic, and
nondiabetic patients with moderately or severely increased
albuminuria should receive an ACEI or ARB [8]. When
combined with strict glycemic and blood pressure (BP)
control, optimal RAS blockade may reduce the rate of
eGFR decline in proteinuric CKD from 10-12 to 2-3 ml/
min/1.73 m? per year [16]. However, in healthy individuals
the decline is around 1-1.5 ml/min/1.73 m? per year, while
several factors may interfere with maximum use of RAS
blockers in everyday clinical practice, including the risk of
acute kidney injury and hyperkalemia [19, 20]. Hence, there
is need for novel treatments that will further delay the onset
and progression of CKD.

Sodium-glucose co-transporter-2 (SGLT-2) inhibitors, is
a relatively novel class of oral antidiabetic agents, that
reduce plasma glucose levels by inhibiting glucose reab-
sorption [21]. Data from clinical trials in T2DM suggest that
SGLT-2 inhibitors have potent renoprotective effects,
including reductions of 30-50% in albuminuria or protei-
nuria and clear beneficial effects on hard renal outcomes
such as doubling of serum creatinine (SCr), eGFR decline
higher than 40%, ESRD, initiation of renal replacement
treatment, and death due to renal disease [22-24]. This
nephroprotective effect seems to arise from reversal of the
major mechanism of proteinuric DKD, i.e., glomerular
hypertension and hyperfiltration through modulation of the
tone of the afferent arteriole [24]. This review will present
the evidence regarding the renoprotective properties of
SGLT-2 inhibitors, evolving from clinical studies on the
effects of these agents on albuminuria/proteinuria and hard
renal outcomes in patients with T2DM and discuss their
current position in relation to established renoprotective
therapies.

Current status of pharmacologic management in
proteinuric kidney disease

Effects of ACE inhibitors and ARBs on albuminuria/
proteinuria and hard renal outcomes

The effect of ACE inhibitors and ARBs on hard renal
outcomes and surrogates has been thoroughly investigated.
Major clinical trials in the field of proteinuric diabetic CKD
have shown that this class of antihypertensive treatment can
delay the onset and the progression of kidney injury more
effectively compared with placebo or other therapy. The
Collaborative Study Group was the first relevant study [25];
it randomized 409 individuals with type 1 DM (T1DM) and
overt nephropathy to receive captopril or placebo. Captopril
was associated with 43% reduction in the risk of the pri-
mary end-point of doubling of SCr, 50% reduction in the
combined end-point of death, need for dialysis, and

transplantation, and 30% reduction in UAE compared with
placebo. Small differences in BP favoring the captopril
group were noted, but did not affect outcomes [25]. The
Reduction of Endpoints in NIDDM with the Angiotensin II
Antagonist Losartan (RENAAL) study included 1513 par-
ticipants with T2DM and overt nephropathy who were
randomly assigned to receive treatment either with losartan
or placebo [26]. Losartan was associated with 16% reduc-
tion in doubling of SCr, ESRD or death, 35% reduction in
ACR and 15% decrease in the rate of creatinine clearance
reduction. In Irbesartan Diabetic Nephropathy Treat-
ment (IDNT) study 1715 hypertensive patients with T2DM
and overt nephropathy randomly allocated to receive irbe-
sartan, amlodipine, or placebo [27]. Irbesartan resulted in a
20% reduction compared with placebo and 23% reduction
compared with amlodipine in doubling of SCr, ESRD or
death; proteinuria decreased by 33% with irbesartan vs. 6%
with amlodipine, and 10% with placebo [27].

Similar results about were observed in studies including
nondiabetic patients with proteinuric nephropathy. In the
Ramipril Efficacy In Nephropathy (REIN) trial, ramipril
was associated with a lower rate of eGFR decrease per
month and a greater reduction in proteinuria when com-
pared with placebo, independently of the antihypertensive
effect [28]. Finally, in the African-American Study on
Kidney Disease (AASK) study, which assigned 1094
African-American individuals to receive ramipril or meto-
prolol or amlodipine, the ACE inhibitor was associated with
a 22% reduction compared with metoprolol and 38%
compared with amlodipine in the risk of the composite
endpoint (reduction of GFR >50%, ESRD or death), along
with relevant differences in protein excretion [29].

Studies on the renoprotective effect of double RAS
blockade or the use of mineralocorticoid receptor
antagonists (MRAs)

The limited number of therapeutic choices for the treatment
of proteinuric CKD led several investigators to study the
potential renoprotective effects of dual RAS blockade. The
Aliskiren-Trial-in-Type-2-Diabetes-Using-Cardiorenal-

Endpoints (ALTITUDE) study compared the effects of a
combination of aliskiren and ACEI or ARB vs. ACE or
ARB alone on cardiovascular and renal outcomes in 8561
patients with T2DM [30]. The study was prematurely ter-
minated at 69% of events due to renal complications,
hyperkalemia, and hypotension in the aliskiren group,
without allowing any significant differences in hard renal
ourcomes despite a greater reduction in UACR levels [30].
Similar results were observed in the VA-NEPHRON-D trial
which randomized 1448 patients with T2DM, macro-
albuminuria and CKD stage 2 & 3 to lisinopril or placebo
on top of losartan treatment. The study was prematurely
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ended at a median follow-up period of 2.2 years due to
safety reasons; RAAS blockade increased the risks of
hyperkalemia and AKI, while the incidence of the primary
renal outcome did not differ significantly between groups
[31]. Following the above findings all relevant guidelines
recommended against the combined use ACEi and ARBs in
the treatment of hypertension or proteinuric CKD [32-34].

