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Diabetes has reached epidemic proportions, both in Korea and worldwide and is associ-
ated with an increased risk of chronic kidney disease and kidney failure (KF). The natural
course of kidney function among people with diabetes (especially type 2 diabetes) may
be complex in real-world situations. Strong evidence from observational data and clinical
trials has demonstrated a consistent association between decreased estimated glomer-
ular filtration rate (eGFR) and subsequent development of hard renal endpoints (such
as KF or renal death). The disadvantage of hard renal endpoints is that they require a
long follow-up duration. In addition, there are many patients with diabetes whose renal
function declines without the appearance of albuminuria, measurement of the eGFR is
emphasized. Many studies have used GFR-related parameters, such as its change, de-
cline, or slope, as clinical endpoints for kidney disease progression. In this respect, under-
standing the trends in GFR changes could be crucial for developing clinical management
strategies for the prevention of diabetic complications. This review focuses on the clinical
implication of the eGFR-related parameters that have been used so far in diabetic kidney
disease. We also discuss the use of recently developed new antidiabetic drugs for kidney
protection, with a focus on the GFR as clinical endpoints.

Keywords: Diabetic nephropathies; Glomerular filtration rate; Hypoglycemic agents;
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INTRODUCTION

the age-adjusted mortality rate of individuals with CKD is
more than twice that of individuals without CKD (96.0 vs.

Diabetic kidney disease (DKD) is a major cause of kidney fail-
ure (KF), and both its incidence and prevalence are increas-
ing worldwide [1-6]. In particular, in the Korean population,
the prevalence rate of patients with diabetes undergoing
hemodialysis treatment has rapidly increased, from 23.8%
in 2002 to 47.8% in 2017 [2]. Moreover, chronic kidney
disease (CKD) is closely related to premature death [7], and
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41.0 per 1,000 patients/year, respectively), according to the
United States Renal Data System 2020 annual data report
[3]. Additionally, in a nationwide study in Korea, the haz-
ard ratio (HR) for mortality in patients with CKD who were
not undergoing dialysis was 4.88 (95% confidence interval
[Cl], 4.36 to 5.47; p < 0.001) compared with that in age-
and sex-matched controls [8]. Moreover, patients with CKD
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showed a higher mortality rate (HR, 4.36; 95% Cl, 3.92 to
4.85; p < 0.001) than patients with hypertension or diabetes
without CKD. These findings suggest that kidney function
is intimately related to patient mortality, irrespective of the
underlying disease [8]. Consequently, the management and
monitoring of kidney function in patients with diabetes are
crucial.

To date, in clinical fields, the kidney function has been
evaluated using an estimated glomerular filtration rate
(eGFR), including serum creatinine or cystatin C levels. Re-
cently, several drugs have been reported to help preserve
kidney function in patients with diabetes [9-11]. In addition,
standardized prognostic assessment indicators are required
to evaluate the effectiveness of treatments and judge the
prognosis of DKD. This requirement has previously been
overlooked, and kidney outcome indicators (as endpoints)
have been heterogeneous in the realm of the kidney re-
search. Unlike the lack of those for kidney outcomes, there
are evaluation indices, such as the three-component major
adverse cardiac events (MACE) endpoint, that are relatively
consistently used in the research on cardiovascular (CV) dis-
eases. Among many indicators, long-term changes in kidney
function are the most important in the management and
treatment of patients with DKD. Thus, understanding the
progressive course of the decline of kidney function is a must
to help prevent DKD progression to KF and reduce patient
mortality. Physicians should also be aware of the eGFR as an
indicator of kidney function and the importance of evaluat-
ing and utilizing it for proper disease management [12].

CHANGES OF THE GLOMERULAR FILTRA-
TION RATE IN DKD

The Kidney Disease Improving Global Outcomes (KDIGO)
organization has suggested that DKD should be managed
using a comprehensive strategy to reduce kidney disease
progression by monitoring both albuminuria and the glo-
merular filtration rate (GFR) [13]. Despite recent exciting de-
velopments in medical science, to date, there is no conclu-
sive marker, except for albuminuria and the GFR to monitor
the progression of kidney disease. Recently, albuminuria has
been found to be controlled more effectively than the GFR
by a renin-angiotensin system blocker, and the proportion of
patients with DKD with a reduced GFR showed an increase,
irrespective of albuminuria [14,15]. Moreover, although the
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prevalence of diabetic complications decreased from 1990
to 2010, the decrease in the rate of KF was the smallest
compared with those in the rates of myocardial infarction,
stroke, and amputation (KF, —28.3%; myocardial infarc-
tion, —67.8%; stroke, —=52.7%; and amputation, =51.4%)
[16]. Although from 2006 to 2015, the incidence rate of
KF decreased by 35.2% (from 168.2 to 109.0 per 100,000
people) in patients with diabetes in Korea [17], KF, as a com-
plication of diabetes, has remained a significant burden. In
the U.K. Prospective Diabetes Study 74, 28% (1,132/4,006)
of the population with type 2 diabetes developed kidney
dysfunction, 51% (575/1,132) did not have albuminuria pri-
or to decreases in the GFR [18]. This is a new phenotype
of DKD that is different from the traditional clinical courses
of diabetic nephropathy. Recent studies have frequently re-
ported this phenotype, and its incidence is increasing. In this
respect, understanding the trends in GFR changes could be
crucial for developing clinical management strategies for the
prevention of diabetic complications.

In a prospective observational cohort study of 1,682 pa-
tients with type 2 diabetes, a rapid eGFRcr (eGFR calculated
using serum creatinine levels) decline, which was defined as
exceeding 4% per year, was observed in 15.6% (263/1,682)
of the patients with relatively preserved eGFRcr levels (> 60
mbL/min/1.73 m?). Albuminuria is a strong predictor of the
annual eGFRcr decline, as are other related factors, includ-
ing an older age, hypertension, insulin treatment, and a
lower baseline eGFRcr [19]. Recently, the Hong Kong Diabe-
tes Register has proposed the following four trajectories of
the eGFRcr decline in patients with type 2 diabetes and CKD
greater than stage 2 or without severely increased albumin-
uria (A3) over a median follow-up period of 11.8 years: slow
(84.3%), curvilinear (6.5%), progressive (6.1%), and accel-
erated (3.1%) eGFRcr decline [20]. Moderately increased
albuminuria (A2) and retinopathy were strongly associated
with the accelerated eGFRcr decline, and all-cause mortality
was higher in the other three groups than in the slow de-
cline group [20]. These results were consistent with previous
data showing that proteinuria was intimately related to the
deterioration of kidney function and DKD progression [21].
Notably, the rapid decline group, which was defined based
on an age-adjusted eGFRcr decline of > 4%/year using tra-
ditional linear mixed-effects models, was further classified
into three subgroups in the Hong Kong study. This shows
that the clinical course of DKD is heterogeneous, even in
rapid decline groups, defined using the standard classifica-
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tion criteria. Additionally, the eGFRcr values in all four main
groups were found to be closely related to patient mortality.
Taken together, although albuminuria is still an important
predictor of kidney dysfunction or KF, the precise predic-
tion of GFR decreases could be another important point to
consider for the prevention of a negative kidney outcome in
type 2 diabetes. Thus, further relevant clinical studies that
aim to predict kidney outcomes in patients with DKD using
the eGFRcr trajectory may need to be revised to improve the
clinical outcomes of patients with type 2 diabetes.

Unlike that for type 2 diabetes, the natural clinical course
can be easily predicted for type 1 diabetes. In 1976, Kuss-
man et al. [22] reported that proteinuria occurred 17.3 £6.0
years after the diagnosis of type 1 diabetes, and kidney dys-
function developed after an additional 2 years. Consistent
with these findings, in 1983, Mogensen et al. [23] proposed
five stages for DKD and observed that albuminuria preceded
a decrease in the GFR in type 1 diabetes. Recent observa-
tional data from the Joslin clinic have been significant in that
they reflect the entire clinical course of disease progression
from an eGFRcr decline to KF in 364 patients with type 1
diabetes [24]. That study was regarded as a valuable study in
that it reflected the whole clinical course of kidney dysfunc-
tion to KF in type 1 diabetes. Notably, the development of
kidney dysfunction showed a linear decline pattern in most
patients (87%) and occurred non-linearly in the minority
(13%) [24]. Consequently, the authors suggested that clin-
ically strategic interventions could be possible by predicting
the rate of deterioration of kidney function in patients with
type 1 diabetes who showed a linear decline pattern.

Albuminuria is currently a powerful predictor for future
CKD occurrence, defined as an eGFRcr of < 60 mL/min/1.73
m? in the Diabetes Control and Complications Trial (DCCT)
and Epidemiology of Diabetes Interventions and Complica-
tions (EDIC) cohort, a large follow-up observational study
with type 1 diabetes [25]. However, even in type 1 diabe-
tes, albuminuria is not regarded as an essential precursor
to the decrease in the GFR. Additionally, the monitoring of
albuminuria alone in patients with diabetes may not allow
the detection of kidney dysfunction that is manifested by
a decrease in the eGFRcr of approximately 24% [25], and
therefore, serial monitoring of the eGFRcr is crucial in com-
bination with monitoring albuminuria. In the Joslin kidney
study cohort [26], the annual decline of the eGFRcr-cys
(eGFR calculated using serum creatinine and cystatin C lev-
els) was more rapid in subjects with microalbuminuria than
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in those with normoalbuminuria. A rapid decline of the eG-
FRcr-cys (defined as a loss rate of > 3.3% per year) occurred
in 10% of the patients with normoalbuminuria and in 35%
of the patients with microalbuminuria. Notably, in studies of
populations with eGFRcr values below 60 mL/min/1.73 m2,
two distinct patterns were detected by analyzing the eGFRcr
decline using spline mixed-effects models, as exemplified in
397 patients with type 1 diabetes without albuminuria [27].
In this study, class | (86%) was characterized by an initial
eGFRcr increase followed by a linear decline, whereas class Il
(14%) showed a rapid eGFRcr decline, despite the absence
of albuminuria [27]. Meanwhile, in the presence of albu-
minuria, the rates of the eGFRcr decline were faster, and
the 10 year-averages were of 2.2 and 3.3 ml/min/1.73 m?/
year in patients with diabetes with microalbuminuria and
macroalbuminuria, respectively, and 1.9 mlU/min/1.73 m?%/
year in patients with diabetes with normoalbuminuria. The
reference rate of the eGFRcr decline in healthy people of Eu-
ropean descent was found to be 0.4 mL/min/1.73 m%/year
[28], while the rate was almost fourfold greater in patients
with diabetes without albuminuria.

