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Abbreviations
ΔPF Filtration pressure across the

glomerular capillaries
πG Glomerular oncotic pressure
FENa+ Fractional excretion of sodium
KFG Ultrafiltration coefficient
PGLO Glomerular hydrostatic pressure

RA Afferent renal arteriolar resistances
RAAS Renin–angiotensin–aldosterone system
RE Efferent renal arteriolar resistances
SGLT2 Sodium–glucose co-transporter 2
T1D-N Type 1 diabetic patients with renal

normofiltration
T1D-H Type 1 diabetic patients with renal

hyperfiltration

To the Editor:Renal hyperfiltration in experimental models of
early diabetes is associated with increased intraglomerular
pressure, and this condition may promote the development
of diabetic nephropathy [1]. Despite the functional character-
isation of renal hyperfiltration in animal models of diabetes
indicating causal involvement of the afferent arteriole,
confirmative data in humans are scarce. This is explained by
the fact that direct measurements of human glomerular hae-
modynamic variables, such as afferent (RA) and efferent (RE)
arteriolar resistances and glomerular hydrostatic pressure
(PGLO), are technically not feasible. To elucidate mechanisms
of renal disease in humans, Gomez et al published formulae
derived from animal physiological studies in 1951 to estimate
glomerular haemodynamic function by using measured mean
arterial blood pressure (MAP), GFR, renal plasma flow,
haematocrit and total protein concentrations [2].

More recently, selective sodium–glucose co-transporter 2
(SGLT2) inhibitors have been evaluated in studies involving
patients with type 2 and type 1 diabetes. In this context, we
recently demonstrated, in a stratified, open-label, single-arm
8 week trial, that SGLT2 inhibition with empagliflozin atten-
uates renal hyperfiltration in patients with type 1 diabetes, an
effect likely due to modulation of tubuloglomerular feedback
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via increased distal tubular sodium delivery [3]. The objective
of this exploratory, post hoc analysis was to apply the
Gomez formulae to quantify glomerular haemodynamic
variables in patients with type 1 diabetes analysed on the basis
of filtration status.

Type 1 diabetic patients were treated with empagliflozin
(25 mg daily) in the Adjunctive-To-Insulin and Renal Mech-
Anistic pilot trial of empagliflozin in T1D (ATIRMA trial,
ClinicalTrials.gov NCT01392560) [3]. Forty participants
completed this study and the primary outcome of changes in
renal function with empagliflozin have been published else-
where [3]. None of the participants was taking medications
that could affect blood pressure or other cardiovascular pa-
rameters. Other secondary endpoints related to glycaemia and
arterial stiffness have also been reported [4, 5]. Studies were
performed during two consecutive days at baseline and
8 weeks after empagliflozin treatment. A modified glu-
cose clamp technique was used to maintain euglycaemic
(approximately 4–6 mmol/l) conditions on the first day
for approximately 6 h, followed by hyperglycaemic
(approximately 9–11 mmol/l) conditions on the second day
for approximately 6 h (electronic supplementary material
[ESM] Fig. 1) [3]. All data are expressed as mean ± SD. For
further details of the experimental design and statistical anal-
ysis, please see the ESM Methods. The study was approved
by the Research Ethics Board at the University Health
Network. All participants gave informed consent prior to the
start of the study procedures.

Baseline characteristics, and serum and urine biochemical
responses to empagliflozin in this cohort, have been reported
elsewhere [3]. To assess renal sodium handling further, 24 h

fractional excretion of sodium (FENa+) was calculated.
FENa+ increased in type 1 diabetic patients with renal
hyperfiltration (T1D-H; 0.54±0.29 to 0.77±0.48, p=0.03)
but not in type 1 diabetic patients with renal normofiltration
(T1D-N; 0.63±0.46 to 0.74±0.61, p=0.61). Using Gomez’s
formulae at baseline during clamped euglycaemia, T1D-H
patients exhibited lower RA, and increased PGLO and ΔPF
(filtration pressure across the glomerular capillaries) than that
of T1D-N patients (Fig. 1a–d, ESM Table 1; ESM Methods).
There were no differences in RE or glomerular oncotic pressure
(πG) between the two groups. In response to empagliflozin,
RA increased in T1D-H patients (euglycaemia: 785±442 vs
1,307±615 dyn s cm−5, p<0.0001; hyperglycaemia: 690±637
vs 1,454±814 dyn s cm−5, p<0.0001; Fig. 1a). Furthermore,
intraglomerular pressure (PGLO, Fig. 1c) decreased in response to
empagliflozin in T1D-H patients during clamped euglycaemia
(67.4±5.4 vs 61.0±5.2 mmHg, p<0.0001) and hyperglycaemia
(69.3±6.5 vs 61.6±6.3 mmHg, p<0.0001). ΔPF (Fig. 1d) also
decreased in response to empagliflozin in the T1D-H group
during euglycaemia (33.1±4.5 vs 26.7±4.8 mmHg, p<0.0001)
and hyperglycaemia (35.8±6.4 vs 27.5±5.7 mmHg, p<0.0001).
In contrast, these variables remained unchanged in the T1D-N
group (Fig. 1). There were no significant differences in RE in
either group (Fig. 1b).