In addition to the above several clinical trials suggest that
MRAS, including the older spironolactone and eplerenone
and the newer finerenone can reduce albuminuria by
25-30% and proteinuria up to 50% on top of ACE inhibi-
tors or ARBs [35, 36]. The fear of associated hyperkalemia,
particularly in patients with DM that are prone to this
condition [37], is perhaps the main reason for the limited
use of MRAs in CKD. However, results from a sub-analysis
of the CRIB-II study including patients with non-diabetic
CKD and eGFR of 30-89 ml/min/1.73 m? suggest that the
use of spironolactone 25 mg on top of concurrent ACE
inhibitor or ARB treatment was well tolerated, as <1% of
the patients developed potassium levels >6 mmol/L [38].
Furthermore, current evidence suggest that finerenone may
be associated with particularly low rates of hyperkalemia
[39], while the availability of safe potassium binding
medications, such as patiromer and zirconium sicilate have
opened more possibilities for MRA use in individuals prone
to hyperkalemia, such as those with CKD and DM [20].
Two ongoing clinical trials evaluating the effect of finer-
enone on hard renal outcomes are awaited to elucidate this
field [40, 41].

SGLT-2 receptors and SGLT-2 inhibitors

The SGLT1 and SGLT2 receptors belong to the SLC5
active glucose transporters family and were initially known
due to their association with congenital glucose-galactose
malabsorption and familial renal glycosuria, respectively
[42]. The SGLT1 and SGLT?2 consist of 664 and 672 amino
acids, accordingly, and they have a similar protein structure
[43]. This structure is important for their stepped molecular
mode of transport; binding extracellular sodium causes
protein transformation, which allows to trap extracellular
glucose and after flipping releases sodium and glucose
intracellularly and flips over to its original form [44].
SGLT1 and SGLT?2 are located in the transporting epithelial
cells that regulate glucose transfer from the external envir-
onment to the body [45]. SGLT-2 receptor is primarily
located in the S1 segment of the proximal convoluted tubule
(PCT) and is responsible for 90% of renal glucose reab-
sorption at the kidneys [44, 46]. SGLT1 is located in the S2/
S3 segment of the PCT and reabsorbs about 10% of the
filtered glucose, as it has a lower affinity for glucose and
does not transport galactose [47].
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SGLT-2 inhibitors are considered as a relatively new
antidiabetic drug category available for the treatment of
T2DM [48]. Inhibition of SGLT-2 has been described as a
mechanism for decreasing hyperglycemia several years ago.
The first tested compound, a naturally occurring glucoside
extracted from the root bark of apple trees, namely phlor-
izin, was never approved because of its poor absorption
when administered orally and severe gastrointestinal side-
effects [49]. Research data during the past decade on the
kidney’s role in glucose homeostasis and hyperglycemia
control resulted in the development of other SGLT-2 inhi-
bitors [50], such as dapaglifiozin, canagliflozin, empagli-
flozin, ipragliflozin, luseogliflozin, tofogliflozin, and
ertugliflozin, marketed currently in various countries
worldwide for patients with T2DM. Following the recent
publication of the DEPICT-1 trial [51], the European
Medicines Agency approved the use of dapagliflozin also
for patients with T1IDM in March 2019 [52].

The mechanistic background of SGLT-2 inhibition
derives through their effect on SGLT-2, which are
responsible for active co-transportation of glucose and
sodium in a 1:1 ratio, through the apical cell membrane of
the PCT cells [46]. The co- transporters reabsorb almost
all the glucose that is freely filtered daily at the glomeruli,
up to a 375 mg/min [53]. In the setting of hyperglycemia
(glucose levels >200-250 mg/gl) the SGLTs family pro-
teins approach saturation and result in renal excretion of
the excessive filtered glucose [53]. Rate of glucose reab-
sorption is increased by 20% in DM patients compared
with healthy individuals, due to the expression of up to
three times more SGLT-2 co-transporters, as an “adaptive”
effort of the kidney to preserve glucose accumulation [54].
This pathophysiologic change leads to the minimization of
glucosuria, which increases hyperglycemia. The inhibition
of these receptors in the kidneys results in glycosuria,
plasma glucose levels reduction, and body weight
decrease [55].