Collectively, a precise understanding of the clinical course
may be imperative to predict and prevent the risk of KF and
negative kidney outcomes in patients with both type 1 and
type 2 diabetes mellitus (DM), irrespective of the degree of
albuminuria. However, as many factors are related to kid-
ney dysfunction in patients with diabetes, the identification
of future management targets is challenging. Nevertheless,
kidney specialists should continue their efforts to assess and
understand the disease using the latest research techniques.
It is expected that improved management indicators will be
identified in the future using tools such as artificial intelli-
gence and big data in combination with gene-related re-
search.

GFR AS AN ENDPOINT FOR DKD OUTCOMES
IN CLINICAL TRIALS

Changes in GFR over time can present to track kidney dis-
ease progression, and one method is to express it as a GFR
slope (average rate of change in GFR over time) (Fig. 1).
Through this, we can detect GFR decline. In addition, sub-
stantial GFR decline over time can use as an endpoint for
DKD outcomes. The details will be described in the follow-
ing paragraphs.
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Figure 1. Glomerular filtration rate (GFR) as an endpoint for diabetic kidney disease outcomes in clinical trials. UACR, urinary albu-
min-to-creatinine ratio; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; CV, cardiovascular. °New onset, pro-
gression, or regression of albuminuria, °[34], 932}, “defined as an eGFR of < 15 mL/min/1.73 m?.

Issues in determining kidney endpoints in
clinical trials

In real-world practice, most guidelines recommend that al-
buminuria be regularly tested as a marker for kidney dam-
age and the eGFR be also monitored as an indicator of renal
function in patients with diabetes [13,29]. In particular, as
there are many patients with diabetes whose renal function
declines without the appearance of albuminuria, measure-
ment of the eGFR is emphasized [30]. However, there is still
no consensus regarding the selection of endpoints in clinical
trials of patients with diabetes. Since the Food and Drug
Administration and other regulatory agencies mandate CV
safety trials of all new antidiabetic agents, consistent clin-
ical endpoints have been used for CV events. Meanwhile,
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inconsistent kidney endpoints have been used as one of the
prespecified secondary outcomes in most cardiovascular
outcome trials (CVOTs). As any new drug, including antidia-
betic agents, may potentially be beneficial or harmful to the
kidneys, kidney safety must first be assessed in the course of
their long-term use. Determining which endpoint to use for
clinical trials is a complicated process, and currently, there
is no relevant consensus. Therefore, diverse variables and
definitions are being used to assess kidney outcomes in clin-
ical research. In addition, reports of kidney outcomes are
frequently incomplete [31]. This heterogeneity is still present
in clinical trials of new antidiabetic drugs. Recently, efforts
have been made to more objectively compare the effects
of various antidiabetic drugs on the development and pro-
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gression of DKD using uniformly defined kidney endpoints
[32,33].

Surrogate endpoints as alternatives for hard
endpoints

End-stage kidney disease (ESKD) or KF (GFR < 15 mL/min/
1.73 m? or the initial of renal replacement therapy) is an
accepted hard endpoint in clinical trials for the progression
of DKD [13]. However, the disadvantage of ESKD as a clin-
ical endpoint is that it requires a long follow-up duration
[34]. Thus, biomarkers relevant to clinical trials for DKD pro-
gression include parameters such as urine protein/albumin,
serum creatinine, or eGFR levels. These surrogate endpoints
have been used instead of less frequently used hard clini-
cal endpoints. The use of surrogate endpoints in clinical tri-
als can reduce the number of participants and shorten the
follow-up period required to achieve a statistical power to
evaluate the effectiveness of new interventions and evaluate
interventions for early-phase disease [35]. As a representa-
tive surrogate endpoint, changes in albuminuria levels have
been used to evaluate DKD progression. The treatment ef-
fects on albuminuria were found to have moderately strong
correlations with treatment effects on clinical endpoints,
based on a joint analysis of 41 treatment comparisons from
randomized controlled trials (RCTs) [35]. This association
was stronger for participants with high baseline levels of al-
buminuria (urinary albumin-to-creatinine ratio [UACR] of >
30 mg/g or 3.4 mg/mmol). In addition, recent studies have
reported that increases in albuminuria levels reflect the pro-
gression of earlier structural glomerular lesions, whereas an
early GFR decline may not accurately reflect such lesions in
patients with type 2 diabetes with preserved kidney function
[36]. However, uncertainty still remains over the reliability of
evidence that surrogate therapeutic effects on albuminuria
could be used to predict treatment effects on hard end-
points in clinical trials [35,37].

Substantial declines in the GFR as intermedi-
ate endpoints

GFR is widely accepted to be the best overall marker of kid-
ney function. Typically, eGFR decline of 30%, 40%, or 50%
from baseline and serum creatinine doubling (57% eGFR
decline) have been used to assess declining kidney function
[32]. The eGFR decline from baseline has both strengths
and challenges as a kidney endpoint [38]. As the GFR must
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decline for subjects to develop KF, a substantial decline
(40%, 50%, or 57%) can be used as an “intermediate”
endpoint in clinical trials [34]. The advantage of using the
rate of changes in the GFR as an endpoint is that it provides
a greater statistical power than binary outcomes, such as
ESKD. However, several precautions must be taken when
using the GFR as an endpoint. A substantial decline in the
GFR can be appreciated in advanced kidney disease [39]. In
addition, this endpoint is the most useful in trials of rapid
progressors [40]. Changes in the GFR can occur as a result
of hemodynamic effects on a single-nephron GFR, rather
than alterations in a number of nephrons [41]. Therefore,
changes in the GFR might not be a specific measure for the
progression and regression of kidney disease. Meanwhile,
endpoints that are derived from serum creatinine-based
GFR estimates might be biased if the treatment or interven-
tion affects creatinine production, secretion, or extrarenal
elimination [42]. Moreover, this measure has been shown
to have interlaboratory variations and be influenced by the
hemodynamics and diet [43].

GFR slope-based endpoint in clinical trials
When the endpoint is based on repeated measurements
of the eGFR, the comparison of GFR slopes between treat-
ment groups may provide a better statistical power than
any alternative endpoints using the eGFR [34,44]. The eGFR
slope can be used as a continuous variable or a cutoff val-
ue, allowing dichotomous comparisons. The slope can be
assessed before any substantial decline in the GFR occurs,
and its accuracy relies on recording multiple values over
time. However, the cutoff values for steep or shallow slopes
are arbitrary. The GFR slope is worth using as an endpoint
only when the following two assumptions are met: first, the
mean rate of the GFR decline is constant during the inter-
vention in a trial, and second, the treatment effect on the
GFR slope is the same, regardless of the patient’s underly-
ing rate of kidney disease progression [45]. However, there
are some issues with these assumptions. Most interventions
have short-term hemodynamic effects on the GFR early af-
ter randomization, which differ from their long-term effects
[46]. Thus, sodium-glucose cotransporter 2 (SGLT2) inhib-
itors are well known to cause an initial dip in the GFR in
the early phase, which contrasts with their long-term kidney
protective effects [47].

In addition, the nonlinearity in eGFR slopes complicates

https://doi.org/10.3904/kjim.2021.515


www.kjim.org

Kim HJ, et al. GFR outcome of diabetic kidney disease

interpretations. Several trials have used the GFR slope as an
endpoint [48-50]. These early clinical trials revealed a linear
decline of kidney function over time. However, these studies
were conducted over relatively short periods, enrolled small
numbers of subjects, and recorded fewer than 10 longitudi-
nal GFR measurements or estimates per subject. By contrast,
a more recent and larger study of many African American
patients with hypertensive nephrosclerosis has shown a
nonlinear eGFR trajectory or an extended period of nonpro-
gression [51]. Another study reported that approximately
half of their patients showed a nonlinear kidney function
decline before reaching dialysis [52]. These data challenge
the prior paradigm of a linear trajectory of the kidney func-
tion decline, which may have important implications for
the analysis and interpretation of the data of clinical trials
that use the eGFR slope as the endpoint. By contrast, a data
analysis of six clinical studies showed that the proportion of
patients with the probability of a nonlinear eGFR decline of
> 50% was generally low, ranging from 19.3% to 31.7%
in diabetes trials and from 15.1% to 21.2% in nondiabetes
trials [53]. These data indicate that the eGFR slope can be
used as the endpoint if the GFR declines linearly over time
during a clinical trial period. However, one should take the
proportion of nonlinearity into account when designing clin-
ical trials with subjects who have diabetes [53].

A recent meta-analysis of RCTs showed strong associa-
tions between treatment effects on the GFR slope and those
on the clinical endpoint [54]. These findings suggest that
the GFR slope might be a useful surrogate endpoint in clin-
ical trials of kidney disease progression. The use of the GFR
slope can substantially increase the statistical power com-
pared with that of the clinical endpoint, particularly when
the baseline GFR is high and there are no acute effects [54].
However, another meta-analysis demonstrated a consistent
association between the eGFR slope and subsequent devel-
opment of ESKD, even when the slope difference was small
and observed over a period of only 1 to 3 years [44]. These
findings suggested that the change in the GFR slope might
be a good surrogate endpoint for ESKD in clinical trials, par-
ticularly in longer trials of patients with a rapidly progressing
disease.

Application of the GFR as an endpoint in clini-
cal trials

Currently, GFR is used as various endpoints in clinical trials.
Using GFR-based parameters as endpoints for kidney dis-
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ease progression has both advantages and disadvantages in
clinical trials of antidiabetic agents. Kidney endpoints should
be determined according to the characteristics of the study,
such as the stage of kidney injury in the subjects. The appli-
cation of GFR as an endpoint for DKD outcomes in clinical
trials is summarized in Fig. 1. Drawing a consensus on the
appropriate use of GFR-based endpoints in clinical trials will
require a sustained effort.

