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Abstract The incretin hormone, glucagon-like peptide-1
(GLP-1), stimulates insulin secretion and forms the basis of
a new drug class for diabetes treatment. GLP-1 has several
extra-pancreatic properties which include effects on kidney
function. Although renal GLP-1 receptors have been identi-
fied, their exact localization and physiological role are incom-
pletely understood. GLP-1 increases natriuresis through inhi-
bition of the sodium-hydrogen ion exchanger isoform 3 in the
proximal tubule. This may in part explain why GLP-1 receptor
agonists have antihypertensive effects. Glomerular filtration
rate is regulated by GLP-1, but the mechanisms are complex
and may depend on e.g. glycaemic conditions. Atrial natri-
uretic peptide or the renin-angiotensin system may be in-
volved in the signalling of GLP-1-mediated renal actions.
Several studies in rodents have shown that GLP-1 therapy is
renoprotective beyond metabolic improvements in models of
diabetic nephropathy and acute kidney injury. Inhibition of
renal inflammation and oxidative stress probably mediate this
protection. Clinical studies supporting GLP-1-mediated renal
protection exist, but they are few and with limitations.
However, acute and chronic kidney diseases are major global
health concerns and measures improving renal outcome are
highly needed. Therefore, the renoprotective potential of
GLP-1 therapy need to be thoroughly investigated in humans.
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Abbreviations

ANG2 angiotensin II

AKI acute kidney injury

ANP atrial natriuretic peptide

ARB angiotensin II receptor blocker
CrCl creatinine clearance

DN diabetic nephropathy

DPP-4 dipeptidyl peptidase IV

EMA European Medicine Agency
ESRD end-stage renal disease

GLP-1 glucagon-like peptide-1
GLP-1R  glucagon-like peptide-1 receptor
GFR glomerular filtration rate

mRNA  messenger ribonucleic acid
NHE3  Na'/H' exchanger isoform 3
PKA protein kinase A

RAS renin-angiotensin system

RBF renal blood flow

ROS reactive oxygen species

SGLT2  sodium-glucose linked transporter 2
STZ streptozotocin

T2DM  type 2 diabetes mellitus

TGF tubuloglomerular feedback

1 Introduction

Glucagon-like peptide-1 (GLP-1) is a gut derived hormone
primarily recognized for its glucose-dependent stimulation of
insulin secretion. GLP-1 is important in the incretin effect,
which refers to the observation that orally administered glu-
cose increases plasma insulin levels much more than intrave-
nously administered glucose. Additionally, GLP-1 stimulates
insulin synthesis, increases {3-cell mass, and inhibits glucagon
secretion [1].
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The GLP-1 insulinotropic effects are attractive in the treat-
ment of diabetes but native GLP-1 is an inappropriate drug
compound due to its short half-life of ~2 min in vivo [2].
Although GLP-1 is cleared by the kidneys, the short half-life
is mainly due to degradation by the ubiquitous enzyme
dipeptidyl peptidase-4 (DPP-4) [3]. Two different approaches
have been applied to overcome this problem: The develop-
ment of DPP-4 inhibitors (sitagliptin, vildagliptin, saxagliptin,
alogliptin, linagliptin) which increase the half-life of endoge-
nous GLP-1 and the development of GLP-1 receptor (GLP-
1R) agonists (exendin-4, liraglutide, lixisenatide) which are
resistent to DPP-4 degradation.

GLP-1Rs are located in a wide variety of tissues (e.g.
pancreas, kidney, heart, brain, lung, and gastrointestinal tract)
[4, 5] and native GLP-1 as well as GLP-1 based treatment
exert multiple extra-pancreatic effects. Of special clinical in-
terest, type 2 diabetes mellitus (T2DM) patients in long-term
treatment with GLP-1R agonists often experience both weight
loss [6] and a lowering of blood pressure [7]. Furthermore,
GLP-1 therapy inhibits gastrointestinal motility [8], increases
cardiac output and heart rate [9], and shows promising prop-
erties of both cardioprotection [10] and neuroprotection (pre-
clinical studies) [11].