Blockade of the SGLT-2 leads also to an inhibition of
sodium reabsorption in the PCT and consequently to higher
urine sodium excretion and increased diuresis [56]. This
diuretic effect is mild, but increased tubular lumen glucose
concentration also produces an osmotic effect and enhances
water and sodium excretion, an effect similar to that of
osmotic diuretics [57]. A growing body of evidence suggest
that SGLT-2 inhibition can lead to significant decreases in
salt-sensitive BP and normalize abnormal BP dipping pro-
file [58]. Moreover, decrease in actual plasma volume [59],
body weight and total visceral fat [60], as well as serum uric
acid levels possibly through the glycosuria-induced altera-
tion of uric acid transportation in renal tubules [61],
reduction of the sympathetic nervous system overdrive [62],
as well as improvement in arterial stiffness [63], endothelial
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SGLT-2 inhibitors Placebo/ Active control

Mean Difference Mean Difference

Study or Subgroup Mean [%]  SD[%] Total Mean[% SD[% Total Weight IV, Random, 95% CI [%] 1V, Random, 95% Cl [%]
1.1.1 All studies included

Cherney et al 2016 macro -60 587513 128 -32 58.7513 87  6.9% -28.00[-44.00, -12.00] -
Cherney et al 2016 micro -43 564817 388 -15 56.4817 248 8.2% -28.00[-37.00, -19.00] -
Cherney et al 2017 macro -53 55.0331 307 -13 55.0331 140 7.9% -40.00 [-51.00, -29.00] -
Cherney et al 2017 micro -24  60.8804 933 28 60.8804 422 8.5% -52.00[-59.00, -45.00] -
Cherney et al 2017 normo 46 90.8177 1985 65 90.8177 959  8.5% -19.00[-26.00, -12.00] -
Haneda et al 2016 13 139.03 95 29 1452 50 2.4% -16.00[-65.00, 33.00] T
Heerspink et al 2016 (a) -33 586106 167 -5 58.6106 189  7.7% -28.00(-40.20,-15.80] -
Heerspink et al 2016 (b) 1.4948 65.9691 968 11 72.6264 482 8.4%  -9.51[-17.21,-1.80] -
Kashiwagi et al 2014 (a) -16 11942 97 -18  88.09 54 3.9% 2.00[-31.42, 35.42] T
Kashiwagi et al 2014 (b) -48 38141 166 -13 75 77 17%  -35.00([-95.39, 25.39] s
Kashiwagi et al 2015 -14 13522 119 4 5854 46 4.5% -18.00[-47.60, 11.60] T
Kohan et al 2014 6.881 294.5837 168 15 157.99 84 1.9%  -8.12[-64.03,47.79] I
Kohan et al 2016 -21.1101 377.9402 3152 =120 02953 1393 6.1%  -9.11[-29.47,11.25] -
Nauck et al 2011 =29  202.98 406 -2 35853 408 3.1% -27.00[-67.00, 13.00] —
Nomoto et al 2017 -8 135 13 3 16.5 15 7.9%  -11.00[-22.12,0.12] -

Petrykiv et al 2017 -22.6 344065 33 10.2 47.9434 33

6.1% -32.80([-52.93, -12.67] -

Ridderstraele et al 2014 macro -56 71.08 12 61 186.4 13 0.6% -117.00[-226.02,-7.98]

Ridderstraele et al 2014 micro -11 12027 119 64 766.87 122 0.4% -75.00[-212.78, 62.78]

Ridderstraele et al 2014 normo 72 40513 515 88 742.88 520  1.3% -16.00[-88.81, 56.81] e E—
Yale et al 2014 -22.1676 143.6701 179 19.7  124.08 90 3.9% -41.87[-75.04,-8.70] —_—
Subtotal (95% Cl) 9950 5432 100.0% -25.39[-34.17, -16.62] ¢

Heterogeneity: Tau? = 222.48: Chi? = 98.43, df = 19 (P < 0.00001); I* = 81%
Test for overall effect: Z = 5.67 (P < 0.00001)

Total (95% Cl) 9950
Heterogeneity: Tau? = 222.48; Chi® = 98.43, df = 19 (P < 0.00001); I* = 81%
Test for overall effect: Z = 5.67 (P < 0.00001)

Test for subgroup differences: Not applicable

5432 100.0% -25.39[-34.17, -16.62] ¢

200 -100 100 200
SGLT-2 inhibitors Placebo/Active control

Fig. 1 Weighted mean difference in change in UACR (mg/g). SGLT-2 inhibitors vs. other antidiabetic agents. Reprinted with Permission from

Piperidou et al., ] Hypertens 2019 [23].

dysfunction and vascular resistance decrease [64] have been
proposed as additional mechanisms further contributing to
the overall BP lowering effect of SGLT-2 inhibitors.

Effects of SGLT-2 inhibitors on albuminuria and
proteinuria

As discussed above, albuminuria and proteinuria are long-
established risk factors for CKD progression [3, 7, 15]. A
previous meta-analysis of clinical trials, by Heerspink et al.
showed that a pharmaceutically-induced reduction in albu-
minuria of 30% is translated to a long-term reduction in the
risk of ESRD of 23.7% [65]. The effects of SGLT-2 inhibitors
on albuminuria and proteinuria were examined as secondary
efficacy outcomes in several clinical trials with these agents in
patients with T2DM. In a recent meta-analysis of data from 15
clinical trials (17,540 participants with T2DM) was shown
that SGLT-2 inhibitors were associated with significant
reductions in UACR and UAE levels, by ~25% and 40%
respectively, when compared with placebo or other anti-
diabetic treatment including insulin regimens (Fig. 1) [23].
The aforementioned results were mainly driven by data for
dapagliflozin and empagliflozin while no significant changes
in albuminuria were observed in patients receiving

canagliflozin, ipragliflozin, or lusogliflozin. A discussion of
key SGLT-2 inhibitor studies examining their effects on
albuminuria or proteinuria follows directly below; these stu-
dies are summarized in Table 1.

