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Renal and Vascular Effects of Combined SGLT2
and Angiotensin-Converting Enzyme Inhibition
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BACKGROUND: The cardiorenal effects of sodium-glucose cotransporter 2 inhibition (empagliflozin 25 mg QD) combined with
angiotensin-converting enzyme inhibition (ramipril 10 mg QD) were assessed in this mechanistic study in patients with type
1 diabetes with potential renal hyperfiltration.

METHODS: Thirty patients (out of 31 randomized) completed this double-blind, placebo-controlled, crossover trial. Recruitment
was stopped early because of an unexpectedly low proportion of patients with hyperfiltration. Measurements were obtained
after each of the 6 treatment phases over 19 weeks: (1) baseline without treatment, (2) 4-week run-in with ramipril
treatment alone, (3) 4-week combined empagliflozin-ramipril treatment, (4) a 4-week washout, (5) 4-week combined
placebo-ramipril treatment, and (6) 1-week follow-up. The primary end point was glomerular filtration rate (GFR) after
combination treatment with empagliflozin-ramipril compared with placebo-ramipril. GFR was corrected for ramipril treatment
alone before randomization. At the end of study phase, the following outcomes were measured under clamped euglycemia
(4 to 6 mmol/L): inulin (GFR) and para-aminohippurate (effective renal plasma flow) clearances, tubular sodium handling,
ambulatory blood pressure, arterial stiffness, heart rate variability, noninvasive cardiac output monitoring, plasma and urine
biochemistry, markers of the renin-angiotensin-aldosterone system, and oxidative stress.

RESULTS: Combination treatment with empagliflozin-ramipril resulted in an 8 mL/min/1.73 m? lower GFR compared with
placebo-ramipril treatment (P=0.0061) without significant changes to effective renal plasma flow. GFR decrease was
accompanied by a 21.3 mL/min lower absolute proximal fluid reabsorption rate (F=0.0092), a 3.1 mmol/min lower absolute
proximal sodium reabsorption rate (P=0.0056), and a 194 ng/mmol creatinine lower urinary 8-isoprostane level (F=0.0084)
relative to placebo-ramipril combination treatment. Sodium-glucose cotransporter 2 inhibitor/angiotensin-converting enzyme
inhibitor combination treatment resulted in additive blood pressure—lowering effects (clinic systolic blood pressure lower by
4 mm Hg [P=0.0112]; diastolic blood pressure lower by 3 mm Hg [A=0.0032]) in conjunction with a 94.5 dynes x sex/cm®
lower total peripheral resistance (P=0.0368). There were no significant changes observed to ambulatory blood pressure,
arterial stiffness, heart rate variability, or cardiac output with the addition of empagliflozin.

CONCLUSIONS: Adding sodium-glucose cotransporter 2 inhibitor treatment to angiotensin-converting enzyme inhibitor resulted in
an expected GFR dip, suppression of oxidative stress markers, additive declines in blood pressure and total peripheral resistance.
These changes are consistent with a protective physiologic profile characterized by the lowering of intraglomerular pressure and
related cardiorenal risk when adding a sodium-glucose cotransporter 2 inhibitor to conservative therapy.
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Clinical Perspective Nonstandard Abbreviations and Acronyms
What Is New? ABPM ambulatory blood pressure monitoring
* We demonstrated that the addition of empagliflozin ACEi angiotensin-converting enzyme inhibition
to ramipril for 4 weeks improves surrogate measures eGFR estimated glomerular filtration rate
of renoprotection in people with uncomplicated ERPF effective renal plasma flow
type 1 dia_betes and pr.eserved kidney fynction. GFR glomerular filtration rate
° Fslioge mechgmsms of .sod|um-glucose NICOM noninvasive cardiac output monitoring
cotransporter 2 inhibitors hypothesized to modulate NO itric oxid
tubuloglomerular feedback and reduce glomerular nitric OX'. e .
hypertension were ameliorated with the addition of PAH para-aminohippurate
empagliflozin, represented by a decreased proximal RAAS renin-angiotensin-aldosterone system
renal tubular sodium reabsorption and an antici- RAASI renin-angiotensin-a|dosterone system
pated dip in glomerular filtration rate. inhibitor
e Empagliflozin, when added. to ramipril, Iowered RVR renal vascular resistance
blood pressure and total peripheral resistance with- SBP svstolic blood pressure
out affecting arterial stiffness, heart rate variability, y ) P
or cardiac output, suggesting a novel sodium-glu- SGLT2 sod!um-glucose cotransporter 2
cose cotransporter 2 inhibitor-mediated antihyper- SGLT2i  sodium-glucose cotransporter 2
tensive mechanism. inhibitor
TiD type 1 diabetes
What Are the Clinical Implications? T2D type 2 diabetes
» This is the first mechanistic trial that evaluated the

effect of adding sodium-glucose cotransporter 2 to
angiotensin-converting enzyme inhibition on physi-
ologic effects, including acute effects on glomerular
filtration rate, which were consistent with cardiore-
nal protection in clinical trials that have to date only
included individuals with type 2 diabetes or nondia-
betic kidney disease.

» Given the consistency of physiologic effects across
different cohorts, including in patients with type 1
diabetes, future clinical trials should continue to
evaluate whether chronic sodium-glucose cotrans-
porter 2 inhibition reduces the risk of cardiorenal
complications in novel populations at high risk of
kidney failure or cardiovascular disease.

2 (SGLT2) inhibitors (SGLT2i) reduce the risk of
cardiovascular and kidney disease in patients with
type 2 diabetes (T2D) has had a substantial effect on
clinical practice. In cardiovascular outcome trials, these
therapies reduced major adverse cardiac events, hos-
pitalization for heart failure and kidney composite end
points in patients with T2D," and cardiorenal end points
in patients with albuminuric chronic kidney disease.?®
SGLT2i reduced glycated hemoglobin (HbA1c) by 0.7%
to 1.0%, systolic blood pressure (SBP) by 3 to 5 mm Hg,
and body weight by 2 to 4 kg.*®
We previously demonstrated that SGLT2i alone
exhibit similar effects on glycemic control, body weight,
and blood pressure in patients with uncomplicated type
1 diabetes (T1D), a cohort that models early cardiore-
nal physiologic changes in patients with diabetes at a
stage before the development of clinical complications.’
Moreover, kidney hyperfiltration is significantly attenu-

The discovery that sodium-glucose cotransporter
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ated with SGLT2i monotherapy.” In light of the poor
prognosis associated with hyperfiltration®® and kidney
protective effects of SGLT2i in experimental models of
T1D,"%"" these findings suggest that SGLT2i may pro-
mote a protective decrease in intraglomerular hyperten-
sion, even if used before the onset of clinical chronic
kidney disease.'>"*