GLP-1 also has important functions in the kidney.
The best described effect is the induction of natriuresis
which may in part explain the antihypertensive effect
[12, 13]. Rodent studies find GLP-1 therapy to prevent
the development of diabetic nephropathy (DN). This
remains to be thoroughly explored in humans, but with
DN as the leading cause of end-stage renal disease
(ESRD) [14] such observation mandates attention.

Our knowledge of the renal effects of GLP-1 is rapidly
accumulating, but there is no comprehensive understanding of
the underlying mechanisms. This review will focus on the
basic physiology as well as the clinical implications of GLP-1
therapy targeting the kidneys.

2 GLP-1 and Kidney Physiology

The effects of GLP-1R agonism on basic kidney phys-
iology have been explored in several rodent studies but
only in two dedicated human studies [12, 13].
Generally, the renal effects of GLP-1 have shown to
be weaker in humans compared with rodents, but this
is most likely explained by the relative differences in
the doses used. Thus, apart from species differences it is
notable that while interventions increased basal GLP-1
levels ~10-fold in humans [13], the rodents typically
had >100-fold increases [15]. Hence, some of the ef-
fects demonstrated in animal models might not have
clinical relevance.
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2.1 Kidney GLP-1 Receptors

The GLP-1R is a G-protein coupled receptor that stimulates
adenylate cyclase and protein kinase A (PKA). Studies in
rodents [16—-19], pigs [20], cattle [21], and humans [20] have
identified renal GLP-1Rs at both messenger ribonucleic acid
(mRNA) (real-time polymerase chain reaction) and protein
level (immunoreactivity). While most studies find GLP-1Rs
in the renal vasculature, there is no complete agreement about
in which part of the nephron the GLP-1Rs are located.
Generally, the receptor is not found in the distal tubules, but
some studies find the GLP-1R in the proximal tubules and in
the glomerulus at both mRNA and protein level.

In humans, using autoradiography with labelled GLP-1, the
GLP-1Rs were found in large and medium sized renal arteries
but not in the tubules or glomeruli [5].

The divergent findings may in part be explained by species
differences. Recently however, it has been shown that com-
mercially available GLP-1R antisera show a remarkable low
specificity and sensitivity [22, 23], and therefore results based
on immunoreactivity should be interpreted with caution.

2.2 Electrolyte Excretion and Diuresis

The first study to investigate the renal effects of GLP-1 was
published in 2002 and was performed on anesthetized rats
[15]. GLP-1 infusions increased sodium excretion and diure-
sis 12-fold in the innervated kidney and 2-fold in the surgical
denervated kidney which had a higher basal sodium excretion
[15]. Several subsequent studies in rodents have shown that
native GLP-1 [16, 24], exendin-4 [16, 25-28], liraglutide [29,
30] as well as DPP-4 inhibitors [16, 28, 31] all have natriuretic
and diuretic effects. The effects are dose dependent and gen-
erally seem stronger with GLP-1R agonists than with DPP-4
inhibitors. The increase in natriuresis is accompanied by in-
creased excretion rates of calcium, phosphate, chloride, and in
some studies to a lesser extent potassium. Electrolyte excre-
tion rates increase in both healthy and diabetic rodents.

The first data on the renal effects of GLP-1 in humans were
published in 2004 and based on a randomised, controlled,
cross-over trial [ 12]. The effect of a 3-h native GLP-1 infusion
was investigated during hypertonic saline infusion in healthy
subjects and in obese insulin-resistant males. GLP-1 dose-
dependently increased the urinary sodium, calcium, chloride,
and osmolal excretion rates, whereas potassium excre-
tion remained unchanged. The mean increase in natri-
uresis was ~60 % in the obese subjects and a little more in the
healthy subjects [12, 32]. We have subsequently measured
different electrolyte clearance rates in response to a 2-h GLP-1
infusion in healthy males and reached identical conclusions.
We found GLP-1 to increase sodium clearance ~40 % whereas
the observed increase in diuresis was non-significant [13]. A
study designed to explore the systemic hemodynamic effects
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of a single subcutaneous exenatide injection in healthy males
found the sodium:creatinine ratio to double compared with
placebo in urine collected over 3 h [9].