Studies with empagliflozin

In a study by Ridderstrale et al. evaluating the efficacy and
safety of empagliflozin vs. glimepiride as add-on therapy to
metformin in 1549 patients with T2DM, after a 104-weeks
of treatment empagliflozin produced UACR reductions of
—9 and —483.5 mg/g in patients with baseline micro- and
macroalbuminuria compared with —56.5 and —380.1 mg/g
reductions in the glimepiride group [66]. In a subsequent
pooled analysis including T2DM patients with albuminuria
from five clinical trials treatment with empagliflozin sig-
nificantly reduced UACR levels in both patients with micro-
and macroalbuminuria (mean difference in change from
baseline: —32%, p <0.001; and —41%, p <0.001; accord-
ingly) compared with placebo [67]. In another study, 7028
patients with T2DM and CVD were randomized to empa-
gliflozin 10 mg, 25 mg, or placebo (ratio 1:1:1) in addition
to standard of care and results showed that empagliflozin
treatment was associated with significant decrease in UACR

SPRINGER NATURE
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Table 1 (continued)

Change in albuminuria

(mg/g) at

ACR albumin ratio

Mean age (y) eGFR (mL/min/1.73 mz) at
baseline”

Sample size

Outcome

Study arms

Duration (weeks)

Year

First author

baseline

(Mean change from baseline)

—24.83 mg/g
—6.48 mg/g

51.84 (201.318)*

84.24 (16.951)*

59.6

165

UACR

Ipragliflozin 50 mg

24

2014

Kashiwagi et al. (DI EMIT) [77]

48.64 (60.028)°

85.87 (15.896)"
60.2 (13.08)"

59.8

75

Placebo

(Mean change from baseline)

—23.72mglg
4.28 mg/g

168.53 (435.242)*

63.9

118

UACR

Ipraglifiozin 50 mg

24

Kashiwagi et al. (DOM LANTERN) 2015

[79]

96.08 (208.499)"
335.67 (812.78)"

62.7 (13.13)*
52.0 (9.4)°

65.7

46

Placebo

(Mean change from baseline)

42.71 mg/g
67.81 mg/g

679

UACR

Luseogliflozin 2.5 mg

52

2016

Haneda et al. [80]

231.91 (613.89)"

N/A

52.4 (8.2
88.5 (18.3)
88.0 (19.1)
88.2 (19.1)

68.4

50

Placebo

(Mean relevant to placebo change

from baseline)

3.6%
—1.6%

58.1
577
57.4

652
640
644

UACR

Placebo or placebo/ glimepiride

Ertugliflozin 5 mg,
Ertugliflozin 15 mg

104

2020

Cherney et al. [81]

“Mean (SD).

®Median (Q1, Q3).
“Median (range).

after a 164-weeks in patients with micro- (—49%, 95% CI:
—60 to —36%, p <0.0001), macro- (—42%, 95% CI —49 to
—34%, p <0.0001) or normoalbuminuria (—15%, 95% CI
—22 to —1%, p =0.0004) compared with baseline [68].

Studies with canagliflozin

In a study of 269 patients with T2DM and CKD [estimated
glomerular filtration rate (eGFR) 30-50 ml/min/1.73 m?)
randomized to canagliflozin (100 or 300 mg) or placebo and
UACR decreased by —0.9 pg/mg (95% CI —8.1-2.2 ug/mg)
and —6.9 uyg/mg (95% CI —59.3-0.2 ug/mg) in the cana-
gliflozin groups respectively, while it increased in the pla-
cebo group by 2.2 mg/dl (95% CI —1.0-14.7 pg/mg) [69].
A secondary analysis of the CANTATA-SU study, in which
1450 individuals with T2DM were randomly assigned to
canagliflozin 100 or 300 mg, or glimepiride 6—8 mg on-top
of metformin, showed that canagliflozin decreased UACR
levels (=5.7%, 95% CI -2.3-13.1%, p=0.16 and 11.2%
95% CI 3.6-18.3% p=0.01 for the 100 or 300 mg
accordingly) compared with glimepiride, while differences
were even higher in patients with micro- or macro-
albuminuria (31.7%, 95% CI 8.6-48.9%; p=0.01 and
49.3%, 95% CI 31.9-62.2%; p = 0.001 for the 100 or 300
mg accordingly) relative to glimepiride [70]. The data
assessment of 10,142 patients who were included in the
Canaglifiozin Cardiovascular Assessment Study (CAN-
VAS) Program (described in detail below) showed that
mean UACR was 18% lower (95% CI 16-20%) in the
canagliflozin compared with the control group, while mean
between-group differences for patients with normo-, micro-
macroalbuminuria were —9% (95% CI —12 to —7%),
—34% (95% CI —38 to —29%) and —36% (95% CI —43 to
—28%) accordingly [71].

