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Abstract

High protein intake may increase intraglomerular pressure through dilation of the

afferent arteriole. Sodium-glucose cotransporter-2 (SGLT2) inhibitors may reduce

intraglomerular pressure through activation of tubuloglomerular feedback. Given

these opposing effects, we assessed whether the effect of dapagliflozin on

glomerular filtration rate (GFR) and urinary albumin-to-creatinine ratio (UACR)

was modified by estimated dietary protein intake using data from three separate

randomized controlled trials (DELIGHT, IMPROVE and DIAMOND). The median

protein intake was 58.4, 63.6 and 90.0 g/d, respectively. In the DELIGHT trial

(n = 233), dapagliflozin compared to placebo caused an acute and reversible dip

in GFR of 2.1 and 2.2 mL/min/1.73 m2, and reduced UACR by 20.5% and 28.4%

in participants with high and low protein intake, respectively. Similarly, in

IMPROVE (n = 30) and DIAMOND (n = 53), the effect of dapagliflozin on

GFR and UACR was comparable in participants with high and low protein intake

(all P for interaction > 0.40). This post hoc, exploratory analysis of three clinical

trials suggests that dietary protein intake does not modify the individual

response of clinical kidney variables to dapagliflozin.
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1 | INTRODUCTION

Sodium glucose cotransporter-2 (SGLT2) inhibitors delay progres-

sion of kidney function decline and reduce the risk of kidney

failure.1–3 These beneficial effects are attributed to decreased

sodium resorption in the proximal tubule and normalization of

tubuloglomerular feedback, resulting in reduced intraglomerular

pressure. Clinically this is manifested by an acute reversible dip

in glomerular filtration rate (GFR).4,5 However, although effective

at a population level, the albuminuric response to SGLT2 inhibi-

tors varies markedly between individual patients, leaving a pro-

portion of patients at high risk of kidney and cardiovascular

outcomes.6–9 As of yet, the cause of this variability in response

is unclear.

High-protein diets are a popular strategy to achieve weight

loss and glycaemic control in patients with type 2 diabetes. How-

ever, high protein intake has been associated with an increase in

glomerular pressure and subsequently a higher risk of chronic kid-

ney disease progression.10 How exactly protein intake influences

renal haemodynamics is not fully understood, but inhibition of

tubuloglomerular feedback and increased glucagon secretion

resulting in kidney production of vasodilatory prostaglandins are

thought to be contributing mechanisms via dilation of the afferent

arteriole.11

Given the opposite effects of protein load and SGLT2 inhibitors

on renal haemodynamics, Mazzucato et al12 recently hypothesized

that high-protein diets may offset the beneficial kidney effects of

SGLT2 inhibitors. We tested this hypothesis in three randomized

controlled clinical trials comparing dapagliflozin with placebo in

patients with chronic kidney disease, with and without type

2 diabetes.6,13,14

2 | METHODS

2.1 | Study design and patient population

We used data from three randomized controlled clinical trials:

DELIGHT (NCT02547935), IMPROVE (Netherlands Trial Register

[NTR] 4439) and DIAMOND (NCT03190694). The study design,

baseline characteristics and primary results of these trials have all

been published previously.6,13,14 The three trials assessed the effects

of the SGLT2 inhibitor dapagliflozin 10 mg/d on albuminuria in

patients with chronic kidney disease with type 2 diabetes (DELIGHT

and IMPROVE) and without diabetes (DIAMOND). In our analysis,

we included all trial participants for whom a baseline 24-hour urinary

urea measurement was available. DELIGHT participants assigned to

the dapagliflozin plus saxagliptin group of the trial were excluded

from the analysis.

2.2 | Measurements

In all trials, 24 urine samples were collected to assess 24-hour urinary

urea, albumin and creatinine excretion. In addition, participants in the

DELIGHT and IMPROVE trials also collected three consecutive first

morning void urine samples at each study visit. Measured GFR (mGFR)

was determined from plasma clearance of non-radioactive iohexol at

the start and end of each treatment period in the DIAMOND trial. In

the two other trials, GFR was estimated using serum creatinine

concentration.

Protein intake was estimated at baseline from 24-hour urinary

urea excretion using the Maroni formula15:

protein intake g=dð Þ¼6:25�
urinary urea nitrogen g=dð Þþ0:031�bodyweight kgð Þ½ �,

where urinary urea nitrogen = 0.028 * 24-hour urea excretion

(mmol/24 h).