2.3 Tubular Reabsorption

There is strong evidence that the increments in electrolyte
excretion rates are secondary to decreased tubular proximal
reabsorption. Native GLP-1, exendin-4 and to a lesser extent
DPP-4 inhibitors markedly decrease the proximal tubular
sodium reabsorption in rats [15, 16, 33] estimated with lithium
clearance technique [34]. The findings were confirmed with
tubular micropuncture technique in rats, where exendin-4
suppressed proximal reabsorption 20-40 % [25]. In healthy
humans we found GLP-1 infusion to decrease proximal tubu-
lar sodium reabsorption ~10 % (lithium clearance) [13].

The tubular proximal reabsorption in general is predominantly
mediated via the Na"/H" exchanger isoform 3 (NHE3) and to a
lesser extent the sodium-glucose linked transporter 2 (SGLT2).
Notably, both transporters are up-regulated in diabetes [35].

Several studies have linked GLP-1R activation to down-
regulation of NHE3 activity through a PKA-dependent mech-
anism [16, 18, 31, 33]. This is harmonious with GLP-1
alkalising the urine in rats [16] and humans [12]. NHE3 and
DPP-4 physically interact in the brush-boarder epithelium of
the proximal tubule which may reflect a functional relation-
ship [31, 36, 37]. Tubular microperfusion studies and func-
tional assays incubated with GLP-1R agonists have shown
some signs of direct GLP-1 actions on the tubular reabsorption
[16, 20]. However, at present it is not completely established
whether GLP-1Rs and DPP-4 enzymes in the tubular brush-
border epithelium are relevant for GLP-1 function.

2.4 Renal Perfusion

GLP-1 infusion has shown to increase renal blood flow (RBF)
~22 % in anaesthetized rats measured with a flow probe in the
artery of a denervated kidney, while it had no effect on renal
medullary blood flow or renal interstitial hydrostatic pressure
[15]. Renal plasma flow, estimated as paraaminohippuric acid
clearance, increased ~28 % in anaesthetized rats infused with
GLP-1 [16]. The exact proportion of preglomerular and
postglomerular vasodilatation is unknown. However, to ex-
plain the combined effects on RBF, GFR and tubular proximal
reabsorption, it seems safe to assume a decrease in
preglomerular resistance.

In healthy males we found no effect of GLP-1 infu-
sion on renal plasma flow (95 % CI —3.6 to 8.8 %)
estimated as the renal clearance of '**I-hippuran [13]. It
is unknown how GLP-1 impacts RBF under diabetic
conditions in both rodents and humans.

2.5 Glomerular Filtration Rate

In anaesthetized rats, GLP-1 infusion increased GFR ~39 % in
innervated kidneys (estimated with inulin clearance) but had
no effect on GFR in denervated kidneys [15]. Exendin-4
increased whole body GFR ~25 % (inulin) and single nephron
GFR 33-50 % in anaesthetized hydropenic rats [25]. Others
found that exendin-4 increased GFR ~30 % (inulin) in non-
diabetic mice but had no acute effect in diabetic db/db mice
[28]. DPP-4 inhibition did not significantly increase GFR in
non-diabetic mice (inulin) [28] or rats (creatinine clearance
(CrCl)) [16]. GLP-1 and exendin-4 both significantly in-
creased GFR (CrCl) in anaesthetized rats [16]. Eight weeks
of exendin-4 treatment prevented hyperfiltration (CrCl) in
diabetic rodents [19, 38].

A 3-h GLP-1 infusion decreased GFR 6 % (CrCl) in obese
insulin-resistant males but did not significantly affect GFR in
healthy subjects [12]. We found no effect of GLP-1 infusion
on GFR (95 % CI —0.8 to 4.6 %) in healthy males estimated as
the renal clearance of >'Cr-EDTA [13]. We and others are
currently investigating the effects of GLP-1R agonists on
GFR in T2DM patients.