EFFECTS OF NEW ANTIDIABETIC DRUGS ON
THE GFR

Preventing the GFR decline is important, as KF in DKD leads
to poor outcomes in patients, such as death or CV disease.
Currently, metformin and several other antidiabetic drugs
are used to treat patients with diabetes [55]. In this sec-
tion, the effects of antidiabetic drugs on the eGFR will be
reviewed, mainly with regard to new classes of antidiabetic
drugs.

SGLT2 inhibitors

Multiple pathophysiological disturbances, including hemo-
dynamic, structural, and inflammatory processes, contrib-
ute to kidney damage and the GFR decline in DKD [56].
An increased activity of SGLT2, which is responsible for
approximately 90% of glucose and sodium reabsorption
in the proximal tubule, is pivotal to initiating many of the
pathophysiological abnormalities in DKD. Therefore, SGLT2
inhibitors play a role in renal protection. According to the
current KDIGO guidelines, they are recommended as a first-
line treatment, along with metformin, in patients with DKD
with an eGFR of > 30 mL/min/1.73 m? [56].

The effects of SGLT2 inhibitors on the kidney outcomes
reported in previous studies are summarized in Table 1.
Recent CVOTs using SGLT2 inhibitors also identified renal
endpoints as secondary outcomes. The Empagliflozin Car-
diovascular Outcome Event Trial in Type 2 Diabetes Mellitus
Patients-Removing Excess Glucose (EMPA-REG OUTCOME)
study was conducted in patients with type 2 DM with an
eGFR of > 30 mL/min/1.73 m? [57]. Analysis of long-term
renal outcomes showed that the incidence of nephropathy
worsening, including the progression to macroalbuminuria,
doubling of the serum creatinine level, initiation of renal re-
placement therapy, or death from renal disease, was lower
in the empagliflozin group than in placebo group (HR, 0.61;
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Table 1. Kidney outcomes from large, placebo-controlled clinical trials in type 2 diabetes mellitus patients using SGLT2

inhibitors
Kidney outcomes
S Trial Klqn?y-re@’[ed Composite outcomes Effect
eligibility criteria on GFR
NIt o,
Definition HR (95% Cl) preservation®
Empagliflozin  EMPA-REG eGFR > 30 mL/ Progression to macroalbumin- 0.61 (0.53-0.70) +
OUTCOME [56,57] min/1.73 m? uria, doubling of the serum
creatinine level, initiation of
renal replacement therapy, or
death from renal disease
Canagliflozin ~ CANVAS trials eGFR > 30 mL/ 40% Reduction in eGFR, 0.60 (0.47-0.77) +
[58,59] min/1.73 m? renal-replacement therapy,
or death from renal causes
CREDENCE ACR > 300 mg/g ESKD, doubling of serum creati-  0.66 (0.53-0.81) +
[60,61] and eGFR 30-90 nine level, or renal death
mL/min/1.73 m?
Dapagliflozin  DECLARE-TIMI 58 CrCl > 60 mL/min > 40% Decrease in eGFR to < 60 0.76 (0.67-0.87) +

[62,63]

mL/min/1.73 m?, new ESKD, or
death from renal or CV causes

SGLT2, sodium-glucose cotransporter 2; HR, hazard ratio; Cl, confidence interval; GFR, glomerular filtration rate; EMPA-REG OUT-
COME, Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients-Removing Excess Glucose; eGFR,
estimated glomerular filtration rate; +, significant preservation of eGFR decline; CANVAS, Canagliflozin Cardiovascular Assessment
Study; CREDENCE, Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical Evaluation; ACR, albumin-cre-
atinine ratio; ESKD, end stage kidney disease; DECLARE-TIMI 58, Dapagliflozin Effect on Cardiovascular Events—Thrombolysis in
Myocardial Infarction 58; CrCl, creatinine clearance; CV, cardiovascular.

@Assessed by eGFR decline.

95% Cl,0.53 10 0.70; p < 0.001). The decrease in the eGFR
was smaller in the empagliflozin group than in the placebo
group over a period of 192 weeks. However, the patients
in the empagliflozin group showed a short-term decrease
in the eGFR after empagliflozin initiation, followed by eGFR
stabilization over time. The eGFR significantly improved af-
ter discontinuation of empagliflozin, indicating that the tu-
buloglomerular feedback (TGF) mechanism was terminated
and glomerular hemodynamic changes were reversed. Even
when the eGFR decline was analyzed by albuminuria sub-
groups (normoalbuminuria, microalbuminuria, and macro-
albuminuria), the decrease in the eGFR was smaller in the
empagliflozin group than in the placebo group in all three
albuminuria subgroups, especially in the macroalbuminuria
subgroup [58].

In the Canagliflozin Cardiovascular Assessment Study
(CANVAS) program, in which canagliflozin was adminis-
tered to patients with type 2 DM with an eGFR of > 30 ml/
min/1.73 m?, the composite renal outcome (40% reduction
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in the eGFR, renal replacement therapy, or death from re-
nal causes) was significantly lower in the canagliflozin group
than in the placebo group (HR, 0.60; 95% Cl, 0.47 t0 0.77)
[59]. In the CANVAS program, the effects of canagliflozin
on the eGFR were similar to those of empagliflozin in the
EMPA-REG OUTCOME trial. The eGFR decline was attenu-
ated in the canagliflozin group compared with that in the
placebo group, and the eGFR increase after canagliflozin
was stopped [60]. Based on the exploratory renal outcome
results of the CANVAS program, the Canagliflozin and Re-
nal Events in Diabetes with Established Nephropathy Clinical
Evaluation (CREDENCE) study was conducted to investigate
the renal outcomes of canagliflozin. In patients with type
2 DM with CKD, defined as an eGFR of 30 to < 90 ml/
min/1.73 m? and albuminuria (UACR of > 300 to 5,000
mg/q), the relative risk of the renal-specific composite out-
come (ESKD, doubling of the serum creatinine level, or renal
death) in the canagliflozin group was 34% lower (HR, 0.66;
95% Cl, 0.53 to 0.81; p < 0.001) than that in the place-
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bo group [61]. The decline in the eGFR was faster in the
canagliflozin group than in the placebo group in the first
3 weeks but was slower thereafter. According to the post-
hoc analysis of the data from the CANVAS program, after
week 13, canagliflozin decreased the annual loss of kidney
function across the albuminuria subgroups, with a greater
absolute reduction in participants with severely increased al-
buminuria (UACR > 300 mg/g) [61].

The Dapagliflozin Effect on Cardiovascular Events—Throm-
bolysis in Myocardial Infarction 58 (DECLARE-TIMI 58) study
showed that renal composite events (> 40% decrease in
the eGFR, to < 60 mL/min/1.73 m?, new ESKD, or death
from renal or CV causes) occurred at a lower rate in the da-
pagliflozin group than that in the placebo group (HR, 0.76;
95% Cl, 0.67 to 0.87) [62]. The mean decrease in the eGFR
was larger in the dapagliflozin group than in the placebo
group 6 months after the randomization [62]. However, the
mean changes became comparable after 2 years, and the
mean decrease in the eGFR was lower with dapagliflozin
than with the placebo after 3 or 4 years. Similar results were
observed when the groups were divided according to their
baseline eGFR levels. Meta-analyses showed that SGLT2 in-
hibitors reduced the renal composite outcomes compared
to the placebo in individuals with type 2 DM, and the SGLT2
inhibitors were more effective in the group with preserved
renal function [63]. Recently, the Dapagliflozin and Preven-
tion of Adverse Outcomes in Chronic Kidney Disease (DA-
PA-CKD) trial has reported dapagliflozin effects in patients
with CKD, with or without type 2 DM [64]. In patients with
an eGFR from 25 to 75 mL/min/1.73 m? and UACR of 200
to 5,000 mg/g, the risk of a renal-specific composite out-
come (decline in the eGFR of at least 50%, ESKD, or death
from renal causes) was significantly lower with dapagliflozin
than with placebo (HR, 0.56; 95% Cl, 0.45 to 0.68; p <
0.001). Consistent with the results of previous studies, there
was a greater reduction in the eGFR in the dapagliflozin
group than in the placebo group during the first 2 weeks.
Thereafter, annual changes in the mean eGFR were smaller
with dapagliflozin than with the placebo. In the DAPA-CKD
study, 32.5% of the patients had CKD without diabetes,
and 14.5% had an eGFR of less than 30 mL/min/1.73 mZ.
Thus, dapagliflozin was shown to be effective at preventing
eGFR reductions in patients with CKD and diabetes and in
those with advanced CKD.

When SGLT2 inhibitors were initiated, a transient and
reversible eGFR decrease, referred to as an eGFR dip, was
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reversible. However, clinicians are currently worried about
an acute dip in the eGFR and how to monitor and manage
it. A recent post-hoc analysis of the EMPA-REG OUTCOME
results showed a higher proportion of patients with an eGFR
dip of > 10% in the empagliflozin group than in the place-
bo group (28.3% vs. 13.4%, respectively; odds ratio [OR],
2.7;95% Cl, 2.3 to 3.0). However, the long-term eGFR tra-
jectories and safety outcomes, including acute kidney injury
(AKI), were similar, regardless of the eGFR dip with empagli-
flozin treatment [47]. In a post hoc analysis of the CRE-
DENCE study, the eGFR dip of > 10% was more prevalent
in the canagliflozin group than in the placebo group (45%
vs. 21%, respectively; OR, 3.03; 95% Cl, 2.65 to 3.47) [65].
However, the long-term eGFR trajectories and safety out-
comes were similar, regardless of the magnitude of the ini-
tial eGFR dip. Therefore, when using SGLT2 inhibitors, the
initial eGFR dip reflects a protective mechanism of action; it
does not increase the risk of AKI and is not considered to be
related to kidney injury [66]. There is no need to discontinue
the drug or routinely adjust its dosage, unless there is a clin-
ical concern about volume depletion.