2.3 | Endpoints

Study endpoints were change from baseline in estimated or iohexol-

measured GFR and change from baseline in UACR at the last on-treat-

ment study visit (t = 24 weeks in the DELIGHT study and

t = 6 weeks in the IMPROVE and DIAMOND study). Since UACR

may vary from visit to visit, and to increase statistical power, we

assessed the change from baseline in UACR taking all follow-up mea-

surements into account over 24 weeks in the DELIGHT study, as pre-

viously recommended.16 In the IMPROVE and DIAMOND study only

one follow-up visit was available at week 6.

2.4 | Statistical analysis

Analyses included patients with non-missing baseline protein intake,

and excluded variables which were assessed after permanent treat-

ment discontinuation. For each trial, median protein intake was calcu-

lated and two subgroups were defined (high vs. low protein intake).

To assess the effect of dapagliflozin compared to placebo on GFR and

UACR, longitudinal repeated-measures models of change (UACR on

log-scale) were used in the DELIGHT trial. An unstructured model was

used for within-subject correlations. Treatment effects (Week 24 for

estimated GFR [eGFR], and average over 24 weeks for UACR) were

evaluated by Student t-tests of differences in least square, and infer-

ence was drawn from two-sided P values. A mixed linear regression

model was also used in the IMPROVE and DIAMOND trial. The

repeated-measures models included patients as a random effect and

treatment and categorical time periods as fixed-effect covariates. An
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interaction term between treatment and strata of protein intake was

added to each model to assess whether the effects of dapagliflozin

compared to placebo were modified by baseline protein intake.

A P value <0.05 was taken to indicate statistical significance. Analyses

were performed using SAS software version 9.4.

3 | RESULTS

Baseline characteristics of the participants are described in Table 1.

Urea measurements were available for 236 participants (81%) in the

DELIGHT trial, 30 participants (91%) in the IMPROVE trial, and 53

participants (100%) in the DIAMOND trial. The median protein

intakes were 58.4, 63.6 and 90.0 g/d, respectively.

Participants with protein intake above the median were predomi-

nantly male and had, in general, a higher body weight than partici-

pants with low protein intake. The mean baseline eGFR/mGFR was

comparable in participants with high and low protein intake in all three

trials. Patients with high protein intake had higher urinary 24-hour

sodium and potassium excretion, as well as higher 24-hour urinary

volume.

The effects of dapagliflozin versus placebo over time on UACR in

the DELIGHT trial are shown in Figure S1A. After 4 weeks, a reduc-

tion in albuminuria was seen in participants with low and high protein

intake, with a change in UACR of �32.8% (95% confidence interval

[CI] �45.1 to �17.7) and �19.6% (95% CI �34.5 to �1.4), respec-

tively. This effect was maintained in both groups during follow-up.

Over 24 weeks, participants assigned to dapagliflozin experienced an

F IGURE 1 Effect of dapagliflozin on urinary albumin-to-creatinine ratio (UACR) and estimated glomerular filtration rate (eGFR) according to
baseline protein intake. A, Effect of dapagliflozin versus placebo on UACR from baseline to week 24 in the DELIGHT trial, and from baseline to
week 6 (IMPROVE /DIAMOND). B, Effect of dapagliflozin versus placebo on eGFR at week 24 in the DELIGHT trial and at week 6 in the
IMPROVE and DIAMOND trials
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overall placebo-corrected adjusted mean percent change in UACR

from baseline over 24 weeks of �24.3% (95% CI –34.3 to – 12.8).

This effect was consistent in participants with low protein intake

(adjusted mean percent change in UACR from baseline over 24 weeks

�28.4% [95% CI –41.4 to �12.5]) and high protein intake (adjusted

mean percent change in UACR –20.5% [95% CI –35.0 to �2.7]; P

value for interaction = 0.523 [Figure 1A]).

In the DELIGHT trial, an initial dip in eGFR occurred in the

dapagliflozin group. At week 1, the difference in mean eGFR change

from baseline versus placebo was �4.4 mL/min/1.73 m2 (95% CI –6.2

to – 2.7). This effect was sustained throughout follow-up, with a dif-

ference in mean eGFR change from baseline versus placebo at week

24 of �2.1 mL/min/1.73 m2 (95% CI –4.2 to – 0.1; Figure S1B). The

effect of dapagliflozin on eGFR was consistent in participants with

low and high protein intake, with corresponding differences in eGFR

versus placebo at week 24 of �2.2 mL/min/1.73 m2 (95% CI –5.1 to

0.8) and �2.1 mL/min/1.73 m2 (95% CI –5.1 to 0.8), respectively (P

value for interaction = 0.765; Figure 1B].