The above indicates that GLP-1 markedly increases GFR in
healthy rodents but has limited effect in healthy humans. In
contrast, GLP-1 decreases GFR in rodents and humans who
are metabolically challenged (with hyperglycaemia and
hyperfiltration).

The divergent GFR findings could potentially be explained
as depicted in Fig. 1. In rodents GLP-1 increases RBF and
therefore GFR, but this effect is minimal in humans receiving
pharmacological relevant GLP-1 doses. The GLP-1-mediated
decrease in the proximal tubular reabsorption will increase the
proximal hydrostatic pressure and therefore decrease GFR due
to a decreased glomerular pressure gradient [39]. This effect
will likely be most prominent in diabetic subjects who are
often in a hyper-reabsorbing state. A potential activation of the
tubuloglomerular feedback (TGF) due to GLP-1-mediated
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Fig.1 A diagram showing potential GLP-1 regulatory pathways of GFR.
Depending on the setting, GLP-1 may either increase or decrease GFR
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increase in sodium delivery to macula densa would also
decrease GFR. A micropuncture study, however, suggests that
the TGF mechanism is of minor importance when explaining
renal GLP-1 effects [25]. Finally, long-term GLP-1 treatment
may protect the kidney and preserve GFR, as reviewed later.
The precise effect of GLP-1R activation on GFR may there-
fore depend on species, metabolic state, and type and time-
course of the treatment.

2.6 Blood Pressure

GLP-1 or exendin-4 was administered (between 2 to 12 weeks)
to obese db/db mice [26] and Dahl salt-sensitive rats [27, 40]
which are prone to salt-induced hypertension. In both models
the treatment markedly attenuated hypertension by reducing
salt-retention especially during the initial days of treatment.
Similarly, sitagliptin attenuated blood pressure rising in young
prehypertensive rats [33].

Large clinical studies have shown that GLP-1R agonists
often lower blood pressure in T2DM patients [7]. The antihy-
pertensive effects are non-acute in nature [9, 13] but present
before substantial weight loss [41]. The late effect probably
speaks for a natriuretic mechanism rather than one of vasodi-
lation. However, GLP-1 also acutely increases heart rate and
cardiac output which independently tend to increase blood
pressure [9, 13]. It is presently not settled to which degree
vasodilation and natriuresis contribute to the blood pressure
lowering effect.

3 Mechanism of Action

GLP-1Rs are present in the kidneys, but their exact involve-
ment in GLP-1 actions are incompletely understood. Some
evidence suggests that GLP-1 affects the kidneys by regula-
tions of atrial natriuretic peptide (ANP) or the renin-
angiotensin system (RAS); Fig. 2. The importance of neural
signals is unknown, but GLP-1 does impact the denervated
kidney [15]. Furthermore, the mechanisms may differ be-
tween the various types of GLP-1 therapy.

3.1 Physiological Role of GLP-1 Receptors

Although seldom explicitly discussed in the literature, a plau-
sible theory is that renal GLP-1Rs mediate effects to the
structure where they are located. Since the exact receptor
localization is partly unknown the theory is also partly
speculative. However, in vitro experiments do to some degree
support direct actions.

Thus, GLP-1Rs in close relation to NHE3 on the apical
membrane of the proximal tubular cells potentially mediate
the decrease in sodium reabsorption. Alternatively, GLP-1Rs
localized basolaterally could signal to the apical side. GLP-
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Fig. 2 Possible pathways by which GLP-1 can mediate its renal actions.
Direct stimulation of GLP-1Rs located in the kidney. By GLP-1R-medi-
ated modulation of renal RAS activity with down-regulation of ANG2
signaling/concentration. Through GLP-1R-mediated release of ANP
from the atria of the heart and secondary ANP receptor stimulation in
the kidney. via the central nervous system and efferent autonomic renal
nerves

IRs on the vascular walls could mediate afferent or efferent
arteriolar vasodilation depending on their position. Finally,
GLP-1Rs on the glomerular endothelium, podocytes or
mesangial cells could mediate protection of the filtration bar-
rier through inhibition of inflammation and oxidative stress.