Although the underlying mechanisms of the renal pro-
tective effects of SGLT2 inhibitors are not completely un-
derstood, their glucose-lowering effects and other factors
contribute to renal protection [67]. SGLT2 inhibitors have
natriuretic and glucose-induced osmotic diuretic effects and
consequently, alter renal hemodynamics and reduce blood
pressure [68]. In a normal kidney, sodium delivery to macula
densa cells of the juxtaglomerular apparatus (JGA) regulates
glomerular capillary pressure and the GFR through the phe-
nomenon of the TGF [69]. A decrease in NaCl delivery to
the macula densa dilates the afferent arteriole and contracts
the efferent arteriole. An increase in NaCl delivery to the
macula densa has the opposite effect. Hyperglycemia and
diabetes increase glucose levels and the NaCl filtration load,
which increases glucose and sodium reabsorption by SGLT2
in the proximal tubule. This decreases the delivery of NaCl
to the JGA of the macula densa, thereby causing dilatation
of the afferent arteriole and contraction of the efferent ar-
teriole. Eventually, the intraglomerular pressure increases,
which can lead to glomerular hypertension, as well as to
glomerulosclerosis and decreased renal function, in the long
term [70-73]. SGLT2 inhibitors block glucose and sodium
reabsorption in the proximal tubule, thus increasing NaCl
delivery to the JGA, reversing pathophysiological changes,
decreasing intraglomerular pressure, and preserving kidney
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function [68]. However, there are structural and functional
differences in CKD with type 1 and type 2 DM, and pa-
tients with type 2 DM are usually older and more obese,
with renal hyperfiltration being less likely than in type 1
DM [69]. In a recent randomized study, SGLT2 inhibition in
patients with type 2 DM decreased the GFR and filtration
fractions without increasing renal vascular resistance, which
suggested postglomerular vasodilation rather than preglo-
merular vasoconstriction [74]. Empagliflozin was shown to
attenuate hyperfiltration in patients with type 1 DM with
hyperfiltration [75]. However, in patients with type 1 DM
with a normal GFR, renal function parameters were not al-
tered by empagliflozin. These hemodynamic effects were
consistent with afferent vasoconstriction, conveyed by the
TGF, rather than with efferent vasodilatation [75]. A post-
hoc analysis of a study that used dapagliflozin adjunct to
insulin in patients with type 1 DM showed that the extent of
albuminuria decreased in the dapagliflozin group compared
with that in the placebo group during a 52-week follow-up
period, but there was no significant difference in the eGFR
changes between the groups [76]. An initial eGFR dip that
was observed with dapagliflozin in patients with type 1 DM
subsequently stabilized over time, which resulted in no sig-
nificant differences in the placebo group. Further studies on
the renal protective effects of SGLT2 inhibitors in type 1 DM
are required. In addition, SGLT2 inhibitors are thought to be
effective in renal protection via other mechanisms. A study
showed that SGLT2 inhibitors suppressed hepcidin concen-
trations and increased erythropoiesis [77], which indicates
that more research on the reduction of hypoxic stress by
SLGT2 inhibitors is required. SGLT2 inhibitors can also al-
leviate oxidative stress and proinflammatory and fibrotic
changes by reducing lipids in the podocytes by controlling
lipotoxicity [78,79]. Furthermore, matrix metalloproteinase
7 and fibronectin 1 levels were reduced in patients with
diabetes who were treated with canagliflozin for 2 years
compared with those treated with glimepiride [80]. These
results suggest that SGLT2 inhibitors may attenuate process-
es related to inflammation and fibrosis. Several mechanisms
are involved in the pathophysiology of DKD, and therefore,
it is difficult to control this disease via only one mechanism.
The renal protective mechanisms of SGLT2 inhibitors have
not been fully elucidated for aspects such as endothelial
dysfunction, mitochondrial injury, autophagy, and tubular
hypertrophy, and therefore, further studies are required.

510  www.kjim.org

The Korean Journal of Internal Medicine Vol. 37, No. 3, May 2022

Glucagon-like peptide 1 receptor agonists
Glucagon-like peptide 1 (GLP-1) is a gut-derived peptide
that is secreted from intestinal enteroendocrine cells in re-
sponse to nutrients, especially glucose and fat [81]. GLP-1 is
an incretin that increases glucose-stimulated insulin secre-
tion by pancreatic B-cells and stimulates B-cell neogenesis
and inhibits B-cell apoptosis. GLP-1 receptor agonists (RAs)
are an important class of drugs with well-established effi-
cacy and safety profiles in patients with type 2 DM. GLP-1
RAs include short-acting agents, exenatide (twice a day) and
lixisenatide (once a day), and long-acting agents, exenatide
(once a week), liraglutide (once a day), dulaglutide (once a
week), albiglutide (once a week), and semaglutide (once a
week) [82]. GLP-1 RAs are either derived from the Gila mon-
ster salivary peptide exendin-4 (exenatide and lixisenatide)
or via modifications of the human GLP-1 active fragment
(liraglutide, dulaglutide, albiglutide, and semaglutide). Low-
er homology with human GLP-1 presents a greater potential
for antibody production and injection-site reaction (pruritus
or erythema) [82]. The short-acting agents, the first type of
receptor agonist, result in a greater delay in gastric empty-
ing and a reduction in insulin secretion and are consequent-
ly more potent at reducing postprandial (vs. fasting) plasma
glucose concentrations. The long-acting agents are the 2nd
type of receptor agonist, which result in a shorter delay in
gastric emptying, predominantly by increasing insulin and
decreasing glucagon secretion and are more effective at
reducing fasting plasma glucose concentrations. All GLP-1
RAs are administered as subcutaneous injections, but sema-
glutide is also available in an oral form. Currently, albiglutide
and semaglutide have not been approved for use in Korea.
The renal benefits of GLP-1 RAs that have been identi-
fied in previous studies are summarized in Table 2. In most
cases, renal endpoints were used as prespecified second-
ary outcomes in CVOTs, similar to that in studies on SGLT2
inhibitors. The Liraglutide Effect and Action in Diabetes:
Evaluation of Cardiovascular Outcome Results (LEADER) tri-
al showed that composite renal outcomes (new-onset per-
sistent macroalbuminuria, persistent doubling of the serum
creatinine level and an eGFR of < 45 mL/min/1.73 mZ, ESKD,
or death due to renal disease) occurred in fewer patients
with type 2 DM in the liraglutide group than in the placebo
group (HR, 0.78; 95% Cl, 0.67 to 0.92; p = 0.003) [83].
These results were primarily driven by the new onset of per-
sistent macroalbuminuria (HR, 0.74; 95% Cl, 0.60 to 0.91;
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Table 2. Kidney outcomes from large, placebo-controlled clinical trials in type 2 diabetes mellitus patients using GLP-1 RA

Kidney outcomes

S Trial Klfj_ﬂf?_)’-r6|§te(_>| Composite outcomes Effect on
eligibility criteria GFR
L o
Definition HR (95% Cl) oreservation?
Liraglutide  LEADER [84] eGFR>15mL/  New-onset persistent macroalbuminuria, 0.78 (0.67-0.92) +
min/1.73 m? persistent doubling of the serum creatinine level
and eGFR < 45 mL/min/1.73 m?, ESKD, or death
due to renal disease
Dulaglutide REWIND [85] eGFR>15mL/  First occurrence of new macroalbuminuria, a 0.85 (0.77-0.93) -
min/1.73 m? sustained decline in eGFR of 30% or more
from the baseline, or chronic renal replacement
therapy
AWARD-7 CKD stage 3-4 > 40% eGFR decline, ESKD, or death due to 0.45(0.20-0.97)° +
[90] kidney disease
Semaglutide SUSTAIN-6 Patients treated  Persistent macroalbuminuria, persistent doubling  0.64 (0.46-0.88) +[87]
[86] with dialysis of the serum creatinine level and eGFR < 45
excluded mL/min/1.73 m? or need for renal replacement
therapy
Exenatide EXSCEL eGFR>30mL/  40% eGFR decline, renal replacement, renal 0.88(0.76-1.11) P
[88,89] min/1.73 m? death, or new macroalbuminuria

GLP-1 RA, glucagon-like peptide 1 receptor agonist; HR, hazard ratio; Cl, confidence interval; GFR, glomerular filtration rate; LEADER, The
Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results; eGFR, estimated glomerular filtration rate; ESKD,
end stage kidney disease; +, significant preservation of eGFR decline; REWIND, The Dulaglutide and cardiovascular outcomes in type 2
diabetes; «, no significant difference; AWARD-7, The dulaglutide versus insulin glargine in patients with type 2 diabetes and moderate-
to-severe chronic kidney disease; CKD, chronic kidney disease; SUSTAIN-6, The Trial to Evaluate Cardiovascular and Other Long-term

Outcomes with Semaglutide in Subjects with Type 2 Diabetes; EXSCEL, The Exenatide Study of Cardiovascular Event Lowering.

#Assessed by eGFR decline.
®1.5 mg dulaglutide weekly vs. insulin glargine.

“Across the total study population involved in the SUSTAIN 1-7 trials, semaglutide was associated with initial reductions in eGFR,
followed by a plateau, with a lower degree of decline in the long term (week 12 or 16 to week 30 to 104).

p = 0.004), while other renal events, including a persistent
doubling of the serum creatinine level and an eGFR of <
45 ml/min/1.73 m?, ESKD, or death due to renal disease,
were similar between the groups. The eGFR decline was
slightly slower in the liraglutide group than in the placebo
group. The decrease in the eGFR at 36 months was 7.44
mL/min/1.73 m? in the liraglutide group, as compare with
7.82 mL/min/1.73 m? in the placebo group. In the subgroup
analysis, the effects of liraglutide on the eGFR, compared
with those of the placebo, appeared to be higher in pa-
tients with a baseline eGFR of 30 to 59 ml/min/1.73 m? or
in those with macroalbuminuria. However, the eGFR slope
was not significantly different between the liraglutide and
control groups in patients with an eGFR of > 60 or < 30 mL/
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min/1.73 m? or in those with microalbuminuria or normo-
albuminuria.

The dulaglutide and cardiovascular outcomes in type 2
diabetes (REWIND) trial, showed similar results to those in
the LEADER trial [84]. Composite renal outcomes (first oc-
currence of new macroalbuminuria, a sustained decline in
the eGFR of 30% or more from baseline, or chronic renal
replacement therapy) occurred less frequently in the dula-
glutide group than in the placebo group (HR, 0.85; 95%
Cl, 0.77 t0 0.93; p = 0.0004). These effects were primarily
driven by new-onset macroalbuminuria (HR, 0.77; 95% Cl,
0.68 t0 0.87; p < 0.0001), whereas other renal events were
not significantly different between the groups. The eGFR
slope was similar between the dulaglutide and placebo
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groups (p = 0.12). The Trial to Evaluate Cardiovascular and
Other Long-term Outcomes with Semaglutide in Subjects
with Type 2 Diabetes (SUSTAIN 6) showed new or wors-
ening nephropathy (persistent macroalbuminuria, persistent
doubling of the serum creatinine level and an eGFR of < 45
mL/min/1.73 mZ2, or a need for renal replacement therapy)
in fewer patients with type 2 DM in the semaglutide group
than in the placebo group (HR, 0.64; 95% Cl, 0.46 t0 0.88;
p = 0.005) [85]. Across the total study population involved
in the SUSTAIN 1-7 trials, semaglutide was associated with
initial reductions in the eGFR, followed by a plateau, with a
lower long-term decline (week 12 or 16 to week 30 to week
104) [86].