Whereas the mechanistic basis for glomerular hyper-
tension in diabetes is complex, hyperglycemia plays an
important role through neurohormonal activation and via
effects on tubular function. First, the neurohormonal
hypothesis of hyperfiltration suggests that activation of
the renin-angiotensin-aldosterone system (RAAS) during
hyperglycemia triggers vasoconstriction at the efferent
renal arteriole."®"'* In addition, according to the tubular
hypothesis (Figure 1), hyperglycemia-induced overex-
pression of SGLT2 at the proximal tubule'® increases
reabsorption of sodium (Na*) and leads to decreased
distal Na* delivery to the macula densa. This signal gets
incorrectly sensed as a reduction in effective circulat-
ing volume leading to vasodilation of the afferent renal
arterioles and thus hyperfiltration characteristic of diabe-
tes.” In an 8-week add-on-to-insulin study, empagliflozin
induced a reduction in renal hyperfiltration'® in young
patients with uncomplicated T1D and hyperfiltration that
was comparable in magnitude to what has been reported
with angiotensin-converting enzyme inhibition (ACEi) in a
separate hyperfiltering T1D cohort.” As with RAAS inhib-
itor (RAASI) monotherapy, SGLT2i did not abolish hyper-
filtration, suggesting a potential kidney benefit when
these therapies are combined to take advantage of both
neurohormonal and tubular pathways. Whereas T1D
is a good model of uncomplicated renal hemodynamic
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arteriole
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Normal physiology Hyperfiltration in early

stages of diabetic nephropathy

Combined SGLT2 and RAAS inhibition reduces
hyperfiltration greater than either agent alone

Figure 1. Postulated mechanisms in normal physiology and hyperfiltration in early stages of nephropathy and after combined

inhibition of SGLT2 and RAAS.

A, Under physiologic conditions, tubuloglomerular feedback (TGF) signaling maintains stable glomerular filtration rate (GFR) by modulation of
preglomerular arteriole tone. In cases of conditional increases in GFR, the macula densa within the juxtaglomerular apparatus senses an increase
in distal tubular sodium delivery and adjusts GFR through TGF accordingly. Neurohormonal signaling using the renin-angiotensin-aldosterone
system (RAAS) contributes to maintenance of stable GFR by modulating postglomerular arteriole tone. B, Under chronic hyperglycemic conditions
during diabetes, increased proximal sodium-glucose cotransporter 2 (SGLT2)-mediated reabsorption of sodium (Na*) and glucose impairs this
feedback mechanism. Thus, despite increased GFR, the macula densa is exposed to lowered sodium concentrations and results in dilation of

the afferent intrarenal arteriole. Increased activation of the renin-angiotensin-aldosterone neurohormonal system in diabetes causes constriction
at the efferent intrarenal arteriole. Together, impairment of TGF and neurohormonal signaling likely leads to inadequate arteriole tone at the
afferent and efferent arterioles and renal perfusion is increased. C, SGLT2 inhibition with empagliflozin treatment blocks proximal tubule glucose
and sodium reabsorption, which leads to increased sodium delivery to the macula densa. This condition restores TGF by means of appropriate
modulation of arteriolar tone (e.g, afferent vasoconstriction). Blockade of the RAAS with an angiotensin-converting enzyme (ACE) inhibitor,
ramipril, leads to efferent vasodilation. The overall effect of afferent vasocontraction with SGLT2 inhibition and efferent vasodilation with ACE
inhibition reduces renal plasma flow and hyperfiltration. Modified from Cherney et al.’®

changes attributed to diabetes, such mechanisms
can also apply to similar renal hemodynamic changes
observed in other conditions, such as T2D or obesity.
Our aim was to investigate the additive cardiore-
nal hemodynamic effects of combined treatment with
both agents, specifically neurohormonal suppression
(with an ACEi) and activation of tubular (SGLT2i) fac-
tors, in patients with uncomplicated T1D, T2D, or obesity
as mechanistic models of early cardiorenal physiologic
changes before the development of clinical kidney or
cardiovascular complications. The primary objective of
this clinical trial (BETWEEN Study [Empagliflozin and
ACEi- Effects on Hyperfiltration]; URL: https://www.
clinicaltrials.gov; Unique identifier: NCT02632747) was
to determine the effect of a 4-week treatment with an
SGLT2i, empagliflozin 25 mg QD, versus placebo, in
addition to an ACEi, ramipril 10 mg QD or maximally tol-
erated dose, on glomerular filtration rate (GFR). Our sec-
ondary objectives were to study the effect of the addition
of empagliflozin to ramipril treatment on distal sodium
delivery and systemic hemodynamics. We hypothesized
that adding empagliflozin treatment to a background of
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ramipril would decrease GFR and reduce cardiac output
and arterial stiffness, leading to declines in SBP.

METHODS

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results or replicating the procedure.

Data Sharing Statement

To ensure independent interpretation of clinical study results
and enable authors to fulfill their role and obligations under
the International Committee of Medical Journal Editors crite-
ria, Boehringer Ingelheim grants all external authors access
to relevant clinical study data pertinent to the development of
the publication. In adherence with the Boehringer Ingelheim
Policy on Transparency and Publication of Clinical Study Data,
scientific and medical researchers can request access to clini-
cal study data after the article has been published, regulatory
activities are complete, and other criteria are met. Researchers
should use the https://vivliorg link to request access to
study data and visit https://www.mystudywindow.com/msw/
datasharing for further information.

Circulation. 2022;146:450-462. DOI: 10.1161/CIRCULATIONAHA.122.069150



Lytvyn et al

Study Participants

Thirty participants completed the study and had the primary GFR
end point evaluated (Figure S1). Detailed study inclusion and
exclusion criteria at screening can be found in Table S1. In brief,
inclusion criteria were as follows: male or female patients 218
years of age diagnosed with T1D 26 months before informed
consent, patients with T2D, or obese patients without diabetes;
HbA1c of 6.5% to 11.0% for patients with T1D or T2D; esti-
mated GFR >60 mL/min/1.73 m’; and average blood pressure
>90/60 mm Hg and <140/90 mm Hg. The main exclusion cri-
teria were as follows: for patients with T1D, treatment with an
antihyperglycemic agent within 3 months or history of hypersensi-
tivity; treatment with an SGLT2i within 30 days; severe hypoglyce-
mia that required emergency hospital treatment within 3 months
before screening; or occurrence of diabetic ketoacidosis within
3 months. The local Research Ethics Board at the University
Health Network (Toronto, Canada) approved the protocol and all
participants gave informed consent before start of study proce-
dures. The study was conducted according to the International
Conference on Harmonization on Good Clinical Practice.

Experimental Design

The study was registered at www.clinicaltrials.gov (Unique identi-
fier: NCTO2632747). This was a single-center (University Health
Network, University of Toronto, Ontario, Canada), prospective,
double-blind, randomized, placebo-controlled, crossover study,
comprising 6 sequential phases over an ~19-week time period
(Figure S2): (1) a 2-week screening period without treatment;
(2) a 4-week run-in period where patients were treated with
ramipril 5 mg for 1 week and 10 mg for 3 weeks, following which
patients were randomly assigned to follow either sequence A or
B; (3) a 4-week period 1, where patients in sequence A were
treated with empagliflozin 256 mg QD combined with ramipril 10
mg QD and patients in sequence B were treated with placebo
combined with ramipril 10 mg QD; (4) a 4-week washout period
where patients were only treated with ramipril 10 mg QD; ®)a
4-week period 2, where patients in sequence A were treated
with placebo and ramipril 10 mg QD and patients in sequence B
were treated with empagliflozin 256 mg QD and ramipril 10 mg
QD; and (6) a 1-week posttreatment follow-up period.