One study in rats found hyperglycaemia to decrease the
expression of renal GLP-1Rs (protein and mRNA levels)
whereas DPP-4 inhibitors increased the expression
[42]. This may be important in the aetiology of DN,
although the GLP-1R-findings probably should be
interpreted with caution.

3.2 GLP-1 — ANP axis

A recent study has challenged the understanding of both GLP-
1R-mediated renal and cardiovascular actions [30]. Through
several knock-out mouse models it was shown that GLP-1R
agonists mediate their antihypertensive effects exclusively via
ANP released from atrial cardiomyocytes. Thus, ANP was
found to effectuate all natriuretic and vasorelexant effects after
its secretion in response to GLP-1R stimulation in the heart
atria [30]. The majority of the experiments were performed
with liraglutide, but native GLP-1, exendin-4 as well as meal-
induced endogenous GLP-1 were capable of releasing ANP. It
is notable that liraglutide only reduced blood pressure acutely
in hypertensive mouse models (angiotensin IT (ANG2)-
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induced or pressure overload) and predominantly was effec-
tive during the evening light-off periods. The observed in-
crease in heart rate was independent of ANP [30]. The above
findings define a gut-heart axis in mice and suggest that all
acute physiological GLP-1-induced renal actions are second-
ary to ANP release.

To explore whether a GLP-1 — ANP axis exists in humans,
we measured plasma proANP post-hoc in healthy males in-
fused with GLP-1 [43]. Although natriuresis markedly in-
creased during the GLP-1 infusion, there was no effect on
proANP (reflects ANP secretion) which questions the exis-
tence of a functional important gut-heart axis in humans [43].

3.3 GLP-1 — RAS Interactions

The RAS is a key regulator of blood pressure and water-
sodium balance. ANG2, the main effector hormone of the
RAS, is very important in both kidney physiology and
pathophysiology, e.g. by increasing NHE3 activity and the
level of oxidative stress, respectively. These ANG2 effects are
opposite to those of GLP-1 and a few studies suggest that this
is not a coincidence:

Rodent studies have shown that GLP-1R stimulation very
effectively ameliorates ANG2 induced hypertension [26, 30].
In vitro, GLP-1 prevents mesangial cell damage, by complete
blocking of ANG2-induced superoxide formation, via PKA
[44]. In glomerular endothelium cells, GLP-1R stimulation,
via PKA, inhibits ANG?2 signalling on cRaf (Ser259) and this
provides a biochemical pathway which might explain how
GLP-1 inhibits ANG2 actions [45]. In healthy humans infused
with GLP-1, we saw a rapid decrease in plasma ANG2 con-
centration suggesting that circulating RAS components are
also affected by GLP-1 [13].

The above findings support the idea that GLP-1 primarily
affects kidney physiology through inhibition of RAS activity.
Most likely, such mechanism would be mediated through
renal GLP-1Rs. Interestingly, GLP-1R-mediated effects in
general are compatible with decreased ANG2 signalling.
E.g. the effects on insulin secretion [46], (3-cell survival
[47], gastric motility [48], obesity [49], hypertension, heart
protection, and brain protection.

3.4 Neural Signalling

Only limited knowledge exists about GLP-1-mediated neural
signalling to the kidneys. In theory, gut-released GLP-1 could
affect the central nervous system through either afferent
nerves or endocrine signalling. Efferent autonomic nerves to
the kidney could subsequently mediate the effects of GLP-1.

In rats, GLP-1 infusion increased RBF and decreased prox-
imal tubular sodium reabsorption in denervated kidneys. GFR
did not increase in the denervated kidney which was in con-
trast to the innervated counterpart [15]. It is difficult to draw

definitive conclusions from this one study. However, neural
signalling seem to impact GLP-1 actions although the inhibi-
tion of NHE3 cannot be mediated exclusively via nerves.

