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ORIGINAL INVESTIGATION

Renal hemodynamic effects differ 
between antidiabetic combination strategies: 
randomized controlled clinical trial comparing 
empagliflozin/linagliptin with metformin/
insulin glargine
Christian Ott1,2, Susanne Jung1,3, Manuel Korn1, Dennis Kannenkeril1, Agnes Bosch1, Julie Kolwelter1,3, 
Kristina Striepe1, Peter Bramlage4, Mario Schiffer1 and Roland E. Schmieder1*   

Abstract 

Background:  Type 2 diabetes causes cardio-renal complications and is treated with different combination therapies. 
The renal hemodynamics profile of such combination therapies has not been evaluated in detail.

Methods:  Patients (N = 97) with type 2 diabetes were randomized to receive either empagliflozin and linagliptin 
(E+L group) or metformin and insulin glargine (M+I group) for 3 months. Renal hemodynamics were assessed with 
para-aminohippuric acid and inulin for renal plasma flow (RPF) and glomerular filtration rate (GFR). Intraglomerular 
hemodynamics were calculated according the Gomez´ model.

Results:  Treatment with E+L reduced GFR (p = 0.003), but RPF remained unchanged (p = 0.536). In contrast, M+I 
not only reduced GFR (p = 0.001), but also resulted in a significant reduction of RPF (p < 0.001). Renal vascular resist-
ance (RVR) decreased with E+L treatment (p = 0.001) but increased with M+I treatment (p = 0.001). The changes in 
RPF and RVR were different between the two groups (both padjust < 0.001). Analysis of intraglomerular hemodynamics 
revealed that E+L did not change resistance of afferent arteriole (RA) (p = 0.116), but diminished resistance of effer-
ent arterioles (RE) (p = 0.001). In M+I group RA was increased (p = 0.006) and RE remained unchanged (p = 0.538). The 
effects on RA (padjust < 0.05) and on RE (padjust < 0.05) differed between the groups.

Conclusions:  In patients with type 2 diabetes and preserved renal function treatment with M+I resulted in reduc-
tion of renal perfusion and increase in vascular resistance, in contrast to treatment with E+I that preserved renal 
perfusion and reduced vascular resistance. Moreover, different underlying effects on the resistance vessels have been 
estimated according to the Gomez model, with M+I increasing RA and E+L predominantly decreasing RE, which is in 
contrast to the proposed sodium-glucose cotransporter 2 inhibitor effects.

Trial registration: The study was registered at www.​clini​caltr​ials.​gov (NCT02752113) on April 26, 2016
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Background
Worldwide prevalence of type 2 diabetes is increasing 
[1]. Combination of metformin and insulin is considered 
a valid and well established combination therapy in type 
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2 diabetes [2]. However, according to the updated Posi-
tion Statement of the American Diabetes Association and 
European Association for the Study of Diabetes, dual and 
even triple oral antidiabetic combination therapy is rec-
ommended [3]. Among the goals of treatment for type 2 
diabetes is the delay of cardiovascular and renal compli-
cations, including heart failure, one of the most common 
and serious complications experienced by about 20–40% 
of patients with diabetes [4]. There exists an intricate 
relationship between cardiac and renal function, leading 
to a vicious and selfperpetuating cycle of diabetes, heart 
failure and renal insufficiency.

For several decades, after the introduction of renin-
angiotensin system (RAS)-blockers [5, 6], no other reno-
protective treatment strategy has emerged that exerted, 
in addition to its cardioprotective effects, renoprotective 
effects beyond blood glucose and blood pressure control. 
In 2015, the EMPA-REG OUTCOME trial has triggered 
great enthusiasm. In patients with type 2 diabetes treated 
with the sodium-glucose cotransporter 2 (SGLT2) inhibi-
tor empagliflozin, cardiovascular outcome and death as 
well as hospitalization for heart failure decreased [7] and 
the progression of kidney disease (as defined by incident 
or worsening of nephropathy) was attenuated [8].

Previously, several meta-analyses showed beneficial 
effects of SGLT2 inhibition in type 2 diabetes over a 
spectrum of cardiovascular and renal risk [9–11].

Noteworthy, in patients treated with empagliflozin an 
initial drop in estimated glomerular filtration rate (eGFR) 
occurred, followed by a stabilization of eGFR decline 
compared to placebo during long-term treatment [8].

The initial decline in eGFR likely reflects attenuation 
of single-nephron hyperfiltration, which is associated 
with subsequent long-term renal function preservation 
[12]. Indeed, data from experimental rodent models [13] 
and from patients with type 1 diabetes and hyperfiltra-
tion [14] support this view. However, corresponding data 
in type 2 diabetes, which represent 90% of patients with 
diabetic nephropathy, were not available for a long time 
and remain scare [15]. Likewise, little is known on the 
renal and intraglomerular hemodynamic effects of insu-
lin. Again, the nephroprotective effects of glucose lower-
ing therapy with insulin therapy has been shown only in 
type 1 diabetes [16]. The precise nephroprotective mech-
anisms remain unclear. In addition, in type 2 diabetes 
no effect was found on secondary outcomes (e.g. insulin 
regimens did not affect renal failure or doubling of serum 
creatinine level), compared to placebo or diet alone [17].