Studies with dapagliflozin

In a study by Nauck et al., including 814 T2DM patients,
52-week treatment with dapagliflozin decreased UACR by
19.0 mg/g compared with a reduction of 0.8 mg/g achieved
with glipizide [72]. Another study randomized 252 patients
with inadequately controlled T2DM and moderate renal
impairment (eGFR 30-59 ml/min/1.7 m?) to dapaglifiozin 5
or 10 mg or placebo and showed higher change in UACR
from baseline only in the 10 mg and not in the 5 mg group
(78.0£112.5 vs. —11.69+48.6 vs. 69.7+80.1 mg/g,
accordingly) compared with baseline [73]. A subsequent
pooled analysis of 12 studies and 4545 T2DM patients with
eGFR 60-90 mL/min/1.73 m> showed that dapaglifiozin
(three doses 2.5 mg, 5 mg, 10 mg) was not associated with
higher reductions in UACR levels from baseline compared
with placebo (—10.3+10.34, p=0.0924 vs. 9.2+7.15,
p=0.7538 vs. —10.8+7.95, p=0.098 vs. 3.9+8.54,
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accordingly) [74]. A post-hoc analysis of two studies
including patients with T2DM and hypertension receiving
treatment with ACEIs or ARBs compared the effect of
dapaglifiozin vs. placebo on albuminuria and found that
dapagliflozin reduced UACR by an additional —33.2%
(95% CI —45.4 to —18.2%) compared with placebo, after
12-weeks [75]. A sub-analysis of the Multicenter-Trial-to-
Evaluate-the-Effect-of-Dapagliflozin-on-the-Incidence-of-
Cardiovascular-Events (DECLARE- TIMI 58) study, in
which 17,160 patients with T2DM were randomized to
receive either dapagliflozin 10 mg or placebo showed that
only 2% of the participants in the treatment arm vs. 3.3% in
the placebo group developed microalbuminuria (HR 0.59,
95% CI 0.39-0.87, p<0.0082), and 5.2% of the patients
treated with dapagliflozin developed macroalbuminuria
compared with 12.8% in the control group [hazard ratio
(HR) 0.38, 95% CI 0.25-0.58, p <0.0001] [76]

Studies with ipragliflozin, luseogliflozin, ertugliflozin, and
tofogliflozin

So far, most of the evidence regarding the effects of ipra-
gliflozin in renal function and albuminuria derive from
studies in the Japanese populations. A total of 245 T2DM
patients were randomized to ipragliflozin or placebo in the
EMIT study, and results suggested a similar decrease in
UACR between the two groups (—24.83 +197.300 vs.
—6.48 £37.384 mg/g) [77]. In the SPOTLIGHT study,
patients with inadequately controlled T2DM were rando-
mized to ipragliflozin or placebo as an add-on to pioglita-
zone and differences between groups in UACR were again
not significant (—6.26 +46.724 vs. —7.24 +35.430 mg/g)
[78]. The LANTERN study randomized 164 patients with
poor T2DM control (HBAlc: 6.9-8.9%) and impaired
renal function (eGFR 30-60 ml/min/1.73 m?) to ipragli-
flozin or placebo and showed reduction of UACR in the
ipragliflozin and increase in the placebo group (—23.72 +
229.100 vs. 4.28 £62.635 mg/g) [79]. A study investigat-
ing the effects of luseogliflozin on albuminuria showed no
difference in UACR change between the active group
(42.71, 95% CI —35.1-120.6) and placebo (67.81, 95% CI
—12.7-148.3 mg/g) [80]. A more recent study compared
the effects of ertugliflozin (5 mg and 15 mg) with placebo
and/or glimepiride on albuminuria and showed similar
changes between in UACR between the active and the
control groups, but in patients with albuminuria at baseline,
the ertugliflozin groups had greater reductions in UACR
(—29.5%, 95% CI. —44.8 to —9.8; p<0.01 and —37.6%
—51.8 to —19.2; p<0.001 for relevant to placebo changes
from baseline in the S5Smg and the 15mg ertugliflozin
groups accordingly) [81]. To the best of our knowledge, no
study so far has ever evaluated the association of tofogli-
flozin with renal outcomes.
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Effects of SGLT-2 inhibitors on hard renal outcomes

As of this writing, four major studies have announced
results on the effects of SGLT-2 inhibitors on hard renal
outcomes. All of them included patients with T2DM. The
first of these studies was the EMPA-REG OUTCOME
study, which randomized 7028 patients with T2DM to 10 or
25 mg of empagliflozin vs. placebo and were followed-up
from a mean 3.1 years [82]. A total of 5665 of included
participants were receiving treatment with an ACEI or an
ARB. According to the analysis of the pre- specified renal
outcomes of the EMPA-REG OUTCOME trial, individuals
treated with empagliflozin showed reduced incidence in the
combined end-point of progression to macroalbuminuria,
initiation of renal- replacement therapy or death from renal
disease (HR 0.61; 95% CI 0.53-0.70; P <0.001) compared
with patients receiving placebo. In addition, patients of the
intervention treatment arm had lower rates of a post-hoc
defined renal composite outcome [initiation of renal-
replacement therapy, doubling of SCr, or death from renal
disease (HR 0.54; 95% CI 0.40-0.75; P <0.001) [Table 2].
Of note, significant between-group differences of approxi-
mately the same magnitude were observed in the individual
analyses of all the above components. Interestingly, the
number of hyperkalemia or acute kidney failure episodes in
patients treated with empagliflozin were lower or similar to
those with placebo, regardless the kidney function status at
baseline [82].