At the completion of the baseline, run-in, and periods 1 and 2,
patients underwent full-day cardiorenal physiology assessments
under controlled euglycemic clamp conditions (4 to 6 mmol/L)
for ~4 hours preceding and during all investigations (Table S2).
During the clamp procedures, blood glucose was maintained at a
stable level as described previously.!” Clamped euglycemia was
maintained to reduce the background glycemic variability and the
effect hyperglycemia could have on the outcome measures. For
example, acute induction of modest hyperglycemia can induce a
hyperfiltration response,'"'® raise blood pressure, and influence
circulating neurohormonal mediators.'®'® Maintaining a physi-
ologic state of euglycemia allowed us to isolate the effects of
modulating tubuloglomerular feedback while minimizing neu-
rohormonal activation by systemic hyperglycemia. In normogly-
cemic, nondiabetic participants, the clamp procedures were not
planned as part of the physiologic studies.

Patients remained supine throughout the physiologic
assessment visits and during measurements but were allowed
to ambulate for voiding. In order to avoid hyperfiltration because
of high protein intake or effective circulating volume contraction
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and RAAS activation from sodium depletion, participants were
instructed to adhere to a moderate protein (<1.5 g/kg per day)
and high-sodium (>140 mmol/day) diet for 7 days leading up
to the 4 physiology assessment visits. Participants were also
asked to avoid alcohol and tobacco for at least 48 hours and to
fast for a minimum of 12 hours before all physiologic assess-
ment study visits. Treatment compliance was assessed on the
basis of tablet count of dispensed and returned medication and
was required to be 80% to 120% of the treatment dose.

Assessment of Renal Hemodynamic Function
After stabilization of the ambient euglycemic clamp, a third
intravenous line was used to infuse inulin and para-aminohip-
purate (PAH). First, the infusion was primed with 25% inulin
(60 mg/kg) and 20% PAH (8 mg/kg), followed by a continu-
ous infusion to maintain plasma concentrations at 20 mg/dL
and 1.5 mg/dL, respectively. After a 90-minute equilibration
period, blood samples were collected for inulin, PAH, and hema-
tocrit with additional blood being drawn 30 minutes later. GFR
and effective renal plasma flow (ERPF) were estimated under
steady-state conditions of infusing inulin and PAH, respec-
tively.'™° Mean baseline GFR and ERPF values were calcu-
lated as a mean of 2 independent clearance periods on each of
the physiology assessment visits. Filtration fraction, renal blood
flow, and renal vascular resistance (RVR) were calculated as
described in Table S3.

Assessment of Renal Sodium Handling

Tubular sodium handling was assessed using established
sodium and lithium clearance techniques?'? Patients were
instructed to take a single lithium carbonate tablet (300 mg)
at 22:00 hours (for measurement of fractional lithium excre-
tion) the night before physiologic study visits. Blood and urine
samples were collected after euglycemia was achieved during
the physiologic study visits for sodium, lithium, and creatinine
measurements. The following tubular sodium handling mea-
sures were calculated as described in Table S3:2® fractional
sodium excretion, fractional lithium excretion, absolute proximal
fluid reabsorption rate, absolute proximal Na reabsorption rate,
fractional proximal fluid reabsorption, distal Na delivery, absolute
distal Na reabsorption rate, and fractional distal Na reabsorption.

Assessment of Cardiovascular Hemodynamic

Function and Metabolic Measures

Ambulatory blood pressure monitoring (ABPM) was performed
for 24 hours before each physiologic assessment study visit.
The ABPM device was programmed to measure blood pres-
sure every 20 minutes throughout the day and night. Mean
blood pressure was analyzed during daytime, nighttime, awake
time, sleep time, and through to peak time.

Mean arterial pressure, blood pressure, and heart rate were
measured by an automated sphygmomanometer over the
right brachial artery (Dinamap sphygmomanometer; Critikon)
throughout the physiologic assessment study days.

During each physiologic assessment study day, follow-
ing the glucose clamp, right radial artery and carotid wave-
forms were recorded with a high-fidelity micromanometer and
using the validated transfer function, corresponding central
aortic pressure waveform data were generated (SPC-301,
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Millar Instruments SphygmoCor, AtCor Medical Systems Inc.).
Augmentation index, an estimate of systemic arterial stiffness,
was calculated as the difference between the second systolic
peak and inflection point, expressed as a percentage of the
central pulse pressure corrected to an average heart rate of 756
beats per minute. The aortic pulse wave velocity was measured
using the same device by sequentially recording ECG-gated
right carotid and radial artery waveforms. The average of 2 vas-
cular measurements was reported.

After completion of arterial stiffness testing, heart rate
variability testing was performed using AtCor software (AtCor
Medical Systems Inc). The average of two 10-minute segments
was recorded. Vagal tone (root mean square successive differ-
ence) and sympathetic activity (standard deviation of normal-
to-normal interval) measures were obtained at each of the 2
periods and the results were then averaged.

Noninvasive cardiac output monitoring (NICOM; Cheetah
Medical) was used to measure cardiac output, cardiac power
output index, stroke volume, total peripheral resistance, total
peripheral resistance index, and thoracic fluid content during
each of the physiologic assessment study visits. The NICOM
monitoring system is on the basis of bioreactance technology.?*
Four sensor pads were applied above and below the heart
on the chest. Each sensor pad contained an outer transmit-
ting sensor and an inner receiving sensor. The NICOM moni-
tor induced a 75-KHz AC current to the thorax by means of
the outer sensors and received the voltage through the inner
sensors. The sensors can detect a time delay or phase shift
between the induced current and the received voltage. Stroke
volume was derived on the basis of consecutive measurements
of the phase shift. NICOM measurements were performed for
10 minutes and in duplicate and the mean of the measure-
ments was reported. Weight, waist circumference, fasting
plasma glucose, and HbA1c were measured during each physi-
ologic assessment study visit.

Sample Collection and Analytical Methods for

Plasma and Urine Biochemistry Responses

During the steady-state euglycemic clamp conditions, inulin
and PAH blood samples were collected to assess renal clear-
ance measures according to standard methods.2°% In addition,
blood samples for angiotensin I, angiotensinogen, aldosterone,
plasma renin concentration, 8-hydroxydeoxyguanosine, and
8-isoprostane were collected to determine the effect of treat-
ment interventions on these measures.2°2%% At corresponding
time intervals, urine samples were collected to assess for nitric
oxide (NO), 8-hydroxydeoxyguanosine, 8-isoprostane, and
cyclic guanosine monophosphate.?® All urinary values were cor-
rected for urinary creatinine at the time of collection and were
expressed as a ratio relative to the amount of urinary creatinine
excreted at the collection time points. In the 24 hours leading
up to physiologic assessments, participants also completed a
24-hour timed urine collection, which was analyzed for volume
and glucose excretion.