The primary goal of the current study was to assess 
renal and vascular changes in type 2 diabetes. Findings on 
vascular structure and function have been published [18]. 
Here we report the results of the primary renal objec-
tives, namely the renal (GFR, renal plasma flow [RPF] 

filtration fraction [FF], renal blood flow [RBF] and renal 
vascular resistance [RVR]) and glomerular hemodynamic 
effects (intraglomerular pressure [Pglom] and resistances 
of the afferent [RA] and efferent [RE] arterioles) of two 
antidiabetic combination strategies, an oral combination 
of empagliflozin with linagliptin and the combination of 
metformin with insulin glargine in patients with type 2 
diabetes.

Methods
Study design
This prospective, randomized, controlled, parallel-arm, 
interventional, open-label, single center study was con-
ducted between April 2016 and November 2018. Par-
ticipants were recruited from referring physicians and 
by advertisements in local newspapers in the area of 
Erlangen-Nürnberg, Germany. Eligible subjects were 
enrolled consecutively and written informed consent was 
obtained prior to study inclusion.

Patients entered a run-in phase of 4 weeks if already on 
stable metformin medication (either 850 mg or 1000 mg 
bid) for at least 2  months. Patients on two antidiabetic 
drugs (any kind was accepted), on monotherapy other 
than metformin or on oral metformin 500  mg bid only 
rolled over to monotherapy with metformin 850  mg or 
1000 mg bid for 3 months, depending on glycated hemo-
globin (HbA1c).

After 3  months on metformin monotherapy, baseline 
assessments of renal and glomerular hemodynamics were 
performed and immediately thereafter patients were 
consecutively randomized (1:1) either to empagliflozin/
linagliptin (E+L) or metformin/insulin glargine (M+I) 
combination therapy according to a randomization list 
provided by the sponsor.

Patients allocated to the E+L group stopped their met-
formin medication and received empagliflozin 10 mg and 
linagliptin 5  mg orally once daily. After 14  days empa-
gliflozin was up-titrated to 25 mg (once daily), if fasting 
blood glucose was ≥ 100  mg/dl and no hypoglycemic 
symptoms were recognized.

Patients randomized to the M+I group were main-
tained on their metformin dosage (850 or 1000 mg orally 
bid) and insulin glargine once daily subcutaneous was 
added. Initially 2–4 U insulin glargine daily (depending 
on body weight) was given, and adjusted every third day 
(telephone counseling) by adding 2 U if fasting blood glu-
cose was not ≤ 125 mg/dl.

The study protocol was approved by the Local Ethics 
Committee (University of Erlangen-Nürnberg, Germany) 
and the study was conducted in accordance with the 
Declaration of Helsinki and the principles of “good clini-
cal practice” guidelines. The study was registered at www.​
clini​caltr​ials.​gov (NCT02752113).

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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The financial supporter Boehringer-Ingelheim did not 
contribute to study conduction, data collection and inter-
pretation of the data.

Study population
Inclusion criteria were male and female patients with 
type 2 diabetes aged between 18 and 75  years, HbA1c 
had to be either ≥ 6.5% (48 mmol/mol) for those on anti-
diabetic monotherapy or ≥ 6.0% (42 mmol/mol) for those 
being on dual antidiabetic therapy. Main exclusion crite-
ria were use of insulin, glitazones, dipeptidyl peptidase 
(DPP)-4 inhibitor or SGLT2 inhibitor within the past 
2 months prior randomization. Furthermore, use of loop 
diuretics was not allowed. Patients with HbA1c > 10.5% 
(91  mmol/mol) or fasting plasma glucose > 240  mg/dl, 
urinary albumin to creatinine ratio (UACR) > 300  mg/g 
creatinine, eGFR < 60  ml/min/1.73  m2, and cardio- and 
cerebrovascular event within the previous 6 months were 
excluded. Female patients had to have a negative preg-
nancy test before and during the study period.

Determination of renal hemodynamics
Renal hemodynamics were determined using the con-
stant-infusion input-clearance technique with inulin 
(Inutest, Fresenius, Linz, Austria) and sodium p-ami-
nohippurate (PAH) (Daiichi Sankyo, Tokyo, Japan) for 
GFR and RPF, respectively, (www.​crc-​erlan​gen.​de) [19, 
20]. Briefly, after bolus infusion of inulin and PAH over 
15 min and a subsequent constant infusion over 105 min, 
a steady state between input and renal excretion of the 
tracer substances is reached. Two blood samples (5 min 
apart) were collected for the assessment of RPF and GFR 
at the end of the infusion period [21]. PAH was measured 
according to previously described methods [22]. Inulin 
was measured indirectly by converting inulin to fructose 
and subsequently measuring fructose by an enzymatic 
method (Boehringer Mannheim, Mannheim, Germany). 
Each blood sample was measured in duplicate with a 
coefficient variation of < 5%.

After an official warning due to anaphylactic reactions 
observed during constant-infusion input-clearance exam-
ination with inulin in France, we immediately stopped 
the application of inulin in our lab (03/2018). As a conse-
quence, we have GFR determined by inulin at baseline as 
well as after 12 weeks of treatment in only 34 patients of 
E+L and 31 patients of M+I group, respectively.

FF was calculated as GFR/RPF, RBF as RPF/(1 − haem-
atocrit) and RVR by dividing mean arterial pressure 
(MAP) with RBF.

Calculation of intraglomerular hemodynamics
Based on the model originally established by Gomez [23], 
discussed by Guidi et  al. [24] and repeatedly applied in 

previous studies [25–27], calculation of Pglom and RA and 
RE were performed.