Owing to higher GFR values in T1D-H patients (mean
GFR 172±23mlmin−1 [1.73m2]−1) comparedwith the cohort
used to derive the ultrafiltration coefficient (KFG) in previous
literature (mean GFR<130 ml min−1 [1.73 m2]−1), we esti-
mated a KFG of 0.115 for T1D-H and repeated the Gomez
formulae. Using this adjusted KFG, similar results were
obtained (ESM Fig. 2). To assess the appropriateness of the
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Fig. 1 Glomerular
haemodynamics estimated by
Gomez’s equations (KFG=
0.0867) in participants with
normofiltration (T1D-N) or
hyperfiltration (T1D-H) at
baseline (BL) and after
empagliflozin (EMPA, 25 mg
daily) treatment during clamped
euglycaemic (black circles) and
hyperglycaemic (open circles)
conditions. *p<0.05 and
***p<0.001 for within-group
differences using a paired
Student’s t test. †††p<0.001 for
between-group differences
(T1D-N [n=13] vs T1D-H
[n=27]) using Tukey’s post hoc
test after ANOVA analysis.
Horizontal lines represent means
of haemodynamic variables
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serum albumin concentration to be used, instead of total
protein to calculate RA and PGLO variables, albumin concen-
tration was multiplied by a calculated conversation factor of
1.695. Haemodynamic variables were strongly correlated (r=
0.91 to 0.99, p<0.0001) using either serum albumin or total
protein (ESM Fig. 3).

Our first main observation was that in a cohort of normo-
tensive, normoalbuminuric patients, T1D-H participants
exhibited evidence of afferent vasodilation characterised by
lower RA compared with T1D-N participants. This is consis-
tent with previous animal models of diabetes demonstrating a
dominant state of afferent vasodilatation relative to effects at
the efferent arteriole [6]. Our second main observation was
that treatment with empagliflozin for 8 weeks decreased RA

and also reduced PGLO in T1D-H patients, with no effect on
RE. On the basis of these haemodynamic responses,
empagliflozin significantly improved intraglomerular hyper-
tension and achieved a mean intraglomerular pressure approx-
imating that in T1D-N participants. These first-in-human
observations suggested that SGLT2 inhibition exerts a clini-
cally meaningful impact on early renal haemodynamic abnor-
malities characteristic of type 1 diabetes. Future randomised,
appropriately controlled studies should determine whether
these haemodynamic effects also occur in patients with renal
impairment, and whether SGLT2 inhibition may, as a conse-
quence, be renal protective.

The preferential effect of SGLT2 inhibition on RA, rather
than RE, is important in light of how these agents could
potentially be used in patients taking renin–angiotensin–aldo-
sterone system (RAAS) inhibitors [7]. The renal effects of
SGLT2 inhibition could be complementary to the well
described changes in RE achieved with RAAS blockade, an
intriguing concept for the design of future renal protection
studies using the combination of dual SGLT2–RAAS inhibi-
tion (ACE inhibition or angiotensin II receptor blockade) to
normalise glomerular hyperfiltration (ESM Fig. 4). Although
existing studies suggest that SGLT2 inhibitors have an accept-
able renal safety profile, further work is required to determine
whether combined SGLT2–RAAS inhibition could fully nor-
malise the intraglomerular hypertension and hyperfiltration
associated with the early stages of diabetes, and whether this
effect would lead to the long-term preservation of renal func-
tion. On the other hand, whether such a combination may
reduce intraglomerular pressure to an extent that could in-
crease the risk for acute kidney injury events needs to be
elucidated. In light of findings from the Ongoing Telmisartan
Alone and in Combination With Ramipril Global Endpoint
Trial (ONTARGET), Aliskiren Trial in Type 2 Diabetes Using
Cardiovascular and Renal Disease Endpoints (ALTITUDE)
and Veterans Affairs Nephropathy in Diabetes trial
(VA-NEPHRON-D), which use strategies of dual RAAS
blockade [8–10], this is an important consideration that
requires further human physiological investigation and

surveillance in ongoing clinical trials. Finally, our observa-
tions may have particular implications for primary renal pre-
ventive strategies in patients with type 1 diabetes, since RAAS
blockade monotherapy is ineffective in normotensive,
normoalbuminuric patients with preserved renal function.
Future studies of SGLT2–RAAS blockade in patients
with uncomplicated diabetes are therefore warranted, since
simultaneous constriction of the afferent arteriole (SGLT2
inhibition) with efferent vasodilatation (RAAS blockade) has
the potential to reverse early renal haemodynamic abnormal-
ities that contribute to hyperfiltration.
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