Plasma renin concentrations were measured with a
sandwich chemiluminescence immunoassay kit (LIAISON;
DiaSorin SpA). For measurements of 8-hydroxydeoxyguano-
sine, a Phenomenex Strata-X-A SPE plate, an AB Sciex 5500
Triple Quad spectrometer, and AB Sciex software were used.
Aldosterone was measured using chromatography and mass
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spectrometry and enzyme-linked immunosorbent assay was
used to measure urine cyclic guanosine monophosphate, 8-iso-
porastane nitric oxide, angiotensin Il, and angiotensinogen. A
24-hour urine glucose level was assessed by standard labora-
tory methods. HbA1c was measured by high-performance lig-
uid chromatography.

Statistical Analyses

The primary end point of this study was GFR after a 4-week
treatment with empagliflozin-ramipril combination compared
with placebo-ramipril. GFR values were corrected for random-
ization atthe end of the run-in period. The sample size calculation
was powered to detect a reduction of GFR with SGLT2i-
ACEi by an additional clinically relevant 15 mL/min/1.73 m’
compared with placebo-ACEi, with an intraindividual standard
deviation of 175 mL/min/1.73 m’ With a 2-sided test with
0=0.05 and >80% power, the sample size would have been
34 patients with hyperfiltration. Because of the unexpectedly
low proportion of patients with hyperfiltration in the recruited
cohort, study recruitment was stopped before reaching the
planned sample size. Whereas the original hypothesis, related
to the primary end point, was planned to be tested on the popu-
lation with hyperfiltration as the primary analysis, this was not
possible. However, a secondary analysis, prespecified in all ver-
sions of the protocol, was conducted on the overall trial popula-
tion. This analysis was secondary in nature, but exploratory in
relation to the predefined hypothesis regarding hyperfiltration.
Secondary analyses were not part of the power or sample size
calculations.

A random-effects crossover model, which is a mixed-
effects model for repeated measures for a crossover design
using restricted maximum likelihood, was used. The model
uses a random effect for patient, fixed effects for the class
variables treatment and period, and a fixed effect for the con-
tinuous variable randomization baseline of the end point. The
model structure also gives rise to an implicit compound sym-
metry covariance structure for between-patient variance and
consequently within-patient and between-patient variance is
assumed to be independent under this model. The Kenward-
Roger approximation was used to estimate denominator
degrees of freedom and adjust standard errors. Significance
tests were on the basis of least-squares means using a
2-sided a=0.05 (2-sided 95% Cls).

RESULTS

Baseline Clinical and Anthropometric
Characteristics

During the trial, only 2 of the 30 included patients
(all with T1D) exhibited baseline hyperfiltration (GFR
>135 mL/min/1.73 m?). Thus, because of the unexpect-
edly low proportion of patients with hyperfiltration, the
study recruitment was stopped before recruitment of the
planned sample size and analysis of patients with hyper-
filtration compared with normofiltration was not pursued,
and no patients with T2D or obesity only were recruited.
The study population therefore comprised a homoge-
neous group of 30 patients with T1D (Table 1). Overall, pa-
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Table 1. Clinical Characteristics at Screening Baseline and
at Randomization Baseline After Run-In With Ramipril in
Patients With Type 1 Diabetes

Characteristics Baseline RIS (n=33) | Baseline FAS (n=30)
Male 14 (42) 13 (43.3)
Age, y 26.4+ 4.6 26.7 45
Diabetes duration, y 158+ 70 16.0+ 70
Never smoked 27 (81.8) 24 (80.0)
Baseline Run-in
csill 22 (66.7) 20 (67.0)
MDI 11 (33.3) 10 (33.0)
Insulin pump total daily | 51.2 £ 17.7 440+ 185
dose, IU
Basal, IU 31.6+14.2 31.9+13.9
Bolus, U 29.2+ 145 31.4+134
Weight, kg 76.8 + 15.8 772+ 16.6
Waist circumference, cm 933+ 123 94.0 £13.9
BMI, kg/m? 26.2+43 26.3+45
SBP, mm Hg 1128 109+9
DBP, mm Hg 71t6 68+5
HR, bpm 73+ 15 72+ 14
eGFR, mL/min/1.73 m? 120+ 16 121 £12

Values are n (%) or mean = SD. One patient was not included in the full
analysis set (FAS) because of not having a baseline glomerular filtration rate
measurement. Estimated glomerular filtration rate (eGFR) was estimated with
the Chronic Kidney Disease Epidemiology Collaboration formula. BMI indicates
body mass index; bpm, beats per minute; CSlI, continuous subcutaneous insu-
lin infusion; DBP, diastolic blood pressure; HR, heart rate; MDI, multiple daily
injection; RIS, run-in-set; and SBP, systolic blood pressure.

tients had a mean age of 26.7+4.5 years with a diabetes
duration of 16.0+7.0 years. Of the 30 included patients,
43.3% were male. This group of patients had normal mean
estimated GFR (eGFR) of 12112 mL/min/1.73 m,
normal SBP of 10949 mm Hg, DBP of 685 mm Hg,
and heart rate of 72+14 bpm. There were no patients
with albuminuria.

Effect of Empagliflozin in Combination With
Ramipril on Renal Function and Sodium
Handling

Ramipril treatment for 4 weeks during the run-in period sig-
nificantly decreased RVR (0.079£0.017 to 0.071£0.016
mm Hg/min/1.73 m?/mL; P=0.044). No other significant
changes in the renal hemodynamic or tubular sodium
handling measures were observed after ramipril treat-
ment (Table 2). The addition of empagliflozin treatment
for 4 weeks to the background of ramipril resulted in a
significantly larger decrease in GFR of 5 mL/min/1.73 m?
(run-in ramipril: 115£12; 4 weeks added empagliflozin:
110£3 mL/min/1.73 m?) compared with an increase of
3 mL/min/1.73 m? with placebo (run-in ramipril: 115%12;
4 weeks added placebo: 118+3 mL/min/1.73 m>
P=0.0061; Figure 2). There were no significant differ-
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ences observed between the addition of empagliflozin or
placebo to ramipril on other renal hemodynamic measures
reported, such as ERPF, filtration fraction, renal blood flow,
and RVR (Table 2). The decrease in absolute proximal so-
dium and absolute proximal fluid reabsorption rates was
larger when empagliflozin was added to ramipril compared
with placebo with ramipril (P=0.0056 and 0.0092, respec-
tively; Table 2). Fractional sodium and lithium excretion
was greater with addition of empagliflozin compared with
placebo (P=0.030 and 0.008, respectively). There were
no other significant differences in tubular sodium handling
measures observed between the 2 groups.