Statistical analyses
Normal distribution of data was confirmed by Kolmog-
orov–Smirnov tests before further analysis. Normally 
distributed data were compared by paired and unpaired 
student t-tests and are expressed as mean ± standard 
deviation in text and tables and mean ± standard error of 
the mean in figures. Since fasting plasma glucose as well 
as HbA1c was significantly different between treatment 
arms (E+L vs. M+I), analysis of covariance with HbA1c 
(padjust) was applied taken this finding (related to the mul-
tiple adjustment of insulin glargine dosage, see above) 
into account. Two-tailed values of p < 0.05 were consid-
ered statistically significant. Statistical analyses were per-
formed using IBM SPSS Statistics for Windows, Version 
21.0 (IBM Corp., Armonk, NY, USA).

Results
Baseline clinical characteristics of study population 
(N = 51 in E+L group and N = 46 in M+I group, respec-
tively) are presented in Table 1.

Glycemic parameters like fasting plasma glucose 
(E+L: 157.3 ± 29.5 vs. 136.4 ± 23.8  mg/dl, p < 0.001; 
M+I: 164.0 ± 34.5 vs. 122.0 ± 20.0  mg/dl, p < 0.001) 
and HbA1c (E+L: 7.7 ± 0.7 (61 ± 7.7) vs. 7.3 ± 0.8% 
(56 ± 8.7  mmol/mol), p < 0.001; M+I: 7.8 ± 0.8 (62 ± 8.7) 
vs. 7.0 ± 0.7% (53 ± 7.7  mmol/mol), p < 0.001) were sig-
nificantly reduced after 12  weeks in both treatment 
groups, but to a greater extent with M+I compared to 
E+L treatment (e.g. HbA1c − 0.8 ± 0.57 (− 8.7 ± 6.2) 
vs. − 0.4 ± 0.7% (− 4.4 ± 7.7  mmol/mol), p = 0.001). In 
contrast, only E+L treatment resulted in a reduction 
of weight (89.8 ± 14.4 vs. 87.3 ± 13.5  kg, p < 0.001) and 
body mass index (BMI) (30.2 ± 3.5. vs. 29.4 ± 3.2 kg/m2, 
p < 0.001), both being unchanged in M+I group (weight: 
93.8 ± 16.1 vs. 94.1 ± 16.2  kg, p = 0.234; BMI: 31.4 ± 3.9 
vs. 31.5 ± 3.9  kg/m2, p = 0.257), resulting in a signifi-
cant difference in favour for the E+L treatment (weight: 
− 2.5 ± 2.5 vs. 0.3 ± 1.6 kg, padjust < 0.001; BMI: − 0.8 ± 0.8 
vs. 0.1 ± 0.5 kg/m2, padjust < 0.001) after 12 weeks between 
the groups.

Compared to baseline, hematocrit increased signifi-
cantly in E+L group (41.1 ± 3.1 vs. 44.5 ± 3.3%, p < 0.001), 
whereas hematocrit remained unchanged in M+I group 
(41.3 ± 2.9 vs. 41.8 ± 3.6%, p = 0.109), resulting in a sig-
nificant difference between the groups (padjust < 0.001). 
There was a significant increase in total protein in E+L 
group (6.29 ± 3.7  vs. 6.48 ± 3.3  g/dl, p < 0.001), whereas 
no change was observed in M+I group (6.34 ± 3.4  vs. 

http://www.crc-erlangen.de
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6.38 ± 3.8 g/dl, p = 0.229), leading to a significant differ-
ence between treatment group (padjust = 0.019).

In comparison to baseline, there was a signifi-
cant reduction of MAP only in E+L group (93.4 ± 8.6 
vs. 90.3 ± 8.0  mmHg, p = 0.009), whereas MAP 
remained unchanged in M+I group (92.5 ± 7.2 vs. 
93.4 ± 6.8 mmHg, p = 0.264), resulting in a significant dif-
ference after 12 weeks of treatment between the groups 
(padjust = 0.021).

Renal hemodynamics
Compared to baseline, RPF remained unchanged 
whereas RBF (p = 0.021) increased after 12 weeks of E+L 
treatment. Measured GFR (p = 0.003) was reduced after 
12  weeks of treatment with E+L treatment, whereas 
FF was maintained (p = 0.151). Treatment with E + L 
effected a lower RVR (p = 0.001) after 12 weeks.

Combination therapy with M+I lead to a reduction of 
RPF (p < 0.001) and RBF (p = 0.002) compared to baseline. 
Measured GFR (p = 0.001) was reduced after 12 weeks of 
M+I treatment compared to baseline and FF was main-
tained (p = 0.337). Of note, we observed an increment of 
RVR (p = 0.001) compared to baseline values in the M+I 
group after 12 weeks (Table 2, Fig. 1).

A comparison of the two combination therapies dis-
closed a different renal hemodynamic pattern treatment: 
E+L treatment maintained RPF and RBF, whereas M+I 
treatment effected a reduction in RPF (padjust = 0.041) 
and RBF (padjust < 0.001). Similar changes on GFR and FF 
were observed in both treatment groups. After 12 weeks 
of treatment, RVR was decreased after E+L treatment 
and increased in M+I group, resulting in a significant 
difference between both treatment arms (padjust < 0.001) 
(Table 2, Fig. 1).