A probable criticism was that the basic characteristics of
the total population included in the EMPA-REG OUT-
COME trial did not resemble that of classical studies with
renal endpoints (i.e., proteinuric DKD), mainly due to the
fact that the main aim of the trial was the evaluation of the
cardiovascular effects. Following that, differences in the
described components were mainly driven by doubling of
SCr since the other kidney-associated outcomes were less
frequent. According to the baseline data, there were 5201
individuals with an eGFR > 60 ml/min/1.73 m> (64% had no
albuminuria, 27% had microalbuminuria, and 8.5% had
macroalbuminuria). Following, there were 1819 patients
with an eGFR <60 ml/min/1.73 m®>. With regards to the
albuminuria status of these patients: 47% had no albumi-
nuria, 34% had microalbuminuria, and 19%
albuminuria [82]. Thus, one can argue, that with more than
3000 patients with either eGFR <60 ml/min/1.73 m*> or
micro- and macroalbuminuria the study had adequate power
to assess significant differences in renal endpoints.

The CANVAS program consisted of two double-blind,
randomized trials (CANVAS and CANVAS-R) and aimed
to evaluate the long-term renal effects of canagliflozin in the
context of a pre-specified explanatory analysis [71]. In
CANVAS study 4330 individuals with T2DM were ran-
domly assigned to receive 300 mg canagliflozin, 100 mg

macro-
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Table 2 Key studies on the effects of SGLT-2 inhibitors on hard renal outcomes in patients with type 2 DM.

Outcome value

Total population of eGFR (mL/min/1.73 ACR albumin ratio (mg/g) at Primary composite renal

Year Treatment arms

Trial

endpoints

baseline®

m?) at baseline®

the study

0.54 95% C1
0.40-0.75, p<0.001)

HR =

17.7 (7.1, 72.5) Doubling of sCr with

74 (21)

7020

2016 Empagliflozin 10 mg/25

EMPA-REG

eGFR <45, initiation of

mg or placebo

OUTCOME Trial [82]

RRT, or renal death

0.6 (95% CI

HR =

>40% reduction in eGFR,

12.3 (6.65, 42.1)

10,142 76.5 (20.5)

2013 Canagliflozin 100-300

CANVAS Program

[71]

need for RRT, or renal death 0.47-0.77, p <0.001)

ESRD, doubling of sCr level,

or renal death

mg or placebo

CREDENCE Trial [86] 2019 Canagliflozin 100 mg or

0.66 (95% CI

HR =

927.0 (463, 1833)

56.2 (18.2)

4401

0.53-0.81, p<0.001)

placebo

0.53 (95% CI
0.43-0.66, p <0.001)

HR =

>40% reduction in eGFR to
<60, ESRD, or renal/

13.1 (6.0, 43.6)
CV death

86.1 (21.8)

17,160

2019 Dapagliflozin 10 mg or

DECLARE- TIMI 58
Trial [76]

placebo

*Mean (SD).

"Median (Q1, Q3).

canagliflozin, or placebo at a 1:1:1 ratio [83]. In CANVAS-
R study 5812 participants with T2DM were randomly
assigned (1:1) to either canagliflozin 100 mg or matching
placebo; up-titration to 300mg of canagliflozin was
optional based on the clinician’s recommendations and
20.1% of the treated patients had an eGFR < 60 mL/min/
1.73 m? at baseline measurements [84]. A total of 4593 of
included participants were receiving treatment with RAAS
blockers. Canagliflozin showed a significant decrease in the
pre-specified primary renal endpoint of 40% reduction in
eGFR levels, need for renal-replacement therapy, or death
from renal causes compared with placebo (HR:0.60; 95%
CI 0.47-0.77). The effect of canagliflozin was consistent
across all four eGFR categories (baseline eGFR 290, 60—
<90, 45-<60, and <45 mL/min/1.73 m?) (p heterogeneity =
0.28 and >0.50, respectively) irrespectively of the presence
of CKD or not [85]. A recent explanatory analysis of the
CANVAS study aiming to assess the effects of canagliflozin
on a wide range of renal components, showed a comparable
reduction in the outcome of doubling of SCr, ESRD, and
renal death in the intervention arm vs. placebo (HR:0.53;
95% CI 0.33-0.84) [86]. In contrast to EMPAREG-OUT-
COME, where all components were decreased with empa-
gliflozin, in this analysis canagliflozin significantly reduced
the doubling of SCr (HR:0.50; 95% CI 0.30-0.84) but not
the incidence of ESRD (HR:0.77; 95% CI 0.30-1.97).