Effect of Empaglifiozin in Combination with
Ramipril on Cardiovascular Hemodynamic
Measures

Ramipril treatment for 4 weeks during the run-in period
significantly decreased SBPF, DBP, and mean arterial
pressure clinic measurements, significantly decreased
ABPM daytime and awake time measurements for
SBP and DBP, and decreased DBP during sleep time
on ABPM (Table 3). Ramipril treatment significantly de-
creased carotid augmentation index but did not affect
any of the NICOM measurements.

The addition of empagliflozin treatment for 4 weeks
to the background of ramipril resulted in additional
declines in SBP, DBP, and mean arterial pressure com-
pared with placebo (P=0.0112, 0.0032, and 0.0022,
respectively; Figure 2). The total peripheral resistance
decreased significantly with empagliflozin treatment
compared with placebo (P=0.0368). There were no
significant differences observed between the addition
of empagliflozin or placebo to ramipril on other mea-
sures of the NICOM, arterial stiffness, heart rate vari-
ability, or ABPM outcomes.

Effect of Empaglifiozin in Combination With
Ramipril on Metabolic Characteristics, Plasma,
and Urine Biochemistry

Ramipril treatment for 4 weeks during the run-in period
did not significantly change weight, waist circumference,
or fasting plasma glucose level (Table 4). The addition of
empagliflozin to ramipril decreased HbA1c by 0.4%, which
was significantly greater compared with placebo (P <
0.0001). There were no significant differences in weight,
waist circumference, or fasting plasma glucose level
changes between the empagliflozin and placebo groups.
Ramipril treatment for 4 weeks increased plasma renin
concentration (Figure 3), without significant changes to
other plasma or urine biochemistry markers. A significantly
larger increase in blood urea nitrogen and plasma renin
was observed when empagliflozin was added to ramipril
compared with placebo. A significantly larger increase
in 24-hour glucose excretion was observed with empa-
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Table 2. Sodium Handling and Kidney Hemodynamic Responses to Empagliflozin Compared With Placebo in Patients With

Type 1 Diabetes

P value placebo
Baseline (n=31), Run-in ramipril Placebo* (n=30), Empagliflozin* vs empagliflozin

Sodium handling and kidney responses mean £ SD (n=30), mean £ SD | mean £ SE (n=30), mean + SE | effect
Kidney hemodynamic function

GFR, mL/min/1.73 m? 116+ 14 116+ 12 118+3 110+3 0.0061

ERPF, mL/min/1.73 m? 650+ 116 691 + 151 680+ 18 651 £ 18 0.240

Filtration fraction 0.182 £0.029 0.173 £ 0.035 0.181 £ 0.007 0.174 £ 0.007 0.408

RBF, mL/min/1.73 m? 1049 = 196 1112 £ 229 1094 + 30 1062 = 30 0.455

RVR, mL/min/1.73 m? 0.079 £ 0.017 0.071 £ 0.016t 0.072 £+ 0.002 0.072 £ 0.002 0.975
Sodium handling

FE,. 0.009 *+ 0.006 0.010 £ 0.006 0.010 £ 0.001 0.013 £ 0.001 0.030

FE, 0.183 £ 0.101 0.198 £0.108 0.217 £ 0.036 0.324 + 0.035 0.008

Absolute proximal fluid reabsorption rate, 183.9+40.8 185.0 + 33.6 183.1 £ 9.1 161.8+ 9.1 0.0092

mL/min

Absolute proximal sodium reabsorption 252+55 25.1 £4.9 249+13 21.8+13 0.0056

rate, mmol/min

Fractional proximal fluid reabsorption rate 0.844 £ 0.135 0.859 + 0.094 0.816 £ 0.034 0.776 + 0.034 0.218

Distal sodium delivery, mmol/min 4.7 £ 41 40t 25 51+0.9 58+ 0.9 0.423

Absolute distal sodium reabsorption rate, 44+39 3.7t24 49+0.8 5.6+ 0.8 0.392

mmol/min

Fractional distal sodium reabsorption rate 0.944 + 0.024 0.760 £ 0.997 0.429 £0.149 0.785 £ 0.149 0.140

Glomerular filtration rate (GFR) was measured with inulin clearance technique. Effective renal plasma flow (ERPF) was measured with para-aminohippurate clear-
ance technique. FE ; indicates fractional lithium excretion; FE, , fractional sodium excretion; RBF, renal blood flow; and RVR, renal vascular resistance.

*Corrected for randomization after the run-in period.
1P < 0.05 versus baseline.

gliflozin compared with placebo. The increase in hemato-
crit in the SGLT2i-treated group did not reach statistical
significance. Levels of 8-isoprostane and cyclic guanosine
monophosphate decreased significantly more with empa-
gliflozin compared with placebo. There were no other
significant differences observed in the plasma or urinary
biochemistry outcomes between the treatment groups.

Adverse Events

Two serious adverse events occurred during the study,
both during the placebo treatment phase: intestinal
obstruction requiring surgery and testicular rupture at-
tributable to an unrelated sports injury. Urinary tract in-
fections occurred in 1 patient in each group (placebo,
3.3%; empagliflozin, 3.2%). A fungal infection and a
vulvovaginal mycotic infection were also reported dur-
ing empagliflozin treatment in 1 patient each (3.2%).
Ketosis (B-hydroxybutyrate >1.5 mmol/L) occurred in 6
patients (19.4%) during empagliflozin treatment and in
1 patient (38.3%) during placebo treatment. There were
no episodes of ketoacidosis during placebo or empa-
gliflozin treatment. Hypoglycemia occurred in 1 patient
(8.3%) and only during placebo treatment, but not during
empagliflozin treatment. Dizziness and thirst occurred in
2 patients (6.5%), each during empagliflozin treatment.
Hypotension was reported in 1 patient during the empa-
gliflozin treatment (3.2%). Aside from dysuriain 1 patient
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(8.2%) during empagliflozin treatment, there were no
other reported adverse events related to renal function.
The overall incidence of reported adverse effects for the
31 patients who took study drug is reported in Table b.

DISCUSSION

Combination SGLT2i-ACEi therapy in animal models of
T2D was shown to result in additive nephroprotective ef-
fects, including reductions in blood pressure, proteinuria,
glomerular injury, and renal fibrosis that were greater than
those observed with the use of either drug class alone.”
Animal data are supported by observations in dedicated
cardiovascular and renal outcome trials, where a large
proportion of patients with T2D are on a background of
RAASI In these trials, SGLT2i also exhibited significant
additive cardiorenal protection.””® The original aim of this
study was to determine whether combined blockade of
neurohormonal (RAASI) and tubular (SGLT2i) factors will
reduce hyperfiltration and lead to additive beneficial ef-
fects in patients with renal hyperfiltration versus patients
with normofiltration. The small number of recruited patients
with hyperfiltration (n=2) precluded a direct comparison
between patients with normofiltration and hyperfiltration.
Nevertheless, our findings in this mechanistic study, as re-
lated to patients with T1D and preserved kidney function,
will help to improve the understanding of the physiologic
interaction between SGLT2i and RAASI and its effect on

Circulation. 2022;146:450-462. DOI: 10.1161/CIRCULATIONAHA.122.069150
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Figure 2. Changes in glomerular filtration rate, absolute proximal fluid reabsorption rate, absolute proximal sodium
reabsorption rate, systolic blood pressure, diastolic blood pressure, and total peripheral resistance during screening
subtracted from randomization and placebo subtracted from empagliflozin in patients with type 1 diabetes at baseline and in
response to ramipril treatment after addition of empagliflozin or placebo.