The Exenatide Study of Cardiovascular Event Lowering
(EXSCEL) assessed the effects of once-weekly exenatide
(EQW) on CV outcomes in patients with type 2 DM [87]. A
post-hoc analysis of the EXSCEL trial [88] was performed to
examine the EQW effects on the eGFR slope, and changes in
albuminuria levels were stratified using the baseline UACR.
The mean eGFR decline was similar between the placebo
and EQW groups. However, a subgroup analysis showed
that EQW treatment slowed the progression of eGFR de-
cline in participants with elevated baseline albuminuria lev-
els (> 100 mg/g) but not in those with a lower degree of
albuminuria [88]. The EQW treatment effects on the eGFR
slope were higher in participants with baseline albuminuria
levels of > 200 mg/g than in those with baseline albuminuria
levels of > 100 mg/g.

The dulaglutide versus insulin glargine in patients with
type 2 diabetes and moderate-to-severe chronic kidney dis-
ease (AWARD-7) trial was performed in patients with type 2
DM and moderate-to-severe CKD (stage 3-4) to assess the
efficacy of once-weekly dulaglutide in glycemic control, its
overall safety, and effects on the eGFR decline compared
with those of once-daily insulin glargine [89]. Overall, over
52 weeks, the decline in the eGFR was significantly lower
in the dulaglutide group than in the insulin glargine group.
The results were consistent in the macroalbuminuria group
(UACR of > 300 mg/g), but in patients without macroal-
buminuria, the eGFR decline did not differ between the
dulaglutide and insulin glargine groups at 52 weeks. A re-
duced eGFR decline was also observed in GLP-1 RA-treat-
ed patients with type 2 DM with moderate-to-severe CKD.
In addition, the effects of dulaglutide were greater in the
group with macroalbuminuria, even in patients with the un-
derlying decreased eGFR. Furthermore, there were no over-
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all between-group differences in glycemic control or blood
pressure in the AWARD-7 trial. These findings suggested
that GLP-1 RA exerted eGFR preservation effects, regardless
of its effects on glycemic control or blood pressure. Taken
together, the available data suggest that GLP-1 RAs slow
the eGFR decline in participants with moderate-to-severe
CKD. This is different from the effects of SGLT 2 inhibitors,
which reduce the eGFR slope, regardless of the albuminuria
level or eGFR [61,62]. There are several ongoing studies of
primary kidney outcomes with GLP-1 RA treatments, which
may help address unanswered questions.

Several mechanisms are thought to be involved in the
renal protective effects of GLP-1 RAs, including glucose
control, as well as the reductions in blood pressure and the
body weight [90]. However, GLP-1 RAs may also have glu-
cose-independent renoprotective actions. GLP-1 RAs cause
natriuresis via the inhibition of sodium-hydrogen exchanger
3 (NHE3), which is localized to the renal proximal tubule, or
cause pressure diuresis [90,91]. This natriuretic effect was
eliminated after 12 weeks of treatment with liraglutide [92].
However, lixisenatide, a short-acting GLP-1 RA, maintained
natriuresis after 8 weeks of treatment, which may reflect
its preserved efficacy via intermittent GLP-1 receptor stim-
ulation [93]. GLP-1 RAs seem to have renal hemodynam-
ic effects, independent of natriuretic effects, in individuals
without diabetes. In healthy conditions, GLP-1 RAs cause re-
nal afferent arteriole vasodilation and only mildly influence
the TGF [94,95]. However, in diabetes, GLP-1 RAs decreased
the GFR and ameliorated glomerular hyperfiltration in both
experimental [96] and clinical studies [97,98]. This amelio-
ration may have been due to indirect inhibition of putative
vascular and tubular factors that are involved in glomerular
hyperfiltration in diabetes. The integrated effects of GLP-1
RAs on renal hemodynamics seem to be the result of di-
rect vasodilative actions and the inhibition of pathways for
glomerular hyperfiltration [90]. In addition, the mechanisms
of GLP-1 RA-associated kidney protection may include an-
ti-inflammatory effects and the amelioration of oxidative
stress [99-101]. Glucose-independent  anti-inflammatory
and antioxidant effects of GLP-1 RA treatments have been
described in patients with type 2 DM. Thus, the levels of
C-reactive protein [102], markers of oxidative stress [103],
transforming growth factor g1, and type IV collagen [104]
are reduced by GLP-1 RA treatment.

The threshold of eGFR for human GLP-1 RA safety is an
eGFR of less than 15 mL/min/1.73 m?, but there are no suf-
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ficient clinical trial data in patients with DKD with stage 5
CKD or kidney transplantation. Therefore, safety in these
specific patients with CKD has not been clearly established.
In addition, it is unknown whether SGLT2 inhibitors and
GLP-1 RAs will have synergistic renal protective effects when
used together in patients with moderate-to-advanced DKD.
Thus, more studies are required in patients with advanced
CKD and type 2 DM.

Dipeptidyl peptidase-4 inhibitors

Dipeptidyl peptidase-4 (DPP-4) inhibitors are classified as
an incretin-based therapy, along with GLP-1 analogs. Fol-
lowing glucose ingestion, the distal small bowel releases
incretins, such as GLP-1 and gastric inhibitory polypeptide,
which stimulate insulin secretion by B-cells of the pancreas.
While GLP-1 analogs exert their action, DPP-4 inhibitors pre-
vent the degradation of incretins [105]. The currently used
DPP-4 inhibitors include sitagliptin, vildagliptin, saxagliptin,
alogliptin, linagliptin, and gemigliptin.

The effects of DPP-4 inhibitors on renal outcomes, includ-
ing changes in the eGFR, are summarized in Table 3. The
effects of DPP-4 inhibitors in relation to renal outcomes,
similar to those of SGLT2 inhibitors or GLP-1 RAs, are usually
studied as secondary outcomes in CVOTs. The Examination

KJIM™

of Cardiovascular Outcomes with Alogliptin versus Standard
of Care (EXAMINE) trial evaluated the CV safety profile of
alogliptin in patients with type 2 DM who had had a recent
acute coronary syndrome [106]. Of 5,380 patients, 29.1%
had a baseline eGFR of < 60 mL/min/1.73 m?. During the
study, changes in the eGFR according to the baseline kidney
function were similar between the alogliptin and placebo
groups.

The Saxagliptin Assessment of Vascular Outcomes Re-
corded in Patients with Diabetes Mellitus—Thrombolysis
in Myocardial Infarction 53 (SAVOR-TIMI 53) trial primari-
ly evaluated the CV safety of saxagliptin versus a placebo
in patients with type 2 DM with a history or a significant
risk of CV disease [107]. Of 16,492 patients, 15.6% had
a baseline eGFR of < 50 mL/min/1.73 m2. According to a
post hoc renal outcome analysis for the SAVOR-TIMI 53 trial,
compared with the placebo, treatment with saxagliptin was
associated with improvement or less deterioration in the al-
buminuria categories [108]. Furthermore, effects were also
observed within the normoalbuminuric range, regardless of
glycemic control. However, the overall changes in the eGFR
during follow-up were similar between the saxagliptin and
placebo groups (p = 0.5794). Renal outcomes, including the
doubling in the serum creatinine level, initiation of chronic

Table 3. Kidney outcomes from large, placebo-controlled clinical trials in type 2 diabetes mellitus patients using DPP-4

inhibitors
Kidney outcomes
Dru Trial Niehsyissitss Composite outcomes ff
9 eligibility criteria P Eieaten GH;
Definition HR (95% Cl) preservation
Alogliptin - EXAMINE [107]  Excluded dialysis Initiation dialysis Alogliptin vs. placebo: 0.9% >
patients vs. 0.8%; p=0.88
Saxagliptin - SAVOR-TIMI 53  eGFR > 15mL/ Initiation of chronic dialysis, renal 0.90 (0.61-1.32) P
[108,109] min/1.73 m? transplantation, or serum
creatinine >6.0 mg/dL
Sitagliptin -~ TECOS[110,111]  eGFR >30 mL/  Data not published JEN
min/1.73 m?
Linagliptin -~ CARMELINA eGFR > 15 mL/  First sustained ESKD, death dueto  1.04 (0.89-1.22) Data not
[112] min/1.73 m? KF, or sustained decrease of published

> 40% in eGFR from baseline

DPP-4, dipeptidyl peptidase-4; HR, hazard ratio; Cl, confidence interval; GFR, glomerular filtration rate; EXAMINE, Examination of
Cardiovascular Outcomes with Alogliptin versus Standard of Care; <, no significant difference; SAVOR-TIMI 53, Saxagliptin Assessment
of Vascular Outcomes Recorded in Patients with Diabetes Mellitus-Thrombolysis in Myocardial Infarction 53; eGFR, estimated glomerular
filtration rate; TECOS, Trial Evaluating Cardiovascular Outcomes with Sitagliptin, CARMELINA, Cardiovascular and Renal Microvascular
Outcome Study With Linagliptin; ESKD, end stage kidney disease; KF, kidney failure.

4Assessed by eGFR decline.
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dialysis, renal transplantation, and a serum creatinine level
of > 6.0 mg/dL, were also all found to be similar between
the groups.

The Trial Evaluating Cardiovascular Outcomes with Sita-
gliptin (TECOS) was performed to assess the CV safety of
sitagliptin versus placebo in patients with type 2 DM and
established CV disease [109]. Analysis of renal outcomes in
the TECOS study [110] showed that the mean eGFR reduc-
tion from baseline over a 4-year period was higher in the
sitagliptin group than in the placebo group (-4.0 + 18.4
mL/min/1.73 m? vs. =2.8 = 18.3 mL/min/1.73 m?, respec-
tively). However, the mean eGFR values were slightly lower
in the sitagliptin group at the first postrandomization visit
and remained consistently lower thereafter. Kidney function
decreased at the same rate in both treatment groups, with
marginally lower but constant eGFR differences in the par-
ticipants assigned to the sitagliptin group.