Table 1  Baseline clinical characteristics of study population

Data are means ± SD or n (%)

RAS: renin-angiotensin system; BP: blood pressure

Parameter E+L group M+I group p-value

Age (years) 59.9 ± 9.8 60.7 ± 8.9 0.648

Diabetes duration (years) 7.2 ± 5.6 9.0 ± 5.3 0.092

RAS-blockade (−) 26 (51.0%) 27 (58.7%) 0.297

Weight (kg) 90.2 ± 14 93.1 ± 17 0.348

BMI (kg/m2) 30.4 ± 3.6 31.3 ± 3.9 0.222

Fasting plasma glucose (mg/dl) 156.2 ± 29 164.7 ± 34 0.240

HbA1c (%/mmol/mol) 7.69 ± 0.7/61 ± 7.7 7.73 ± 0.8/61 ± 8.7 0.780

Office systolic BP (mmHg) 132 ± 13 131 ± 13 0.774

Office diastolic BP (mmHg) 80 ± 8 78 ± 9 0.489

Office heart rate (beats/min) 71.3 ± 10 72.2 ± 10 0.671

Table 2  Renal and intraglomerular hemodynamics

Dara are means ± SD
*  N = 50 (E+L group) and N = 46 (M+I group), respectively
† N = 34 (E+L group) and N = 31 (M+I group), respectively

E+L group M + I group E+L vs. M+I

Parameter Baseline 12 weeks Δ p-value Baseline 12 weeks Δ p-value padjust-value

RPF (ml/min)* 623 ± 114 615 ± 115 − 7.6 ± 86 0.536 653 ± 150 600 ± 121 − 52 ± 94 < 0.001 0.041

GFR (ml/min)† 127 ± 13 120 ± 14 − 6.3 ± 12 0.003 127 ± 15 120 ± 13 − 6.7 ± 10 0.001 0.899

FF (%)† 21.6 ± 3.1 20.9 ± 3.0 − 0.7 ± 2.7 0.151 21.2 ± 2.8 21.5 ± 3.2 0.38 ± 2.2 0.337 0.200

RBF (ml/min)* 1061 ± 199 1113 ± 220 53 ± 157 0.021 1112 ± 249 1036 ± 217 − 76 ± 159 0.002 < 0.001

RVR (mmHg)* 91 ± 20 84 ± 18 − 7 ± 15 0.001 87 ± 21 94 ± 21 7 ± 13 0.001 < 0.001

Pglom (mmHg)† 61.6 ± 3.2 61.1 ± 3.4 − 0.46 ± 3.1 0.387 61.7 ± 3.1 60.9 ± 3.2 − 0.86 ± 2.6 0.073 0.661

RA (dyn*s/cm5)† 2547 ± 880 2358 ± 734 − 189 ± 685 0.116 2579 ± 798 2835 ± 800 256 ± 485 0.006 0.023

RE (dyn*s/cm5)† 2361 ± 407 2152 ± 389 − 208 ± 330 0.001 2316 ± 351 2349 ± 435 33 ± 298 0.538 0.011

RE/RA (−)† 1.02 ± 0.36 1.01 ± 0.37 − 0.01 ± 0.4 0.836 0.96 ± 0.25 0.87 ± 0.2 − 0.09 ± 0.17 0.004 0.597

MAP (mmHg) 93.4 ± 8.6 90.3 ± 8.0 − 3.1 ± 8.0 0.009 92.5 ± 7.2 93.4 ± 6.8 1.0 ± 5.9 0.264 0.021
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Intraglomerular hemodynamics
After 12 weeks of E+L treatment, estimation of intraglo-
merular hemodynamic parameters revealed no changes 
of Pglom (p = 0.387) and of RA (p = 0.116), but a significant 
reduction of RE (p = 0.001). Treatment with M+I resulted 
in no change of Pglom (p = 0.073), a significant reduction 
of RA (p = 0.006), but no change in RE (p = 0.538) com-
pared to baseline.

Comparing both combination therapies, we observed 
disparate effects on intraglomerular hemodynamics, 
namely a predominant reduction at postglomerular site 
(RE) after E+L treatment and predominant increment 
of resistance at the preglomerular site (RA) after M+I 
treatment, (RA: − 189 ± 685 vs. 256 ± 485 dyn*s/cm5, 
padjust = 0.023; RE: − 208 ± 330 vs. 33 ± 298 dyn*s/cm5, 
padjust = 0.011) between the treatment groups (Table  2, 
Fig. 1).

Discussion
Applying the gold-standard technique for the assessment 
of renal hemodynamics, namely constant-infusion input-
clearance technique with inulin and PAH, we found that 
treatment with E+L maintained RPF, increased RBF and 
reduced RVR. In contrast, treatment with M+I reduced 
RPF and RBF and increased RVR after 12 weeks of medi-
cation. Thus, our data disclosed a significantly different 
renal hemodynamic profile between the two treatment 
combinations.

With advancing kidney disease, renal perfusion 
decreases and pharmacological further reduction of RPF 
and RBF, or conversely increase of RVR must be regarded 

as undesirable side effects. Here, we report for the first 
time that insulin induces an increment of RVR and a 
reduction of glomerular blood supply in type 2 diabetes. 
Animal experiments using microperfused arterioles have 
reported conflicting results. Data showing that insulin 
predominately dilates afferent arterioles [28] as well as 
data demonstrating vasoconstriction of afferent arteriole 
with physiological concentrations of insulin have been 
published [29]. The discrepant results may be related to 
different timing of insulin administration. By applying the 
Gomez model to the baseline and treatment data, treat-
ment with insulin resulted in an increment of resistance 
at the afferent preglomerular site (RA). These findings 
found in the group randomized to M+I therapy after 
3 months seems to be attributed to the insulin treatment, 
since all patients were on at least 3  months metformin 
monotherapy at baseline and metformin dosage was 
kept stable throughout the 12 weeks of additional insulin 
medication.