3.5 Differences Between Treatments

Since DPP-4 has many substrates, DPP-4 inhibition may
impact the kidneys through pathways not involving GLP-1.
Indeed, alogliptin still induced natriuresis in mice lacking the
GLP-1R whereas exendin-4 did not [28]. This indicates a
mechanistic difference between GLP-1R agonists and DPP-4
inhibitors. However, several other renal studies have shown
that DPP-4 inhibitors at least partly function through GLP-
IRs, and find in general that the renal effects of DPP-4
inhibitors are similar although weaker than those of GLP-1R
agonists. If renal physiology depend on the activity of DPP-4
in the tubular brush-boarder, it may be of importance whether
the specific DPP-4 inhibitor is freely filtered or not.

Similarly, if GLP-1R activation in the tubular lumen is
relevant for e.g. inhibition of NHE3, the amount of GLP-1R
agonist undergoing glomerular filtration is important. In this
light, however, it is very interesting that although exendin-4
and liraglutide both induce natriuresis in rodents, only
exendin-4 is freely filtered [50, 51].

4 GLP-1 and Kidney Pathophysiology

Since 2007 multiple studies in rodents have shown that GLP-1
based treatment protects the kidneys in models of DN, hyper-
tensive nephropathy, and acute kidney injury (AKI). Despite
these encouraging results, clinical studies are few.

4.1 Diabetic Nephropathy (DN)

The number of patients with diabetes is increasing and today
diabetic nephropathy is the most common cause of ESRD
[14]. DN is progressive in nature and characterized by persis-
tent albuminuria and a declining GFR. In addition to loss of
renal function, patients with DN have a marked increase in
cardiovascular morbidity and mortality. Generally, prevention
of DN relies on a strict control of glucose and blood pressure,
and inhibition of the RAS has proven protective beyond
its antihypertensive effects [52]. Despite these treatment
strategies, however, there is a massive need for improved
renal outcome [53].

Mechanical properties such as increased intra-glomerular
pressure and hyperfiltration may partly explain the pathogenesis
of DN. In addition, the importance of inflammatory cytokines,
reactive oxidative species (ROS), and advanced glycated
endproducts (AGE) are increasingly acknowledged. The uri-
nary albumin excretion rate (UAER) is established as a valuable
marker of the risk of disease progression.

@ Springer



202

Rev Endocr Metab Disord (2014) 15:197-207

4.2 GLP-1 and DN: Preclinical Studies

The first study exploring the protective effects of GLP-1R
agonism in the kidneys was published in 2007 [38]. Eight
weeks of exendin-4 treatment in T2DM db/db mice decreased
albuminuria and oxidative stress levels, and diminished histo-
logical signs of DN [38]. However, the metabolic status also
improved compared with placebo which makes it difficult to
draw conclusions on causality.

To show that GLP-1 treatment protects the kidneys beyond
metabolic improvements, studies were undertaken in
streptozotocin (STZ)-induced type 1 diabetic rodents. STZ
destroys the pancreatic beta cells and glycaemic levels are
therefore comparable between GLP-1 and placebo treatment
arms. In STZ-rodents, the renal effects of 2 to 26 weeks of
exendin-4 [19, 45, 54], 4 weeks of liraglutide [55], 24 weeks
of vildagliptin [42], 12 weeks of linagliptin [56] and 8 weeks
of a long-acting vildagliptin analogue [57] were investigated.
In summary, the treatments showed remarkable improvements
in UAERs, ROS, inflammatory and fibrogenic cytokines, and
renal histopathological changes. The effects generally seemed
stronger with the GLP-1R agonists than the DPP-4 inhibitors
but were otherwise comparable. One study showed that the
treatment was effective on top of ANG2 receptor blocker
(ARB) treatment [56] and another that AGEs effects were
suppressed [54]. The treatment prevented the initial diabetic
hyperfiltration [17, 19] and it preserved GFR in long-term
follow-up [42].

Similar improvements were observed during 4 weeks of
liraglutide treatment in a mouse model of progressive DN
while GLP-1R knock-out mice had more ROS, albuminuria,
and mesangial expansion despite comparable glycaemic
levels [17].

In some of the above studies there were small but signifi-
cant GLP-1-mediated improvements in blood pressure or
body weight. Since these changes independently will improve
renal outcome they represent limitations to the studies.