The Cardiovascular and Renal Microvascular Outcome
Study with Linagliptin (CARMELINA) trial primarily evaluated
the CV safety of linagliptin in patients with type 2 DM with
high CV and renal risks [111]. Of 6,979 patients, 47.1%
and 15.2% had baseline eGFR values of 30-59 and < 30
mL/min/1.73 m?, respectively, and patients with more ad-
vanced CKD were included in the CARMELINA trial. Renal
composite outcomes (first sustained ESKD, death due to
KF, or a sustained eGFR decrease of > 40% from baseline)
were similar between the linagliptin and placebo groups
(HR, 1.04; 95% Cl, 0.89 to 1.22; p = 0.06). The progres-
sion in the albuminuria category occurred less frequently in
the linagliptin group than in the placebo group (35.3% vs.
38.5%, respectively; p = 0.003). However, the CARMELINA
study did not report differences in the eGFR changes be-
tween the two groups. According to a meta-analysis that
included RCTs and non-RCTs to evaluate the effects of DPP-
4 inhibitors on renal outcomes in patients with type 2 DM,
DPP-4 inhibitor treatments were associated with small but
significant decreases in the eGFR (p = 0.001) [112].

Evidence from preclinical studies showed that DPP-4 in-
hibitors reduced fibrosis, oxidative stress, endothelial dys-
function, and inflammation in the kidneys [113]. These
effects may be contributing factors to the reduction in albu-
minuria levels by DPP-4 inhibitors in DKD. In addition, DPP-4
inhibitors could stimulate natriuresis in patients with type 2
DM, exerting their effects on the distal tubule [114], which
differs from the effects of SGLT2 inhibitors that act on the
proximal tubule. However, there are several conflicting stud-
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ies. DPP-4 inhibitors were found to promote natriuresis in
animals [115,116] and in patients with type 2 DM [114].
By contrast, the natriuretic response to a DPP-4 inhibitor
was found to be blunted in obese type 2 DM model mice
in a separate study [96]. The natriuretic effects of sitagliptin
lasted for up to 2 weeks and then disappeared before the
12-week assessment in patients with type 2 DM [92]. There-
fore, DPP-4 inhibitors could alleviate albuminuria via anti-in-
flammatory, antioxidant, and antifibrotic effects, without
significant changes in renal hemodynamics.

CONCLUSIONS

Tracking eGFR changes in DKD may improve the ability to
predict the development of hard renal endpoints, such as
KF or renal death. In this respect, understanding the trends
in GFR changes could be crucial for developing clinical man-
agement strategies for the prevention of diabetic complica-
tions. Several mechanisms cause a decline in renal function
in DKD; therefore, it is difficult to control the decline using
only one drug, and drug combinations will likely be required
to slow down or prevent renal events in patients with type
2 DM. Previous studies on the use of new drugs in patients
with DKD have been heterogeneous, and most renal out-
comes were prespecified secondary outcomes from recent
CVQTs. Consequently, more research is required to under-
stand the beneficial effects of these drugs on kidneys. Based
on the GFR-related clinical endpoints that have been used
so far, the striking development of new innovative medical
technologies is expected to lead to the discovery of suitable
markers for effective kidney protection in the near future,
followed by the development of novel drugs.

Conflict of interest
No potential conflict of interest relevant to this article was
reported.

Acknowledgments

This study was supported by National Research Foun-
dation of Korea (NRF) grants funded by the Korean gov-
ernment (MSIT: 2021R1F1A1061372 to Hyo Jin Kim;
2018R1C1B6002854 and 2021R1A2C1095259 to Sang
Soo Kim; and MSIP: 2016R1A2B4008243 to Sang Heon
Song).

https://doi.org/10.3904/kjim.2021.515


www.kjim.org

Kim HJ, et al. GFR outcome of diabetic kidney disease

REFERENCES

. Jin DC. Analysis of mortality risk from Korean hemodialysis

registry data 2017. Kidney Res Clin Pract 2019;38:169-175.
Choi HS, Han KD, Oh TR, et al. Trends in the incidence and
prevalence of end-stage renal disease with hemodialysis in
entire Korean population: a nationwide population-based
study. Medicine (Baltimore) 2021;100:€25293.

Lundy DS, Smith C, Colangelo L, et al. Aspiration: cause and
implications. Otolaryngol Head Neck Surg 1999;120:474-
478.

Jung SW, Moon JY. The role of inflammation in diabetic kid-
ney disease. Korean J Intern Med 2021;36:753-766.

Yang YS, Han K, Sohn TS, Kim NH. Young-onset type 2
diabetes in South Korea: a review of the current status and
unmet need. Korean J Intern Med 2021;36:1049-1058.

Kim K, Lee SH, Lee SW, Lee JP, Chin HJ; Korean Glomerulo-
NEphritis sTudy (KoGNET) Group. Current findings of kidney
biopsy including nephropathy associated with hyperten-
sion and diabetes mellitus in Korea. Korean J Intern Med
2020;35:1173-1187.

Kumar S, Bogle R, Banerjee D. Why do young people
with chronic kidney disease die early? World J Nephrol
2014;3:143-155.

Kim KM, Oh HJ, Choi HY, Lee H, Ryu DR. Impact of chronic
kidney disease on mortality: a nationwide cohort study. Kid-
ney Res Clin Pract 2019;38:382-390.

Kim MK. Treatment of diabetic kidney disease: current and
future targets. Korean J Intern Med 2017;32:622-630.

Kim Y, Park CW. New therapeutic agents in diabetic ne-
phropathy. Korean J Intern Med 2017;32:11-25.

. Ko SH, Hur KY, Rhee SY, et al. Antihyperglycemic agent ther-

apy for adult patients with type 2 diabetes mellitus 2017: a
position statement of the Korean Diabetes Association. Kore-
an J Intern Med 2017;32:947-958.

. Kim K, Baek E, Go S, et al. Effect of estimating equations

for glomerular filtration rate on novel surrogate markers for
renal outcome. Kidney Res Clin Pract 2021;40:220-230.

. Kidney Disease: Improving Global Outcomes (KDIGO) Diabe-

tes Work Group. KDIGO 2020 Clinical Practice Guideline for
Diabetes Management in Chronic Kidney Disease. Kidney Int
2020;98:51-5115.

Afkarian M, Zelnick LR, Hall YN, et al. Clinical manifestations
of kidney disease among US adults with diabetes, 1988-
2014. JAMA 2016;316:602-610.

. Pugliese G. Updating the natural history of diabetic nephrop-

https://doi.org/10.3904/kjim.2021.515

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

KJIM™

athy. Acta Diabetol 2014;51:905-915.

Gregg EW, Li Y, Wang J, et al. Changes in diabetes-related
complications in the United States, 1990-2010. N Engl J Med
2014,370:1514-1523.

Lee MJ, Ha KH, Kim DJ, Park I. Trends in the incidence, prev-
alence, and mortality of end-stage kidney disease in South
Korea. Diabetes Metab J 2020;44:933-937.

Retnakaran R, Cull CA, Thorne KI, Adler Al, Holman RR; UK-
PDS Study Group. Risk factors for renal dysfunction in type
2 diabetes: U.K. Prospective Diabetes Study 74. Diabetes
2006;55:1832-1839.

Zoppini G, Targher G, Chonchol M, et al. Predictors of esti-
mated GFR decline in patients with type 2 diabetes and pre-
served kidney function. Clin J Am Soc Nephrol 2012;7:401-
408.

Jiang G, Luk A, Tam C, et al. Progression of diabetic kidney
disease and trajectory of kidney function decline in Chinese
patients with type 2 diabetes. Kidney Int 2019;95:178-187.
Packham DK, Alves TP, Dwyer JP, et al. Relative incidence of
ESRD versus cardiovascular mortality in proteinuric type 2
diabetes and nephropathy: results from the DIAMETRIC (Dia-
betes Mellitus Treatment for Renal Insufficiency Consortium)
database. Am J Kidney Dis 2012;59:75-83.

Kussman MJ, Goldstein H, Gleason RE. The clinical course of
diabetic nephropathy. JAMA 1976;236:1861-1863.
Mogensen CE, Christensen CK, Vittinghus E. The stages in
diabetic renal disease. With emphasis on the stage of incipi-
ent diabetic nephropathy. Diabetes 1983;32 Suppl 2:64-78.
Skupien J, Warram JH, Smiles AM, Stanton RC, Krolewski AS.
Patterns of estimated glomerular filtration rate decline lead-
ing to end-stage renal disease in type 1 diabetes. Diabetes
Care 2016;39:2262-2269.

Molitch ME, Steffes M, Sun W, et al. Development and
progression of renal insufficiency with and without albumin-
uria in adults with type 1 diabetes in the diabetes control
and complications trial and the epidemiology of diabe-
tes interventions and complications study. Diabetes Care
2010;33:1536-1543.

Krolewski AS, Niewczas MA, Skupien J, et al. Early progres-
sive renal decline precedes the onset of microalbuminuria
and its progression to macroalbuminuria. Diabetes Care
2014,37:226-234.

Vistisen D, Andersen GS, Hulman A, Persson F, Rossing P,
Jorgensen ME. Progressive decline in estimated glomerular
filtration rate in patients with diabetes after moderate loss
in kidney function-even without albuminuria. Diabetes Care

www.Kkjim.org 515


www.kjim.org

KJIM™

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

516

2019;42:1886-1894.

Wetzels JF, Kiemeney LA, Swinkels DW, Willems HL, den Hei-
jer M. Age- and gender-specific reference values of estimated
GFR in Caucasians: the Nijmegen Biomedical Study. Kidney
Int 2007;72:632-637.

American Diabetes Association. 11. Microvascular compli-
cations and foot care: standards of medical care in diabe-
tes-2021. Diabetes Care 2021;44(Suppl 1):5151-5167.
Caramori ML, Fioretto P, Mauer M. Low glomerular filtra-
tion rate in normoalbuminuric type 1 diabetic patients: an
indicator of more advanced glomerular lesions. Diabetes
2003;52:1036-1040.