Our data are in line with the findings of the EMPA-
REG OUTCOME trial, showing a reduction of eGFR 
immediately after initiating SGLT2 inhibition [8]. Such a 
decrease has been commonly related to the  tubuloglo-
merular feedback (TGF). An increased sodium concen-
tration in the tubular system close to the macula densa, 
a consequence of SGLT2 inhibition, increases arteri-
olar tone at the afferent preglomerular site and thereby 
decreases GFR. Previously, in animal model of type 1 
diabetes a single dose of the SGLT2 inhibitor empa-
gliflozin resulted in an increment of afferent arteriolar 
tone, and hence reduction of glomerular hyperfiltration, 
considered the first step stage of diabetic nephropathy. 
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Treatment-induced percent change of renal and intraglomerular hemodynamics
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Fig. 1  Treatment-induced percent change of renal and intraglomerular hemodynamics
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Moreover, subsequent experiments revealed that adeno-
sine signaling through TGF is the key pathophysiological 
pathway [30].

Support for this view how SGLT2-inhibitors exert 
nephroprotective effects come from studies in type 1 
diabetes. It was found that short-term therapy with 
empagliflozin of 8  weeks resulted in a reduction of 
GFR in hyperfiltrating patients, whereas GFR remained 
unchanged in normofiltrating patients [14]. In addition, 
a post-hoc analyses revealed that hyperfiltrating patients 
with type 1 diabetes have significantly lower RA, indica-
tive of afferent vasodilation, but unaltered RE compared 
to normofiltrating patients with type 1 diabetes. Moreo-
ver, empagliflozin treatment resulted in an increment of 
RA towards levels of normofiltrating ones in hyperfiltrat-
ing patients with type 1 diabetes with no effect on RE [31].

Although, there is no general established the cut-off of 
glomerular hyperfiltration, studies assessing renal- and 
intraglomerular hemodynamics defined a GFR ≥ 135 ml/
min/1.73 m2 as hyperfiltration. Therefore, our patients as 
well as at least most patients of the EMPA-REG OUT-
COME trial [7] (placebo: 73.8 ± 21.1 vs. pooled empa-
gliflozin: 74.2 ± 21.6  ml/min/1.73 m2, p = ns), albeit not 
based on inulin-measured GFR seems to be not in this 
range.

It is noteworthy, to mention that in the postulated 
classic course of diabetic kidney disease two normal fil-
tration phases can be encountered (flanking probably a 
period of hyperfiltration), one at 100% of nephron mass 
and one at approximately 50% of nephron mass [4]. Based 
on an autopsy study of type 1 diabetes and type 2 dia-
betes it was postulated that diabetic kidney lesions may 
develop before the onset of clinical findings [32]. Albeit 
single-nephrons are at a hyperfilrating stage, overall GFR 
can be normal (or even slightly reduced) due to func-
tional nephron loss. Therefore, it has been suggested 
that FF may reflect hyperfiltration at the single-nephron 
level more precisely [4]. However, in accordance to our 
data with respect to intraglomerular hemodynamics (see 
above), there was only a numerical reduction of FF after 
combined E+L treatment, without reaching significance 
or showing a clear trend-level, hence not supporting a 
modulation of presumed hyperfiltration status at single-
nephron level.

Therefore, the second main finding of our study in 
patients with type 2 diabetes is in contrast to these 
reports. When applying the Gomez formula, no signifi-
cant impact on RA, but significantly diminished RE was 
observed after 3  months of therapy in the E+L group. 
We attribute these intraglomerular changes in resist-
ances to empaglifozin treatment, since in a former ran-
domized, cross-over study we found that 4-weeks of 
linagliptin monotherapy exerts no alterations on renal 

and intraglomerular hemodynamics, including estimates 
of the afferent and efferent resistances, compared to pla-
cebo [27]. This is in accordance with available literature 
showing that in patients with type 2 diabetes sitagliptin 
did not affect RPF and GFR as well as intrarenal hemody-
namics, namely RA and RE with the exception of a mod-
estly reduced Pglom. However, it is stated that validity and 
clinical relevance of the slight sitagliptin-induced Pglom 
reduction remains speculative [33]. Moreover, in another 
study from the same group linagliptin (compared to 
glimepiride) did not affect GFR, RPF as well as intrarenal 
hemodynamics (including Pglom) [34], which is in accord-
ance with our own previous study [27].

Clearly, the obvious explanation of these discrepant 
results of SGLT2-inhibition on intraglomerular hemody-
namics is related to different study populations and likely 
also different stages of kidney function. We examined 
older patients with type 2 diabetes with an eGFR > 60 ml/
min/1.73 m2, whereas Cherney et  al. derived their con-
clusions from data obtained in (younger) patients with 
type 1 diabetes [31] and experimental models of diabetic 
nephropathy in type 1 diabetes [30].

Notably, our data are in accordance with the recently 
published RED trial by Bommel et al. demonstrating that 
dapagliflozin treatment resulted in reduction of GFR due 
to postglomerular vasodilation rather than preglomeru-
lar vasoconstriction in patients with type 2 diabetes [15]. 
Therefore, we suggest that modulation of intraglomerular 
hemodynamics due to SGLT2 inhibition may substan-
tially differ whether applied in type 1 diabetes or type 2 
diabetes.