Several studies have shown that GLP-1 treatment generally
improves endothelial cell function, e.g. by reducing ROS
formation [58, 59]. In mouse glomerular endothelium,
exendin-4 was shown to inhibit ANG2 signalling which may
prevent the toxic effects related to increased ANG2 levels in
hyperglycaemia [45]. In human cultured mesangial cells,
GLP-1R agonists reduced AGE-induced ROS [60], reduced
mediators of fibrosis [61], and completely blocked ANG2-
induced ROS [44].

4.3 GLP-1 and DN: Clinical Studies
Saxagliptin improved the urinary albumin excretion rate in
T2DM patients in a large randomized placebo-controlled trial

during a median of 2.1 years follow-up, but also improved
glycaemic control [62].
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In a parallel study, 31 microalbuminuric T2DM patients
were randomly assigned to exendin-4 or glimepiride treatment
for 16 weeks on top of their metformin treatment [63].
Exendin-4 significantly reduced albuminuria and other uri-
nary markers of renal injury compared with glimepiride.
Glucose levels were comparable between groups but
exendin-4 significantly lowered BMI and systolic blood pres-
sure [63].

A non-randomized cross-over study investigated the effect
of 4 weeks alogliptin and sitagliptin treatment in 12
microalbuminuric T2DM patients all treated with ARBs
[64]. The authors concluded that the stronger DPP-4 inhibitor
(alogliptin) decreased albuminuria and markers of oxidative
stress compared with the weaker (sitagliptin) despite compa-
rable glycaemic levels [64].

Liraglutide was administered for 12 months to 23 patients
with T2DM and overt DN in an uncontrolled study [65]. The
usual treatment was continued which for all patients included
ARBs. GFR (creatinine) was measured repeatedly from 1 to
3 years before and during the intervention. Liraglutide
significantly decreased the GFR decline rate and the UAER.
The study has several limitations (no control group, metabolic
improvements, and problematical GFR decline rate calcula-
tions) but does provide a first suggestion of GLP-1-mediated
GFR preservation in humans [65].

4.4 Other models of chronic kidney disease

In a non-diabetic, nitric oxide-depleted rat model of hyperten-
sive nephropathy, 8 weeks of sitagliptin treatment markedly
attenuated kidney injury, but also decreased blood pressure
making interpretation difficult [66]. Sitagliptin for 8 weeks
attenuated renal dysfunction after a surgical 5/6 renal mass
reduction in non-diabetic rats [67]. The above could suggest a
role for GLP-1 treatment in non-diabetes-related chronic kid-
ney disease.

4.5 GLP-1 and Acute Kidney Injury (AKI)

AKI is a clinical syndrome characterized by a rapid loss of
kidney excretory function and accumulation of waste products
[68]. The aetiology is multifactorial and includes ischemia-
reperfusion injury, nephrotoxic agents, and sepsis. Globally,
AKI is a major concern with an increasing incidence and the
long-term complications include ESRD and death. Apart from
correction of the initiating cause, there are currently few
therapeutic options available [69]. The pathogenesis of AKI
is complex and incompletely understood, but the generation of
ROS, inflammatory reactions and increased apoptosis are
believed to play key roles. Thus, it is rational to hypothesize
that GLP-1 based treatment can attenuate the severity of AKI
and this has currently been tested in two different models of
AKI in rodents. AKI induced by surgically induced ischemia-
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reperfusion and induced by cisplastin, which is a highly
nephrotoxic chemotherapeutic agent. Rat models of
ischemia-reperfusion injury were pre-treated with exendin-4
[70], vildagliptin [71], or sitagliptin [72] or post-treated with
exendin-4 or sitagliptin [73]. All studies found that GLP-1
therapy significantly reduced the severity of AKI as judged by
creatinine level, renal histopathological changes, ROS, in-
flammation, and apoptosis.

Cisplastin-induced renal injury and apoptosis were attenu-
ated by alogliptin and exendin-4 [74]. Furthermore, suppres-
sion of the GLP-1R with small interfering RNA partly re-
versed the beneficial effects indicating that DPP-4 inhibitors
act on AKI by increasing GLP-1 levels [74]. Although GLP-1
based treatments look promising in the prevention of AKI in
rodents, there are currently no human studies reporting on the
topic.