Nistor I, Bolignano D, Haller MC, et al. Why creating
standardized core outcome sets for chronic kidney dis-
ease will improve clinical practice. Nephrol Dial Transplant
2017,32:1268-1273.

Prischl FC, Wanner C. Renal outcomes of antidiabetic treat-
ment options for type 2 diabetes: a proposed MARE defini-
tion. Kidney Int Rep 2018;3:1030-1038.

Tong A, Craig JC, Nagler EV, Van Biesen W; SONG Executive
Committee and the European Renal Best Practice Advisory
Board; SONG Executive Committee and the European Renal
Best Practice Advisory Board. Composing a new song for
trials: the Standardized Outcomes in Nephrology (SONG) ini-
tiative. Nephrol Dial Transplant 2017;32:1963-1966.

Stevens LA, Greene T, Levey AS. Surrogate end points for
clinical trials of kidney disease progression. Clin J Am Soc
Nephrol 2006;1:874-884.

Heerspink HJL, Greene T, Tighiouart H, et al. Change in al-
buminuria as a surrogate endpoint for progression of kidney
disease: a meta-analysis of treatment effects in randomised
clinical trials. Lancet Diabetes Endocrinol 2019;7:128-139.
Looker HC, Mauer M, Saulnier PJ, et al. Changes in albu-
minuria but not GFR are associated with early changes
in kidney structure in type 2 diabetes. J Am Soc Nephrol
2019;30:1049-1059.

Heerspink HJ, Kropelin TF, Hoekman J, de Zeeuw D; Reduc-
ing Albuminuria as Surrogate Endpoint (REASSURE) Consor-
tium. Drug-induced reduction in albuminuria is associated
with subsequent renoprotection: a meta-analysis. J Am Soc
Nephrol 2015;26:2055-2064.

Mulder S, Hamidi H, Kretzler M, Ju W. An integrative systems
biology approach for precision medicine in diabetic kidney
disease. Diabetes Obes Metab 2018;20 Suppl 3:6-13.

Breyer JA, Bain RP, Evans JK, et al. Predictors of the progres-
sion of renal insufficiency in patients with insulin-dependent

www.kjim.org

The Korean Journal of Internal Medicine Vol. 37, No. 3, May 2022

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

diabetes and overt diabetic nephropathy. The Collaborative
Study Group. Kidney Int 1996;50:1651-1658.

Hunsicker LG, Adler S, Caggiula A, et al. Predictors of the
progression of renal disease in the Modification of Diet in
Renal Disease Study. Kidney Int 1997;51:1908-1919.

Fattah H, Layton A, Vallon V. How do kidneys adapt to a
deficit or loss in nephron number? Physiology (Bethesda)
2019;34:189-197.

Levey AS, Coresh J, Tighiouart H, Greene T, Inker LA. Mea-
sured and estimated glomerular filtration rate: current status
and future directions. Nat Rev Nephrol 2020;16:51-64.

Lee E, Collier CP, White CA. Interlaboratory variability in plas-
ma creatinine measurement and the relation with estimated
glomerular filtration rate and chronic kidney disease diagno-
sis. Clin J Am Soc Nephrol 2017;12:29-37.

Grams ME, Sang Y, Ballew SH, et al. Evaluating glomerular
filtration rate slope as a surrogate end point for ESKD in clin-
ical trials: an individual participant meta-analysis of observa-
tional data. J Am Soc Nephrol 2019;30:1746-1755.

Greene T. A model for a proportional treatment effect on dis-
ease progression. Biometrics 2001;57:354-360.

Yamada Y, Nakazato Y, Ohga A. The mode of action of caf-
feine on catecholamine release from perfused adrenal glands
of cat. BrJ Pharmacol 1989;98:351-356.

Kraus BJ, Weir MR, Bakris GL, et al. Characterization and
implications of the initial estimated glomerular filtration rate
‘dip” upon sodium-glucose cotransporter-2 inhibition with
empagliflozin in the EMPA-REG OUTCOME trial. Kidney Int
2021;99:750-762.

Wright JT Jr, Bakris G, Greene T, et al. Effect of blood pres-
sure lowering and antihypertensive drug class on progression
of hypertensive kidney disease: results from the AASK trial.
JAMA 2002;288:2421-2431.

Klahr S, Levey AS, Beck GJ, et al. The effects of dietary pro-
tein restriction and blood-pressure control on the progression
of chronic renal disease. Modification of Diet in Renal Disease
Study Group. N Engl J Med 1994;330:877-884.

Barnett AH, Bain SC, Bouter P, et al. Angiotensin-receptor
blockade versus converting-enzyme inhibition in type 2 dia-
betes and nephropathy. N Engl J Med 2004;351:1952-1961.
Li L, Astor BC, Lewis J, et al. Longitudinal progression tra-
jectory of GFR among patients with CKD. Am J Kidney Dis
2012;59:504-512.

Ambrogi V, Thilly N, Boini S, et al. Patterns and predictors of
kidney function decline in the last year prior to dialysis. Neph-
ron Clin Pract 2009;111:¢95-c101.

https://doi.org/10.3904/kjim.2021.515


www.kjim.org

Kim HJ, et al. GFR outcome of diabetic kidney disease

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Weldegiorgis M, de Zeeuw D, Li L, et al. Longitudinal esti-
mated GFR trajectories in patients with and without type 2
diabetes and nephropathy. Am J Kidney Dis 2018;71:91-101.
Greene T, Ying J, Vonesh EF, et al. Performance of GFR slope
as a surrogate end point for kidney disease progression
in clinical trials: a statistical simulation. J Am Soc Nephrol
2019;30:1756-1769.

Hur KY, Kim MK, Ko SH, et al. Metformin treatment for
patients with diabetes and chronic kidney disease: a Korean
Diabetes Association and Korean Society of Nephrology con-
sensus statement. Kidney Res Clin Pract 2020;39:32-39.

de Boer IH, Caramori ML, Chan J, et al. Executive summary
of the 2020 KDIGO diabetes management in CKD guideline:
evidence-based advances in monitoring and treatment. Kid-
ney Int 2020;98:839-848.

Wanner C, Inzucchi SE, Lachin JM, et al. Empagliflozin and
progression of kidney disease in type 2 diabetes. N Engl J
Med 2016;375:323-334.

Cherney DZI, Zinman B, Inzucchi SE, et al. Effects of empagli-
flozin on the urinary albumin-to-creatinine ratio in patients
with type 2 diabetes and established cardiovascular disease:
an exploratory analysis from the EMPA-REG OUTCOME ran-
domised, placebo-controlled trial. Lancet Diabetes Endocrinol
2017;5:610-621.

Neal B, Perkovic V, Mahaffey KW, et al. Canagliflozin and
cardiovascular and renal events in type 2 diabetes. N Engl J
Med 2017;377:644-657.

Perkovic V, de Zeeuw D, Mahaffey KW, et al. Canagliflozin
and renal outcomes in type 2 diabetes: results from the
CANVAS Program randomised clinical trials. Lancet Diabetes
Endocrinol 2018;6:691-704.

Neuen BL, Ohkuma T, Neal B, et al. Effect of canagliflozin
on renal and cardiovascular outcomes across different levels
of albuminuria: data from the CANVAS program. J Am Soc
Nephrol 2019;30:2229-2242.

Mosenzon O, Wiviott SD, Cahn A, et al. Effects of dapagli-
flozin on development and progression of kidney disease
in patients with type 2 diabetes: an analysis from the DE-
CLARE-TIMI 58 randomised trial. Lancet Diabetes Endocrinol
2019;7:606-617.

Neuen BL, Young T, Heerspink H, et al. SGLT2 inhibitors for
the prevention of kidney failure in patients with type 2 diabe-
tes: a systematic review and meta-analysis. Lancet Diabetes
Endocrinol 2019;7:845-854.

Heerspink HIL, Stefansson BV, Correa-Rotter R, et al. Dapagli-
flozin in patients with chronic kidney disease. N Engl J Med

https://doi.org/10.3904/kjim.2021.515

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

KJIM™

2020;383:1436-1446.

Oshima M, Jardine MJ, Agarwal R, et al. Insights from CRE-
DENCE trial indicate an acute drop in estimated glomerular
filtration rate during treatment with canagliflozin with impli-
cations for clinical practice. Kidney Int 2021;99:999-1009.
Heerspink H, Cherney D. Clinical implications of an acute
dip in eGFR after SGLT2 inhibitor initiation. Clin J Am Soc
Nephrol 2021;16:1278-1280.

Oh TJ, Moon JY, Hur KY, et al. Sodium-glucose cotransport-
er-2 inhibitor for renal function preservation in patients with
type 2 diabetes mellitus: a Korean Diabetes Association and
Korean Society of Nephrology consensus statement. Kidney
Res Clin Pract 2020;39:269-283.

Heerspink H, Kosiborod M, Inzucchi SE, Cherney D. Renopro-
tective effects of sodium-glucose cotransporter-2 inhibitors.
Kidney Int 2018;94:26-39.

DeFronzo RA, Reeves WB, Awad AS. Pathophysiology of
diabetic kidney disease: impact of SGLT2 inhibitors. Nat Rev
Nephrol 2021;17:319-334.

Brenner BM. Hemodynamically mediated glomerular injury
and the progressive nature of kidney disease. Kidney Int
1983,23:647-655.

Thomson SC, Blantz RC. Glomerulotubular balance, tub-
uloglomerular feedback, and salt homeostasis. J Am Soc
Nephrol 2008;19:2272-2275.

Vallon V, Thomson SC. Renal function in diabetic disease
models: the tubular system in the pathophysiology of the
diabetic kidney. Annu Rev Physiol 2012;74:351-375.
Rigalleau V, Garcia M, Lasseur C, et al. Large kidneys predict
poor renal outcome in subjects with diabetes and chronic
kidney disease. BMC Nephrol 2010;11:3.

van Bommel E, Muskiet M, van Baar M, et al. The renal he-
modynamic effects of the SGLT2 inhibitor dapagliflozin are
caused by post-glomerular vasodilatation rather than pre-glo-
merular vasoconstriction in metformin-treated patients with
type 2 diabetes in the randomized, double-blind RED trial.
Kidney Int 2020;97:202-212.