The effects of dapagliflozin compared to placebo on urinary

albumin excretion in the IMPROVE and DIAMOND trials were con-

sistent with the findings from the DELIGHT trial. Dapagliflozin

reduced urinary albumin excretion in the IMPROVE and DIAMOND

trials, irrespective of protein intake (P for interaction 0.502 and

0.601, respectively [Figure 1A]). In addition effects on eGFR and

mGFR were also similar in participants with protein intake above or

below the median (P for interaction 0.439 and 0.831, respectively,

Figure 1B).

4 | DISCUSSION

This analysis of three randomized controlled clinical trials, using

individual patient-level data from varying populations, evaluated

the influence of dietary protein intake on the effects of

dapagliflozin on GFR and UACR. In none of the trials were we able

to demonstrate a significant difference in the effect of

dapagliflozin on change in UACR or GFR between participants with

high and low protein intake. These data thus indicate that protein

intake does not modify the individual response of kidney variables

to SGTL2 inhibitors.

Sodium-glucose cotransporter-2 inhibitors reduce sodium

reabsorption in the proximal tubule, resulting in increased sodium

delivery to the macula densa and restoration of tubuloglomerular

feedback. This leads to a decrease in intraglomerular pressure and

an acute reversible dip in eGFR which is associated with long-term

preservation of kidney function in large outcome trials.2,5,17

Despite the kidney benefits of SGLT2 inhibitors on a population

level, there is a large inter-individual variation in response. High

dietary intake of protein, usually defined as protein consumption

of more than 1.5 g/kg per day, is known to dilate glomerular

afferent arterioles and increase intraglomerular pressure, causing

glomerular hyperfiltration and albuminuria.11 Although the underly-

ing mechanism has not been fully elucidated, it is proposed that this

protein-induced hyperfiltration is mediated by tubuloglomerular

feedback.11 High protein intake increases the filtration of amino

acids, which in turn increases amino acid reabsorption in the

proximal tubule. Since the reabsorption of most amino acids is

sodium-dependent, this is accompanied by an increased reabsorption

of sodium.18 Consequently, the delivery of sodium chloride to the

macula densa decreases, thereby reducing tubuloglomerular feedback

and increasing glomerular filtration. Mazzucato et al12 hypothesize

that, as a result of the opposite effects of protein intake and SGLT2

inhibition on renal haemodynamics and sodium metabolism, high-

protein diets may counteract the beneficial kidney effects of SGLT2

inhibitors. However, the results of the present post hoc analysis of

the DELIGHT trial, the IMPROVE trial and the DIAMOND trial do

not support this hypothesis.

In the present study protein intake was estimated from urine

urea concentration. Urea is a waste product that is formed during

protein metabolism in the liver. Urea is, in addition to sodium, an

important osmolyte in controlling extracellular volume.19 During

high salt intake, renal excretion of excess salt is accompanied by

increased catabolic urea production in the liver and skeletal mus-

cle, and increased urea recycling in the kidney. The resulting

accumulation of urea in the medulla drives reabsorption of water

from the tubule, thereby preserving body water balance. Thus

estimated high protein intake from urea may reflect increased

sodium intake. Indeed, in the present analysis, urinary sodium

excretion at baseline was almost twice that in participants with

high protein intake compared to participants with low protein

intake. Further study using validated food questionnaires to accu-

rately estimate protein intake are required to confirm or refute

our findings.

The strength of the present analysis is that we were able to

investigate the influence of protein intake on the renal effects of

SGLT2 inhibitors in three trials, with a substantial number of partic-

ipants, with and without type 2 diabetes. In the DIAMOND trials,

we had access to mGFR, providing more accurate information on

kidney function than eGFR. The absence of effect of protein intake

on GFR and albuminuria in all three trials indicates that protein

intake is unlikely to affect the performance of SGLT2 inhibitors. A

limitation of the analysis is that it was a post hoc analysis in a sub-

group of trial participants. Also, two of the three trials had a rela-

tively short follow-up period of 6 weeks, and the effect of

dapagliflozin on UACR was not statistically significant in the DIA-

MOND trial. However, the focus of our analysis was the difference

in effect in the high- and low-protein-intake groups rather than the

absolute effect of dapagliflozin versus placebo, and the analysis

consistently indicates that protein intake does not modify the kid-

ney effects of dapagliflozin.

In conclusion, in this post hoc, exploratory analysis of three

dapagliflozin trials, we found no evidence that protein intake affects

the beneficial kidney effects of SGLT2 inhibitors. Further research is

needed to elucidate which factors do contribute to the variation in

renal response to SGLT2 inhibitors, and which subgroups benefit the

most from SGLT2 inhibitor therapy.
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