This study has several limitations. First, the human 
renal microcirculation cannot be visualized/examined 
in vivo directly, and the used Gomez model is based on 
some assumptions [23]. However, comparison of intra-
renal hemodynamics within an individual, and within 
a short period of time are considered to be reliable in 
humans. This model appeared to be in particular appli-
cable in our patients with type 2 diabetes who had no 
macroalbuminuria and eGFR ≥ 60 ml/min/1.73 m2. In an 
excellent review, Bjornstad et  al. recommended obtain-
ing accurate measurements of GFR and RBF to limit the 
signal-to-noise ration with Gomez´ equations. By doing 
so, they conclude that application of Gomez´ equations, 
provide specific and accurate data on RA and RE [35]. 
Second, there was a significant difference in glycemic 
control (e.g. HbA1c), which was not prespecified in the 
study protocol, but we have applied additional statisti-
cal analyses to take this finding into account. Moreover, 
analyses of the EMPA-REG OUTCOME trial disclose 
that glycemic control is not the key mechanism of ben-
eficial effects of SGLT-2 inhibition [36]. Addressing other 
proposed mechanism of the beneficial effects of SGLT2 
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inhibition, like modulating inflammation and fibrosis 
[37, 38], is beyond the scope of our single-center pilot 
study. Third, patients were partly on concomitant medi-
cation (e.g. RAS blockade), that may alter intrarenal 
hemodynamics. However, concomitant medication was 
kept stable throughout the study. Fourth, data cannot be 
extrapolated to type 2 diabetes in general (e.g. hyperfil-
trating patients) as well as to type 1 diabetes or patients 
with reduced eGFR presumably having hyperfiltration 
on a single nephron level. Nevertheless, our findings 
may have important implications, since normofiltrating 
patients with type 2 diabetes represents by far most dia-
betic patients suffering on diabetes.

Conclusions
Taken together, two antidiabetic combination strategies 
revealed a completely disparate hemodynamic pattern 
in the kidney. We found that insulin on top of metformin 
therapy targets predominantly preglomerular site and 
increases renal vascular resistance, thereby diminishing 
renal blood supply, and second that SGLT2-inhibition 
with empagliflozin impacts predominantly on postglo-
merular site, decreases renal vascular resistance and pre-
serves renal perfusion in patients with type 2 diabetes 
and an preserved renal function. Since there exists an 
intricate relationship between cardiac and renal function, 
leading to a vicious and selfperpetuating cycle of heart 
failure and renal insufficiency, our results may explain the 
cardiac effects of antidiabetic agents beyond their renal 
effects.

Abbreviations
BMI: Body mass index; DPP: Dipeptidyl peptidase; E: Empagliflozin; (e)GFR: 
(Estimated) glomerular filtration rate; FF: Filtration fraction; HbA1c: Glycated 
hemoglobin; I: Insulin glargine; L: Linagliptin; M: Metformin; MAP: Mean 
arterial pressure; PAH: p-Aminohippurate; Pglom: Intraglomerular pressure; RA: 
Resistance of the afferent arterioles; RBF: Renal blood flow; RE: Resistance of 
the efferent arterioles; RPF: Renal plasma flow; RVR: Renal vascular resistance; 
SGLT2: Sodium-glucose cotransporter 2; UACR​: Urinary albumin to creatinine 
ratio.

Acknowledgements
We highly acknowledge the excellent work done by the study nurses (Doro-
thea Bader-Schmieder, Ingrid Fleischmann, Kerstin Fröhlich-Endreß, Ulrike 
Heinritz, Wiebke Maurer and Simone Pejkovic) from the Clinical Research 
Center, Department of Nephrology and Hypertension, Friedrich-Alexander 
University Erlangen-Nürnberg) and the expert assistance of Sabine Thümmler 
(Department of Nephrology and Hypertension, Friedrich-Alexander University 
Erlangen-Nürnberg). The present work was performed in fulfilment of the 
requirements for obtaining the doctoral title “Dr. med.” (MK).

Authors’ contributions
CO designed the study, researched data, wrote the manuscript and contrib-
uted to discussion; SJ, MK, AB, JK, and KS researched data and contributed 
to discussion and reviewed the manuscript; PB and MS contributed to the 
discussion and reviewed the manuscript; RES initiated and designed the study, 
researched data and edited the manuscript. All authors read and approved 
the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was 
supported by Boehringer Ingelheim.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study protocol was approved by the Local Ethics Committee (University of 
Erlangen-Nürnberg, Germany). Written informed consent was obtained prior 
to study inclusion.

Consent for publication
Not applicable.

Competing interests
PB received research funding from Boehringer for this and other studies; RES 
has received speaker fees and advisory board fees from Boehringer Ingelheim 
Pharma GmbH & Co KG.

Author details
1 Department of Nephrology and Hypertension, Friedrich-Alexander University 
Erlangen-Nürnberg, Ulmenweg 18, 91054 Erlangen, Germany. 2 Department 
of Nephrology and Hypertension, Paracelsus Medical University, Nuremberg, 
Germany. 3 Department of Cardiology, Friedrich-Alexander University Erlan-
gen-Nürnberg, Erlangen, Germany. 4 Institute for Pharmacology and Preventive 
Medicine, Cloppenburg, Germany. 

Received: 4 June 2021   Accepted: 31 July 2021

References
	1.	 Global Burden of Metabolic Risk Factors for Chronic Diseases. Cardiovas-

cular disease, chronic kidney disease, and diabetes mortality burden of 
cardiometabolic risk factors from 1980 to 2010: a comparative risk assess-
ment. Lancet Diabetes Endocrinol. 2014;2(8):634–47.