The DECLARE- TIMI 58 was a randomized, double-
blind, multi-national phase III trial which studied as sec-
ondary outcome the effects of dapaglifiozin on hard renal
outcome [87]. The primary renal composite outcome of
>40% decrease in eGFR to <60 mL/min/1.73 m2, ESRD, or
renal death was observed in 1.5% patients in the dapagli-
flozin group compared with 2.8% patients in the placebo
group (HR 0-53 [95% CI 0-43-0-66]; p<0-0001). The
separate analyses of the components of the renal composite
showed significantly lower rates of the incidence of >40%
decrease in eGFR to <60 mL/min/1.73 m* in the interven-
tion arm vs. the placebo arm (HR 0.54 [95% CI 0-43-0-67];
p <0.0001). ESRD occurred in 0.1% of patients treated with
dapaglifiozin vs. 0.2% of patients treated with placebo (HR
0.31 [0.13-0.79], p=0.013) whereas death from renal
cause was observed in 0.1% of patients in both treatment
categories (HR 0.60 [0.22-1.65], p = 0.32) [87].

The recent CREDENCE study, the first SGLT-2 inhibitor
study with a combined renal end-point as a primary out-
come, randomized 4401 patients with T2DM, CKD, and
albuminuria (ratio of albumin [mg] to creatinine [g],
>300-5000) who were already treated with RAS-blockers
in canagliflozin and placebo [86]. In total, 4395 study
participants were on ACEI or ARB treatment. This study
was prematurely terminated after a planned interim analysis
on the recommendation of the data and safety monitoring
committee due to clear benefit of canagliflozin vs. placebo.
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The relative risk of the renal-specific composite of end-
stage kidney disease, a doubling of the creatinine level, or
death from renal causes was lower by 34% (HR 0.66; 95%
CI 0.53-0.81; P<0.001), and the relative risk of ERSD was
lower by 32% (HR 0.68, 95% CI 0.54-0.86 P =0.002)
[86].

Two hard renal outcome studies with SGLT-2 inhibitors
are recruiting patients with CKD independently of diabetic
status. The Study-to-Evaluate-the-Effect-of-Dapaglifiozin-
on-Renal-Outcomes-and-Cardiovascular-Mortality-in-
Patients-With-Chronic-Kidney-Disease (Dapa-CKD) is an
event-driven, randomized, double-blind study, evaluating
the effect of dapagliflozin vs. placebo in addition to stan-
dard of care (maximum tolerated labeled dose with ACEI or
ARB), to prevent the progression of CKD or cardiovascular/
renal death in patients with eGFR 225 and <75 mL/min/
1.73m? and UACR =200 and <5000 mg/g. The primary
outcome is a composite of 250% sustained decline in eGFR
or reaching ESRD or CV death or renal death [88]. The
study started was planned to enroll 4000 participants and to
complete at November 2020 but was prematurely termi-
nated due to benefit; its results are awaited in a few months
[89]. Another ongoing study, the Study-of-Heart-and-Kid-
ney-Protection-With-Empagliflozin (EMPA-KIDNEY)
aims to investigate the effect of empagliflozin on kidney
disease progression or cardiovascular death vs. placebo on
top of standard treatment in patients with CKD (eGFR > 20
to <45 mL/min/1.73 m? or eGFR 245 to <90 mL/min/1.73
m? with UACR =200 mg/g or protein:creatinine ratio >300
mg/g) [90]. The composite primary outcome consists of
time to first occurrence of (i) kidney disease progression
(defined as ESRD, a sustained decline in eGFR to <10 mL/
min/1.73 m?, renal death, or a sustained decline of 240% in
eGFR from randomization) or (ii) cardiovascular death. The
study plans to enroll 5000 participants from November
2018 and to be completed in June 2022.

Mechanisms for the nephroprotective actions of
SGLT-2 inhibitors

Patients with T2DM typically present salt-sensitive hyper-
tension, due to the inherent disability of the kidneys to
perform natriuresis, leading in mild volume overload and
suppression of renin activity described as “hyporeninemic
hypoaldosteronism” [91]. The salt-sensitivity of T2DM
patients is mediated by a number of mechanisms, most
important of which seems to be insulin resistance and
associated hyperinsulinemia resulting in increased sodium
reabsorption by actions both in the proximal tubule (through
stimulation of Na+ -H + exchange and Na™-K*-ATPase)
[91] and the distal tubule (through stimulation of the epi-
thelial sodium channel (ENaC)) [92]. Treatment with
SGLT-2 inhibitors is associated with mild but also clinically
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meaningful natriuretic and diuretic effects, which may
produce an 4-5/2-3 mmHg BP reduction in these patients
[21]. As mentioned above, SGLT-2 inhibition is also
associated with decreases body weight and total visceral fat
and serum uric acid levels [60, 61].