Changes in (A) glomerular filtration rate (GFR), (B) absolute proximal fluid reabsorption rate, (C) absolute proximal sodium reabsorption rate, (D)
systolic blood pressure (SYSBP), (E) diastolic blood pressure (DIABP), and (F) total peripheral resistance (TPR) during screening subtracted from
randomization and placebo subtracted from empagliflozin in patients with type 1 diabetes at baseline and in response to ramipril treatment after

addition of empagliflozin or placebo.

cardiorenal function. SGLT2i therapies are not approved
for clinical use in patients with T1D in most countries. The
totality of data generated in our cohort of uncomplicated
patients with T1D serves as a mechanistic model without
confounding comorbidities to help clarify the early renal
and cardiovascular changes in diabetes or obesity and help
guide research to address pathophysiologic dysregulations
and treatment modalities in this context.

Our first major observation was that GFR decreased
modestly with the addition of empagliflozin to ramipril treat-
ment in our cohort of patients with T1D under euglyce-
mic clamp conditions. Whereas pretreatment with ramipril
alone decreased RVR, adding empagliflozin did not result
in further RVR changes, suggesting that SGLT2i may act
by mechanisms other than increasing afferent renal arte-
riole resistance in patients without hyperfiltration. SGLT2i
blocks sodium reabsorption at the proximal tubule, as was
evident with the decreased absolute proximal sodium and
fluid reabsorption rate and increased fractional sodium
and lithium excretion, which was not observed with
RAASI. Therefore, our data uniquely identify that SGLT2i
and RAASI target separate pathologic mechanisms in the
kidney and may be used in combination for a synergistic
effect on renal hemodynamic function.

Our findings also have important safety implications. In
patients with normal GFR, kidney function was maintained

Circulation. 2022;146:450-462. DOI: 10.1161/CIRCULATIONAHA.122.069150

with SGLT2i when combined with RAASI. In our previous
study, GFR was reduced with SGLT2i only in patients with
T1D and hyperfiltration, but not in those with normofil-
tration.?” Our findings are further supported by the RED
study in 44 patients with T2D and preserved kidney func-
tion treated with SGLT2i on the background of RAASI.?®
Similar to our observations, SGLT2i treatment in the RED
cohort resulted in a decrease in GFR without significant
changes to renal blood flow or RVR, suggesting a lack
of effect on preglomerular factors. Therefore, whereas
the effect of SGLT2i on afferent renal tone is evident in
hyperfiltration, the mechanisms of SGLT2i in people with
longer duration of diabetes and normofiltration may dif-
fer. In the RED study, the release of prostaglandins with
SGLT2i was hypothesized to vasodilate the efferent renal
arteriole in the context of afferent renal arteriole vasocon-
striction, thereby leading to overall maintenance of kidney
perfusion. Balanced preglomerular and postglomerular
factors might also explain why SGLT2i do not induce
acute kidney injury in large T2D trials, but instead induce
their effects by a dose-dependent mechanistic eGFR dip
as a result of renal hemodynamic changes over a wide
range of GFR values, followed by a greater preservation
of renal function over time.®>=3' Even though the mecha-
nism responsible for changes in GFR may differ in people
with hyperfiltration compared with those without hyper-
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Table 3. Cardiovascular Hemodynamic Responses to Empagliflozin Compared With Placebo in Patients With Type 1 Diabetes

é Run-in ramipril Empagliflozin P value placebo
5 Baseline (n=31), (n=30), mean Placebo (n=30); (n=30); mean versus empa-
& Cardiovascular hemodynamic responses mean = SD +SD mean + SE + SE gliflozin effect
; Blood pressure
= HR, bpm 73+ 15 72+ 14 76 =1 73 £1 0.130
§ SBP, mm Hg 112+12 108 £ 11+ 109+ 1 106+ 1 0.0112
DBP, mm Hg 69+8 66 £ 7t 67 £ 1 64 +1 0.0032
MAP, mm Hg 83+9 80 t 8t 81 +1 77 £1 0.0022
Vascular measures of arterial stiffness
Radial augmentation index, % —49.6 £ 17.0 —52.9+18.2 —525+25 —548+25 0.463
Aortic augmentation index, % —0.1 £10.6 —28+11.7 —3.2+1.2 —-3.8*1.2 0.697
Carotid augmentation index, % 56+ 12.1 —0.5 + 14.5% —0.6+1.7 —25+1.7 0.210
Carotid radial pulse wave velocity, m/s 7.7%+1.2 75%£1.2 7.7+%0.2 7.3+£0.2 0.100
Carotid femoral pulse wave velocity, m/s 59+1.1 57+£1.0 56 0.1 5.6 £ 0.1 0.805
Heart rate variability
RMSSD, ms 48.9 £ 30.0 472+ 28.2 479+ 3.3 53.0+3.3 0.226
SDNN, ms 68.0 + 28.1 66.3 £ 29.9 68.0+ 3.8 68.1 £ 3.8 0.976
Ambulatory blood pressure measurements
Daytime SBP, mm Hg 125+ 11 120 £ 10t 121 1 119+1 0.153
Daytime DBP daytime, mm Hg 76 £7 73+ 7t 74 £1 73 %1 0.333
Daytime HR, bpm 80 + 11 78 £ 10 811 81 +1 0.885
Nighttime SBP, mm Hg 111+£10 111£9 110+ 1 109 £1 0.442
Nighttime DBP, mm Hg 63+7 62+ 7 63+t 1 61+ 1 0.230
Nighttime HR, bpm 69+ 10 67t 9 69 1 69+ 1 0.738
Awake time SBP, mm Hg 124+ 10 121 £ 10t 121 £1 119 1 0.204
Awake time DBP, mm Hg 76+ 7 72+ 7t 74 £1 73+ 1 0.426
Awake time HR, bpm 80 % 11 78 £10 81 %1 80 %1 0.789
Sleep time SBP, mm Hg 110+ 12 108+ 10 107 £ 1 107 £ 1 0.743
Sleep time DBP, mm Hg 61+8 59+ 7t 60 %1 60 %1 0.910
Sleep time HR, bpm 68 + 11 65+ 9 67 1 67 1 0.982
Trough to peak ratio SBP, mm Hg 0.619 £ 0.052 0.630 + 0.062 0.634 +£0.012 0.638 £0.012 0.793
Trough to peak ratio DBP, mm Hg 0.481 + 0.082 0.493 + 0.088 0.502 +0.016 0.488 +0.016 0.496
Trough to peak ratio HR, bpm 0.479 + 0.095 0.488 + 0.076 0.454 £ 0.016 0.490 £ 0.016 0.119
NICOM
Cardiac output, L/min 79+1.8 79+1.7 7.4+ 0.2 7.7+0.2 0.270
Cardiac index, L:-min-m? 4.2%0.7 4.2%0.7 4.0x0.1 41%0.1 0.240
SV, mL/beat 114.1 £29.9 120.0 + 30.6 111.4+ 3.9 119.4+ 38 0.0782
SWV, % 71 +3.9 63125 73+0.5 6.6+ 05 0.347
SVI, mL-m*beat 626+ 124 63.4+ 133 59.3+ 2.0 63.7 £ 2.0 0.0761
TPR, dynes-s-cm® 877.9 £ 208.3 867.5 + 277.2 929.4 £+ 38.1 834.9 £ 375 0.0368
TPRI, dynes-s-cm®m? 1641.2 + 365.4 1619.1 £ 498.9 1741.1 £73.5 1549.8 + 72.4 0.0304
CPO, mm Hg:L'min 1.5+04 14+04 1.4+0.1 1.4 £0.1 0.976
CPOI 0.794 £ 0.191 0.753 £0.174 0.723 £ 0.028 0.710 £ 0.028 0.637
TFC, 1/kQ2 42.0+9.2 40.2+19.6 418+1.8 409+ 1.7 0.663