	2.	 Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E, Nauck M, 
et al. Management of hyperglycaemia in type 2 diabetes, 2015: a patient-
centred approach. Update to a position statement of the American 
Diabetes Association and the European Association for the Study of 
Diabetes. Diabetologia. 2015;58(3):429–42.

	3.	 Davies MJ, D’Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone 
G, et al. Management of hyperglycaemia in type 2 diabetes, 2018. A 
consensus report by the American Diabetes Association (ADA) and the 
European Association for the Study of Diabetes (EASD). Diabetologia. 
2018;61(12):2461–98.

	4.	 Tonneijck L, Muskiet MH, Smits MM, van Bommel EJ, Heerspink HJ, van 
Raalte DH, et al. Glomerular hyperfiltration in diabetes: mechanisms, clini-
cal significance, and treatment. J Am Soc Nephrol. 2017;28(4):1023–39.

	5.	 Lewis EJ, Hunsicker LG, Clarke WR, Berl T, Pohl MA, Lewis JB, et al. 
Renoprotective effect of the angiotensin-receptor antagonist irbesartan 
in patients with nephropathy due to type 2 diabetes. N Engl J Med. 
2001;345(12):851–60.

	6.	 Brenner BM, Hostetter TH, Olson JL, Rennke HG, Venkatachalam MA. The 
role of glomerular hyperfiltration in the initiation and progression of 
diabetic nephropathy. Acta Endocrinol Suppl. 1981;242:7–10.

	7.	 Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. 
Empagliflozin, cardiovascular outcomes, and mortality in type 2 diabetes. 
N Engl J Med. 2015;373(22):2117–28.

	8.	 Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von Eynatten M, Mattheus 
M, et al. Empagliflozin and progression of kidney disease in type 2 diabe-
tes. N Engl J Med. 2016;375(4):323–34.

	9.	 Giugliano D, De Nicola L, Maiorino MI, Bellastella G, Garofalo C, Chiodini P, 
et al. Preventing major adverse cardiovascular events by SGLT-2 inhibition 



Page 8 of 8Ott et al. Cardiovascular Diabetology  (2021) 20:178

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

in patients with type 2 diabetes: the role of kidney. Cardiovasc Diabetol. 
2020;19(1):35.

	10.	 Giorgino F, Vora J, Fenici P, Solini A. Renoprotection with SGLT2 inhibitors 
in type 2 diabetes over a spectrum of cardiovascular and renal risk. 
Cardiovasc Diabetol. 2020;19(1):196.

	11.	 Yamada T, Wakabayashi M, Bhalla A, Chopra N, Miyashita H, Mikami T, 
et al. Cardiovascular and renal outcomes with SGLT-2 inhibitors versus 
GLP-1 receptor agonists in patients with type 2 diabetes mellitus and 
chronic kidney disease: a systematic review and network meta-analysis. 
Cardiovasc Diabetol. 2021;20(1):14.

	12.	 Denic A, Mathew J, Lerman LO, Lieske JC, Larson JJ, Alexander MP, et al. 
Single-nephron glomerular filtration rate in healthy adults. N Engl J Med. 
2017;376(24):2349–57.

	13.	 Arakawa K, Ishihara T, Oku A, Nawano M, Ueta K, Kitamura K, et al. 
Improved diabetic syndrome in C57BL/KsJ-db/db mice by oral adminis-
tration of the Na(+)-glucose cotransporter inhibitor T-1095. Br J Pharma-
col. 2001;132(2):578–86.

	14.	 Cherney DZ, Perkins BA, Soleymanlou N, Maione M, Lai V, Lee A, et al. 
Renal hemodynamic effect of sodium-glucose cotransporter 2 inhibition 
in patients with type 1 diabetes mellitus. Circulation. 2014;129(5):587–97.

	15.	 van Bommel EJM, Muskiet MHA, van Baar MJB, Tonneijck L, Smits MM, 
Emanuel AL, et al. The renal hemodynamic effects of the SGLT2 inhibitor 
dapagliflozin are caused by post-glomerular vasodilatation rather than 
pre-glomerular vasoconstriction in metformin-treated patients with 
type 2 diabetes in the randomized, double-blind RED trial. Kidney Int. 
2020;97(1):202–12.

	16.	 Effect of intensive therapy on the development and progression of 
diabetic nephropathy in the Diabetes Control and Complications Trial. 
The Diabetes Control and Complications (DCCT) Research Group. Kidney 
international. 1995;47(6):1703–20.

	17.	 Erpeldinger S, Rehman MB, Berkhout C, Pigache C, Zerbib Y, Regnault F, 
et al. Efficacy and safety of insulin in type 2 diabetes: meta-analysis of 
randomised controlled trials. BMC Endocr Disord. 2016;16(1):39.

	18.	 Jung S, Bosch A, Kannenkeril D, Karg MV, Striepe K, Bramlage P, et al. 
Combination of empagliflozin and linagliptin improves blood pressure 
and vascular function in type 2 diabetes. J Eur Heart J Cardiovasc Pharma-
cother. 2020;6(6):364–71.

	19.	 Schmieder RE, Gatzka C, Schobel H, Schachinger H, Weihprecht H. Renal 
hemodynamic response to stress is influenced by ACE-inhibitors. Clin 
Nephrol. 1994;42(6):381–8.

	20.	 Delles C, Klingbeil AU, Schneider MP, Handrock R, Schaufele T, Schmieder 
RE. The role of nitric oxide in the regulation of glomerular haemodynam-
ics in humans. Nephrol Dial transpl. 2004;19(6):1392–7.