Cherney DZ, Perkins BA, Soleymanlou N, et al. Sodium glu-
cose cotransport-2 inhibition and intrarenal RAS activity in
people with type 1 diabetes. Kidney Int 2014;86:1057-1058.
Groop PH, Dandona P, Phillip M, et al. Effect of dapagli-
flozin as an adjunct to insulin over 52 weeks in individuals
with type 1 diabetes: post-hoc renal analysis of the DEPICT
randomised controlled trials. Lancet Diabetes Endocrinol
2020;8:845-854.

Ghanim H, Abuaysheh S, Hejna J, et al. Dapagliflozin sup-

www.Kkjim.org 517


www.kjim.org

KJIM™

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

518

presses hepcidin and increases erythropoiesis. J Clin Endocri-
nol Metab 2020;105:dgaa057.

DeFronzo RA, Norton L, Abdul-Ghani M. Renal, metabolic
and cardiovascular considerations of SGLT2 inhibition. Nat
Rev Nephrol 2017;13:11-26.

Ferrannini E, Muscelli E, Frascerra S, et al. Metabolic response
to sodium-glucose cotransporter 2 inhibition in type 2 dia-
betic patients. J Clin Invest 2014;124:499-508.

Heerspink HIL, Perco P, Mulder S, 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;62:1154-1166.

Brown E, Heerspink H, Cuthbertson DJ, Wilding J. SGLT2 in-
hibitors and GLP-1 receptor agonists: established and emerg-
ing indications. Lancet 2021;398:262-276.

Gentilella R, Pechtner V, Corcos A, Consoli A. Glucagon-like
peptide-1 receptor agonists in type 2 diabetes treatment: are
they all the same? Diabetes Metab Res Rev 2019;35:e3070.
Mann J, Orsted DD, Brown-Frandsen K, et al. Liraglutide
and renal outcomes in type 2 diabetes. N Engl J Med
2017,377:839-848.

Gerstein HC, Colhoun HM, Dagenais GR, et al. Dulaglutide
and renal outcomes in type 2 diabetes: an exploratory analy-
sis of the REWIND randomised, placebo-controlled trial. Lan-
cet 2019;394:131-138.

Marso SP, Bain SC, Consoli A, et al. Semaglutide and cardio-
vascular outcomes in patients with type 2 diabetes. N Engl J
Med 2016;375:1834-1844.

Mann J, Hansen T, Idorn T, et al. Effects of once-weekly
subcutaneous semaglutide on kidney function and safety
in patients with type 2 diabetes: a post-hoc analysis of the
SUSTAIN 1-7 randomised controlled trials. Lancet Diabetes
Endocrinol 2020;8:880-893.

Holman RR, Bethel MA, Mentz RJ, et al. Effects of once-week-
ly exenatide on cardiovascular outcomes in type 2 diabetes.
N Engl J Med 2017;377:1228-1239.

van der Aart-van der Beek AB, Clegg LE, Penland RC, et
al. Effect of once-weekly exenatide on estimated glomer-
ular filtration rate slope depends on baseline renal risk: a
post hoc analysis of the EXSCEL trial. Diabetes Obes Metab
2020;22:2493-2498.

Tuttle KR, Lakshmanan MC, Rayner B, et al. Dulaglutide
versus insulin glargine in patients with type 2 diabetes and
moderate-to-severe chronic kidney disease (AWARD-7): a
multicentre, open-label, randomised trial. Lancet Diabetes
Endocrinol 2018;6:605-617.

www.kjim.org

The Korean Journal of Internal Medicine Vol. 37, No. 3, May 2022

90.

92.

93.

94.

95.

96.

98.

99.

100.

101.

Muskiet M, Tonneijck L, Smits MM, et al. GLP-1 and the
kidney: from physiology to pharmacology and outcomes in
diabetes. Nat Rev Nephrol 2017;13:605-628.

. Gutzwiller JP, Tschopp S, Bock A, et al. Glucagon-like peptide

1 induces natriuresis in healthy subjects and in insulin-re-
sistant obese men. J Clin Endocrinol Metab 2004;89:3055-
3061.

Tonneijck L, Smits MM, Muskiet MH, et al. Renal effects of
DPP-4 inhibitor sitagliptin or GLP-1 receptor agonist liraglu-
tide in overweight patients with type 2 diabetes: a 12-week,
randomized, double-blind, placebo-controlled trial. Diabetes
Care 2016;39:2042-2050.

Tonneijck L, Muskiet M, Smits MM, et al. Postprandial renal
haemodynamic effect of lixisenatide vs once-daily insulin-glu-
lisine in patients with type 2 diabetes on insulin-glargine: an
8-week, randomised, open-label trial. Diabetes Obes Metab
2017;19:1669-1680.

Thomson SC, Kashkouli A, Singh P. Glucagon-like pep-
tide-1 receptor stimulation increases GFR and suppresses
proximal reabsorption in the rat. Am J Physiol Renal Physiol
2013;304:F137-F144.

Thomson SC, Bachmann S, Bostanjoglo M, et al. Tempo-
ral adjustment of the juxtaglomerular apparatus during
sustained inhibition of proximal reabsorption. J Clin Invest
1999;104:1149-1158.

Rieg T, Gerasimova M, Murray F, et al. Natriuretic effect by
exendin-4, but not the DPP-4 inhibitor alogliptin, is mediated
via the GLP-1 receptor and preserved in obese type 2 diabetic
mice. Am J Physiol Renal Physiol 2012;303:F963-F971.

. von Scholten BJ, Lajer M, Goetze JP, Persson F, Rossing

P. Time course and mechanisms of the anti-hypertensive
and renal effects of liraglutide treatment. Diabet Med
2015;32:343-352.

von Scholten BJ, Persson F, Rosenlund S, et al. The effect of
liraglutide on renal function: a randomized clinical trial. Dia-
betes Obes Metab 2017;19:239-247.

Fujita H, Morii T, Fujishima H, et al. The protective roles of
GLP-1R signaling in diabetic nephropathy: possible mecha-
nism and therapeutic potential. Kidney Int 2014;85:579-589.
Tanaka T, Higashijima Y, Wada T, Nangaku M. The potential
for renoprotection with incretin-based drugs. Kidney Int
2014,86:701-711.

Park CW, Kim HW, Ko SH, et al. Long-term treatment of glu-
cagon-like peptide-1 analog exendin-4 ameliorates diabetic
nephropathy through improving metabolic anomalies in db/
db mice. J Am Soc Nephrol 2007;18:1227-1238.

https://doi.org/10.3904/kjim.2021.515


www.kjim.org

Kim HJ, et al. GFR outcome of diabetic kidney disease

102.

103.

104.

105.

106.

107.

108.

109.

Bunck MC, Diamant M, Eliasson B, et al. Exenatide affects
circulating cardiovascular risk biomarkers independently of
changes in body composition. Diabetes Care 2010;33:1734-
1737.

Rizzo M, Abate N, Chandalia M, et al. Liraglutide reduces
oxidative stress and restores heme oxygenase-1 and ghrelin
levels in patients with type 2 diabetes: a prospective pilot
study. J Clin Endocrinol Metab 2015;100:603-606.

Zhang H, Zhang X, Hu C, Lu W. Exenatide reduces urinary
transforming growth factor-B1 and type IV collagen excretion
in patients with type 2 diabetes and microalbuminuria. Kid-
ney Blood Press Res 2012;35:483-488.

Williams DM, Nawaz A, Evans M. Renal outcomes in type 2
diabetes: a review of cardiovascular and renal outcome trials.
Diabetes Ther 2020;11:369-386.

White WB, Cannon CP, Heller SR, et al. Alogliptin after acute
coronary syndrome in patients with type 2 diabetes. N Engl J
Med 2013;369:1327-1335.

Scirica BM, Bhatt DL, Braunwald E, et al. Saxagliptin and car-
diovascular outcomes in patients with type 2 diabetes melli-
tus. N Engl J Med. 2013 Oct 3;369:1317-1326.

Mosenzon O, Leibowitz G, Bhatt DL, et al. Effect of
saxagliptin on renal outcomes in the SAVOR-TIMI 53 trial.
Diabetes Care 2017;40:69-76.

Green JB, Bethel MA, Armstrong PW, et al. Effect of sita-
gliptin on cardiovascular outcomes in type 2 diabetes. N Engl
J Med 2015;373:232-242.

https://doi.org/10.3904/kjim.2021.515

110.

111,

112.

113.

114.

115.

116.

KJIM™

Cornel JH, Bakris GL, Stevens SR, et al. Effect of sitagliptin
on kidney function and respective cardiovascular outcomes
in type 2 diabetes: outcomes from TECOS. Diabetes Care
2016;39:2304-2310.

Rosenstock J, Perkovic V, Johansen OE, et al. Effect of
linagliptin vs placebo on major cardiovascular events in
adults with type 2 diabetes and high cardiovascular and
renal risk: the CARMELINA randomized clinical trial. JAMA
2019;321:69-79.

Bae JH, Kim S, Park EG, Kim SG, Hahn S, Kim NH. Effects
of dipeptidyl peptidase-4 inhibitors on renal outcomes in
patients with type 2 diabetes: a systematic review and me-
ta-analysis. Endocrinol Metab (Seoul) 2019;34:80-92.
Kanasaki K. The role of renal dipeptidyl peptidase-4 in kidney
disease: renal effects of dipeptidyl peptidase-4 inhibitors with
a focus on linagliptin. Clin Sci (Lond) 2018;132:489-507.
Lovshin JA, Rajasekeran H, Lytvyn Y, et al. Dipeptidyl pep-
tidase 4 inhibition stimulates distal tubular natriuresis and
increases in circulating SDF-1a"®” in patients with type 2 dia-
betes. Diabetes Care 2017;40:1073-1081.

Zhou X, Huang CH, Lao J, et al. Acute hemodynamic and re-
nal effects of glucagon-like peptide 1 analog and dipeptidyl
peptidase-4 inhibitor in rats. Cardiovasc Diabetol 2015;14:29.
Takashima S, Fujita H, Fujishima H, et al. Stromal cell-derived
factor-1 is upregulated by dipeptidyl peptidase-4 inhibition
and has protective roles in progressive diabetic nephropathy.
Kidney Int 2016;90:783-796.

www.Kkjim.org 519


www.kjim.org