bpm indicates beats per minute; CPO, cardiac power output; CPOI, cardiac power output index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial
pressure; NICOM, noninvasive cardiac output monitoring; RMSSD, root mean square successive difference; SBP, systolic blood pressure; SDNN, standard deviation
of normal-to-normal interval; SV, stroke volume; SVI, stroke volume index; SVV, stroke volume variation; TFC, thoracic fluid content; TPR, total peripheral resistance;
and TPRI, total peripheral resistance index.

*Corrected for randomization after the run-in period.

1P < 0.05 versus baseline.
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Table 4. Metabolic Characteristics and Plasma and Urine Biochemistry Responses to Empagliflozin Compared With Placebo

in Patients With Type 1 Diabetes

Run-in ramipril Empagliflozin* P value pla-
Metabolic characteristics and plasma and urine Baseline (n=31), | (n=30), mean Placebo* (n=30), | (n=30), mean cebo vs empa-
biochemistry responses mean = SD +SD mean = SE + SE gliflozin effect
Metabolic characteristics
Weight, kg 774 £16.0 773 £16.4 76.7 £ 0.4 76.7 £ 0.4 0.998
Waist circumference, cm 93.6 £ 12.6 93.9+13.7 93.56 +0.7 92.9+0.7 0.360
Fasting plasma glucose, mmol/L 9.0+ 3.0 8.4+3.2 8.3+ 0.6 6.9+ 0.6 0.111
HbA1c, % NA 8.1+0.7 8.4+0.1 7.8 £ 0.1 <0.0001
Plasma biochemistry
Hematocrit, % 375+3.8 372+ 4.2 37.3+04 38.0+0.4 0.0650
Blood urea nitrogen, mmol/L 42+15 43t15 4310.2 50%+0.2 0.0037
Angiotensin Il, pg/mL 23.0+15.2 29.4 +23.6 27.0+5.5 32.1+54 0.518
Angiotensinogen, pg/L 17938 + 12836 18122+ 10884 16784 * 1007 16561 = 1007 0.861
Aldosterone, pmol/L 59 + 34 78 + 75 66 + 26 146 £ 26 0.0406
Plasma renin concentration, mlU/L 105+9.0 21.2+19.7t 241 t44 35.2+4.4 0.0363
8-hydroxydeoxyguanosine, nmol/L 0.051 £0.014 0.055 + 0.027 0.051 = 0.004 0.057 + 0.005 0.293
8-isoprostane, ng/L 148+ 4.9 147+ 48 16.1 £ 1.1 156.1+1.0 0.501
Urine biochemistry
24-hour urine volume, mL 1843 + 772 2035 + 886 1821 + 138 2122 +138 0.104
24-hour glucose excretion, g/d 166.9 £ 216.7 161.1 £ 1915 232.7 £52.6 754.8 £ 55.1 <0.0001
Nitric oxide, pmol/mmol Cr 122 +58 189 + 146 181 £ 21 170 + 20 0.679
8-hydroxydeoxyguanosine, nmol-L-mmol Cr 28+15 5043 4.5 0.6 3.6+0.6 0.303
8-isoprostane, ng/mmol Cr 267 £ 173 324 + 185 424 + 42 230 + 40 0.0084
Cyclic guanosine monophosphate, nmol/mmol Cr 118 £ 87 171 £123 188+ 17 107 £ 18 0.0049

HbA1c¢ indicates glycated hemoglobin.
*Corrected for randomization after the run-in period.
1P < 0.05 versus baseline.

filtration, the acute hemodynamic change in GFR—likely
reflective of reduced glomerular pressure—is consistent
across T1D, T2D, and nondiabetic chronic kidney dis-
ease.®32 On the basis of our current findings, this GFR
dip also occurs in people with T1D who are already taking
a standard of care RAAS..

Whereas the mechanisms responsible for GFR reduc-

tion with SGLT2i remain incompletely understood, a sig-
nificant decrease in urinary 8-isoprostane was observed
when empagliflozin was added to ramipril treatment, sug-
gesting a decrease in renal oxidative stress. Combination
treatment also significantly decreased cyclic guanosine
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Figure 3. Changes in plasma renin concentration, urine 8-isoprostane, and urine cyclic guanosine monophosphate during
screening subtracted from randomization and placebo subtracted from empagliflozin in patients with type 1 diabetes at
baseline and in response to ramipril treatment after addition of empagliflozin or placebo.

Changes in (A) plasma renin concentration, (B) urine 8-isoprostane, and (C) urine cyclic guanosine monophosphate during screening subtracted
from randomization and placebo subtracted from empagliflozin in patients with type 1 diabetes at baseline and in response to ramipril treatment

after addition of empagliflozin or placebo.
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Table 5. Adverse Events in Patients With Type 1 Diabetes

During the Study Period

Condition Placebo, n (%) | Empagliflozin, n (%)
Infections

Nasopharyngitis 7 (23.3) 0 (0.0)

Eye infection 1(3.3) 0 (0.0)

Gastroenteritis viral 1(3.3) 0 (0.0)

Urinary tract infection 1 (3.3)* 1(3.2)*

Fungal infection 0 (0.0) 1(3.2)*

Influenza 0 (0.0) 1(3.2)

Pharyngitis streptococcal 0 (0.0) 1(3.2)

Vulvovaginal mycotic infection | 0 (0.0) 1(3.2)*
Metabolism and nutrition

Ketosis 1(3.3) 6 (19.4)*

Hypoglycemia 1(3.3)* 0 (0.0)
Nervous system disorders

Headache 3 (10.0) 3(9.7)

Dizziness 1(8.3)* 2 (6.5)*

Migraine 1(38.3) 0 (0.0)
General disorders and administration site conditions

Fatigue 0 (0.0) 3(9.7)