In addition to the indirect beneficial effects that BP,
weight, and uric acid reduction may exert on the kidney,
several mechanisms of renoprotective actions of SGLT-2
inhibitors have been hypothesized. Among them, some
experiments suggest that SGLT-2 inhibitors have anti-
inflammatory and antifibrotic effects and may reverse renal
hypoxia [22, 93-97]. However, the most solid mechanism
refers to a direct reduction of intraglomerular pressure
[22, 93]. It is long known, that DM promotes proteinuric
renal injury through afferent vasodilation via several path-
ways; this leads to consequent increase in intraglomerular
pressure and albuminuria [15, 98]. Recent data suggest that
one of these pathways is increased proximal tubular sodium
and glucose reabsorption through SGLT-2, which follows
the increase in the transporter concentration and activity, as
discussed above. An increased proximal tubular reabsorp-
tion would result in decreased sodium chloride delivery to
the macula densa, suppression of the tubuloglomerular
feedback and afferent arteriolar dilation (Fig. 2) [99, 100].
This was exemplified by Cherney et al. in a study including,
among others, 27 patients with TIDM and hyperfiltration
during hyperinsulinemic euglycemic clamp; in these indi-
viduals empagliflozin treatment for 8 weeks resulted in
reduction of baseline inulin-measured GFR by 33 ml/min/
1.73 m%, with concomitant reduction in renal blood flow
measured with paraaminohippurate [101]. These observa-
tions suggest that SGLT-2 inhibitors, through increased
sodium delivery to the macula densa and restoration of the
tubuloglomerular feedback are able to reduce afferent
arteriole vasodilation, the main pathophysiological culprit
of proteinuric diabetic nephropathy. This action clearly
explains the characteristic slight eGFR drop within few
weeks of SGLT-2 inhibition, which is fully reversible after
discontinuation of the drug [22] and typically the associated
reduction in intraglomerular pressure, albuminuria, and
renal injury progression. Such an effect through reversal of
afferent arteriole dilatation would be irrelevant from the
efferent arteriole vasodilation induced by RAS blockade,
offering a complementary major pathway for renoprotection
[21, 24]. However, a recent randomized trial examining the
effects of dapaglifiozin on renal microcirculation in 44
patients with T2DM, did not confirm the above findings
[102]. In that study dapagliflozin also reduced GFR but did
not increase renal vascular resistance, suggesting that the
reduction in intraglomerular pressure with SGLT-2 inhibi-
tors is not due to vasoconstriction of the afferent but to
vasodilation of the efferent arteriole. The main explanation
offered by the authors is that in middle-aged and elderly
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Fig. 2 Possible mechanism for nephroprotection offered by SGLT-
2 inhibitors in diabetic kidney disease. In physiological conditions
the vast majority of the filtered glucose is reabsorbed through SGLT-2
receptors, along with filtered sodium and the normal vascular tone of
the afferent arteriole is preserved through normal tubuloglomerular
feedback. In diabetes increased reabsorption of sodium and glucose
through the SGLT-2 receptors leads to decreased amounts of sodium

T2DM patients the afferent arteriole is already constricted
and the whole regulation of glomerular microcirculation by
the macula densa mechanism may be different compared
with young T1DM patients [102]. Although this could be
possible, several limitations may hamper the conclusions of
the later study [103], and thus, the working hypothesis of
the SGLT-2 inhibitor renoprotective action rather remains
that of the modulation of afferent arteriole tone. In any case,
the mechanistic details of the SGLT-2 inhibitor action need
to be further investigated by larger future studies. One
important issue for future research is whether SGLT-2
inhibitors offer significant nephroprotection in patients
without glomerular hyperfiltration and albuminuria and
through which mechanisms this may occur.

Conclusions

Within the past 20-25 years, i.e., since the publication of
seminal ACE inhibitor and ARB trials, nephrology did not
meet any breakthrough discoveries leading to major changes
in everyday clinical practice. With the prevalence of CKD
continuously growing all over the world and the well-

Hyperfiltration in Diabetic
Nephropathy

Inhibition of Hyperfiltration with
SGLT-2 inhibitors

and chloride delivered to the macula densa, which in turn leads to
afferent arteriole vasodilation. Via SGLT-2 inhibition the increased
sodium reabsorption is reversed, and consequently increased amounts
of sodium are delivered to the macula densa which restore the normal
tubuloglomerular feedback and cause the reversal of the arteriole
vasodilation.

documented associations of CKD with cardiovascular and all-
cause mortality the need for novel therapies to retard CKD
progression grew more and more urgent [1, 2, 4]. The
appearance of strong data from human trials showing SGLT-
2 inhibitors to potently decrease intermediate and hard renal
outcomes on top of RAS blockade in patients with T2DM
completely changed the landscape in the treatment of DKD,
with major international bodies recommending the use of
these agents in patients with T2DM and CKD, within their
licensed indications [24, 104, 105]. Ongoing renal outcome
trials in patients with CKD of various etiologies, together
with mechanistic studies on the ways of nephroprotection are
expected to shed more light and expand the indications of
SGLT-2 inhibitors for benefit of our patients.

Summary table

e Prevalence of CKD is continuously growing and the
close association between CKD and increased cardio-
vascular and all-cause mortality makes the need for
novel therapies to retard CKD progression urgent.

e Over the past decades, breakthrough discoveries to
decrease this association are scarce.
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