	21.	 Ott C, Schneider MP, Delles C, Schlaich MP, Schmieder RE. Reduction in 
basal nitric oxide activity causes albuminuria. Diabetes. 2011;60(2):572–6.

	22.	 Smith HW, Finkelstein N, Aliminosa L, Crawford B, Graber M. The renal 
clearances of substituted hippuric acid derivatives and other aromatic 
acids in dog and man. J Clin Investig. 1945;24(3):388–404.

	23.	 Gomez DM. Evaluation of renal resistances, with special reference to 
changes in essential hypertension. J Clin Investig. 1951;30(10):1143–55.

	24.	 Guidi E, Cozzi MG, Minetti EE, Civati G, Busnach G, Brando B. Effect of 
familial hypertension on glomerular hemodynamics and tubulo-glomer-
ular feedback after uninephrectomy. Am J Hypertens. 2001;14(2):121–8.

	25.	 Ott C, Ritt M, Titze SI, Schaufele T, Schmieder RE. Rosuvastatin does not 
affect intrarenal hemodynamics in patients with hypercholesterolemia. J 
Nephrol. 2009;22(5):675–81.

	26.	 Ott C, Schneider MP, Raff U, Ritt M, Striepe K, Alberici M, et al. Effects of 
manidipine vs. amlodipine on intrarenal haemodynamics in patients with 
arterial hypertension. Br J Clin Pharmacol. 2013;75(1):129–35.

	27.	 Ott C, Kistner I, Keller M, Friedrich S, Willam C, Bramlage P, et al. Effects of 
linagliptin on renal endothelial function in patients with type 2 diabetes: 
a randomised clinical trial. Diabetologia. 2016;59(12):2579–87.

	28.	 Cohen AJ, McCarthy DM, Stoff JS. Direct hemodynamic effect of insulin in 
the isolated perfused kidney. Am J Physiol. 1989;257(4 Pt 2):F580–5.

	29.	 Juncos LA, Ito S. Disparate effects of insulin on isolated rabbit afferent 
and efferent arterioles. J Clin Investig. 1993;92(4):1981–5.

	30.	 Kidokoro K, Cherney DZI, Bozovic A, Nagasu H, Satoh M, Kanda E, et al. 
Evaluation of glomerular hemodynamic function by empagliflozin in 
diabetic mice using in vivo imaging. Circulation. 2019;140(4):303–15.

	31.	 Skrtic M, Yang GK, Perkins BA, Soleymanlou N, Lytvyn Y, von Eynatten M, 
et al. Characterisation of glomerular haemodynamic responses to SGLT2 

inhibition in patients with type 1 diabetes and renal hyperfiltration. 
Diabetologia. 2014;57(12):2599–602.

	32.	 Klessens CQ, Woutman TD, Veraar KA, Zandbergen M, Valk EJ, Rotmans JI, 
et al. An autopsy study suggests that diabetic nephropathy is underdiag-
nosed. Kidney Int. 2016;90(1):149–56.

	33.	 Tonneijck L, Smits MM, Muskiet MH, Hoekstra T, Kramer MH, Danser AH, 
et al. Renal effects of DPP-4 inhibitor sitagliptin or GLP-1 receptor agonist 
liraglutide in overweight patients with type 2 diabetes: a 12-week, 
randomized, double-blind, placebo-controlled trial. Diabetes Care. 
2016;39(11):2042–50.

	34.	 Muskiet MHA, Tonneijck L, Smits MM, Kramer MHH, Ouwens DM, Hart-
mann B, et al. Effects of DPP-4 inhibitor linagliptin versus sulfonylurea 
glimepiride as add-on to metformin on renal physiology in overweight 
patients with type 2 diabetes (RENALIS): a randomized double-blind trial. 
Diabetes Care. 2020;43(11):2889–93.

	35.	 Bjornstad P, Skrtic M, Lytvyn Y, Maahs DM, Johnson RJ, Cherney DZ. The 
Gomez’ equations and renal hemodynamic function in kidney disease 
research. Am J Physiol Renal Physiol. 2016;311(5):F967–75.

	36.	 Cooper ME, Inzucchi SE, Zinman B, Hantel S, von Eynatten M, Wanner C, 
et al. Glucose control and the effect of empagliflozin on kidney outcomes 
in type 2 diabetes: an analysis from the EMPA-REG OUTCOME trial. Am J 
Kidney Dis. 2019;74(5):713–5.

	37.	 Zhang Y, Nakano D, Guan Y, Hitomi H, Uemura A, Masaki T, et al. A 
sodium-glucose cotransporter 2 inhibitor attenuates renal capillary injury 
and fibrosis by a vascular endothelial growth factor-dependent pathway 
after renal injury in mice. Kidney Int. 2018;94(3):524–35.

	38.	 Heerspink HJL, Perco P, Mulder S, Leierer J, Hansen MK, Heinzel A, et al. 
Canagliflozin reduces inflammation and fibrosis biomarkers: a potential 
mechanism of action for beneficial effects of SGLT2 inhibitors in diabetic 
kidney disease. Diabetologia. 2019;62(7):1154–66.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Renal hemodynamic effects differ between antidiabetic combination strategies: randomized controlled clinical trial comparing empagliflozinlinagliptin with metformininsulin glargine
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study design
	Study population
	Determination of renal hemodynamics
	Calculation of intraglomerular hemodynamics
	Statistical analyses

	Results
	Renal hemodynamics
	Intraglomerular hemodynamics

	Discussion
	Conclusions
	Acknowledgements
	References