Thirst 0 (0.0) 2 (6.5)*

Asthenia 0 (0.0) 1(3.2)

Chest discomfort 0 (0.0) 1(3.2)
Respiratory, thoracic, and mediastinal disorders

Cough 3 (10.0) 0 (0.0)

Oropharyngeal pain 1(3.3) 1(3.2)
Gastrointestinal disorders

Abdominal pain 1(3.3) 0 (0.0)

Intestinal obstruction 1(3.3)t 0 (0.0)

Abdominal pain lower 0 (0.0) 1(3.2)

Dental caries 0 (0.0) 1(3.2)
Injury and procedural complications

Contusion 1(3.3) 0 (0.0)

Procedural pain 1(3.3) 0 (0.0)

Testicular rupture 1(8.3)t 0 (0.0)
Psychiatric disorders

Anxiety 0(0.0) 1(3.2)

Depression 0 (0.0) 1(3.2)
Vascular disorders

Hypotension ‘ 0 (0.0) ‘ 1(3.2)*
Renal and urinary disorders

Dysuria ‘ 0 (0.0) ‘ 1(3.2)
Cardiac disorders

Cardiac flutter ‘ 0 (0.0) ‘ 1(3.2)
Immune system disorders

Hypersensitivity ‘ 0 (0.0) ‘ 1(3.2)
Musculoskeletal and connective tissue disorders

Pain in extremity ‘ 0 (0.0) ‘ 1(3.2)
Reproductive system and breast disorders

Dysmenorrhea ‘ 1(3.3) ‘ 0 (0.0)

Frequency of adverse events is calculated using total number of patients per

treatment in the treated set of patients.
*Drug-related adverse events as judged by the investigator.

tSerious adverse events.
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monophosphate, the downstream signaling molecule of
NO, a neurohormonal factor that contributes to preglo-
merular vasoconstriction. Animal models suggest that
NO is released during tubuloglomerular feedback acti-
vation, contributing to a decrease in vasoconstriction®334
and therefore pharmacologic inhibition of NO synthase in
humans reduces GFR by a modest 10 to 12 mL/min/1.73
m='7%53¢ |n patients with uncomplicated T1D treated with
only empagliflozin, however, there were no significant
changes to NO.?° A physiologic interaction between intra-
renal RAAS and NO bioactivity may affect the effects of
combination treatment observed in our cohort. For exam-
ple, intrarenal RAAS activation inhibits neuronal NO syn-
thase leading to exaggerated vasoconstriction mediated
by tubuloglomerular feedback.®” Given that we did not
observe an obvious effect on tubuloglomerular feedback
or RVR, the relationship between NO bioactivity, oxidative
stress, and the acute decrease in GFR when SGLT2i is
added to RAASI merits further investigation.

Our second major observation was the additive reduc-
tions in SBP and DBP during clinic visits when empa-
gliflozin was combined with ramipril, which is consistent
with previous trials in patients with T2D.38%9 The reduc-
tion in blood pressure during the clinic visits was accom-
panied by a significant increase in blood urea nitrogen
and a numerical nonsignificant increase in hematocrit.
These changes are likely to reflect a mild hemoconcentra-
tion effect because these changes in clinical markers of
hemoconcentration are most closely linked with plasma
volume contraction rather than increased hematopoiesis.“°
Furthermore, in our study cohort, aldosterone levels nearly
doubled and an increase in plasma renin concentration
was observed when SGLT2i was added to ACEi treat-
ment. A rise in circulating RAAS mediators may be of par-
ticular importance in patients concomitantly treated with
RAASI and may reflect both pharmacologic RAAS block-
ade and plasma volume contraction. It is less clear, how-
ever, whether a decrease in plasma volume contributed to
blood pressure lowering because no changes to weight
or thoracic fluid content were observed. Results of the
DAPASALT ftrial in patients with type 2 diabetes with pre-
served kidney function showed that SGLT2i treatment for
2 weeks with dapagliflozin reduced blood pressure with-
out affecting natriuresis or volume status.*' In our cohort
of patients, the blood pressure lowering with the addition
of empagliflozin to ramipril may have been related to an
observed decline in total peripheral resistance.

In this study, treatment with ramipril alone decreased
carotid augmentation index, and the addition of empagliflozin
did not lead to a further reduction in arterial stiffness mea-
surements. This finding contrasts with the decrease in arte-
rial stiffness observed when patients with uncomplicated
T1D are treated with an SGLT2i alone.*? Therefore, there
may be a limitation to the decrease in arterial stiffness in
patients with uncomplicated T1D, and once pretreated with
RAASI, no further effect on stiffness may be anticipated.

Circulation. 2022;146:450-462. DOI: 10.1161/CIRCULATIONAHA.122.069150
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Empagliflozin was generally well tolerated in this short-
duration and well-controlled mechanistic trial, aside from
2 serious adverse events that occurred during placebo
treatment and were deemed unrelated to therapy. Keto-
sis was reported in 6 patients with T1D during SGLT2i
treatment without any incidents of diabetic ketoacidosis;
this observation emphasizes the need for careful moni-
toring of ketosis and adequate diabetic ketoacidosis risk
mitigation when patients with T1D are given an SGLT2i
in context of well-controlled experimental settings.

The main limitation of our study is the lack of patients with
hyperfiltration, whom we hypothesized would benefit most
hemodynamically when SGLT2i was added to ACEi treat-
ment. Although we observed a lowering of GFR, it is likely
that this effect would have been even greater in patients
with higher baseline GFR especially in the hyperfiltration
range. The low incidence of hyperfiltration may be a result of
improved glycemic control in clinical practice, although the
mean baseline HbA1c of 8.1% was suboptimal. Moreover,
our measurements were conducted under clamped eugly-
cemia, which decreases the chance of exhibiting elevated
GFR levels. Future work may instead focus on the effect of
adding SGLT2i to ACEi treatment on hyperfiltration induced
by hyperglycemia, which could more actively reflect ambi-
ent glycemic conditions in clinical practice, characterized by
periodic hyperglycemia. We were also unable to examine the
effect of adding SGLT2i to ACEi treatment on albuminuria
because of the low burden of kidney disease; albuminuria
was absent at baseline in the majority of patients. Although
we recognize the limitations imposed by the small sample
size, we minimized the potential effect of the small sample
size by using a prestudy preparation phase to control for
factors influencing our physiologic measurements, such as
dietary sodium intake. Variability was also decreased by the
crossover study design, in which each participant acted as
his or her own control.

We have demonstrated mechanistically that adding
SGLT2i to ACEi treatment is associated with a signifi-
cant kidney hemodynamic effect characterized by a mod-
est decrease in GFR that was not observed when adding
placebo to ACEi. Adding SGLT2i to ACEi also led to an
additive blood pressure—lowering effect, which may be
mediated in part by a decline in total peripheral resis-
tance. Our results are supportive of a cardiorenal pro-
tective physiologic mechanism for use of SGLT2i when
added to ACEi to lower intraglomerular pressure and
reduce cardiorenal risks in people with diabetes.
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