5 Renal Clearance and Safety

When GLP-1 therapy is administered to patients with reduced
kidney function, it is important whether the drug is cleared by
the kidneys. Although GLP-1R agonists generally have a
good renal safety profile, there are case reports of AKI in-
duced by the treatment. The combined effect of GLP-1 ther-
apy and SGLT?2 inhibitors in the proximal tubule is perhaps an
overlooked issue.

5.1 Renal Clearance and Safety in Renal Impairment

The short half-life of GLP-1 is primarily due to rapid enzy-
matic degradation [3], but the hormone is also cleared by the
kidneys and believed to be freely filtered. The renal extraction
fraction of GLP-1 was ~50 % in anaesthetised pigs [51] which
clearly exceeds the amount undergoing glomerular filtration.
We found no intact GLP-1 in the urine of healthy males
infused with GLP-1 [13], which illustrates the effectiveness
of the brush-border epithelium.

Exendin-4 is cleared exclusively via the kidneys in a rate
equal to glomerular filtration in pigs [51]. The clearance of
exendin-4 is markedly affected by the severity of renal im-
pairment and was decreased 84 % in patients with ESRD
compared to controls [75]. However, exendin-4 was well
tolerated in both mild and moderate renal impairment [75].
Exendin-4 is not recommended if CrC1<30 mL/min or for the
prolonged-release suspension if CrCl1<50 mL/min (European
Medicine Agency, EMA).

Liraglutide is not cleared by the kidneys, and is completely
degraded within the body [50].

Mild renal impairment has no effect on the safety or effi-
cacy of liraglutide [76, 77]. Liraglutide pharmacokinetics and
safety are currently being tested in patients with ESRD [78].
At present, liraglutide is not recommended in patients with

CrCl<60 mL/min due to lack of long-term therapeutic expe-
rience (EMA).

Lixisenatide is cleared via glomerular filtration and is not
recommended if CrC1<30 mL/min, and should be used with
caution if CrCI<50 mL/min (EMA).

Sitagliptin, vildagliptin, saxagliptin, and alogliptin are
primarily cleared via renal excretion whereas linagliptin
primarily is subject to hepatic clearance [79]. Linagliptin is
approved for all stages of renal impairment with no dose
adjustments required (EMA). Sitagliptin, vildagliptin, and
saxagliptin can be used in renal impairment with dosing-
adjustments according to guidelines (EMA).

5.2 AKI Induced by GLP-1R Agonists

Case reports have described an acute loss of kidney function
associated with exendin-4 [80] and liraglutide treatment [81].
In the great majority of cases the problem seems to be prerenal
failure due to volume-depletion. Side-effects of GLP-1R ago-
nists include nausea and vomiting which in severe cases can
induce hypovolaemia. Osmotic diuresis during hyperglycaemia
and treatment with other diuretic, probably represent additional
risk-factors. The topic has recently been reviewed in details
[82]. In light of the frequency of GLP-1R agonist prescriptions
it does not seem to be a major issue.

5.3 GLP-1 and SGLT2 Inhibitors

A novel therapeutic option in diabetes treatment is SGLT2
inhibitors [83]. Like GLP-1R agonists, these are potent
proximal diuretics. In STZ rats, SGLT2 inhibition with
dapagliflozin decreased GFR ~20 % acutely and ~15 %
chronically (inulin) [84]. A recent study in type 1 diabetes
patients showed that 8 weeks of empagliflozin decreased GFR
~19 % (inulin) in a group with baseline hyperfiltration but did
not affect those with normal baseline GFR [85]. The mecha-
nism behind the decrease in GFR is probably similar to that of
GLP-1 and may involve a decreased glomerular hydrostatic
pressure gradient and increased TGF. The combination of
SGLT?2 inhibitors and GLP-1 therapy has not been thoroughly
investigated. Hypothetically, the combined inhibitory effects on
SGLT2 and NHES3 in the proximal tubule could act synergisti-
cally to decrease proximal reabsorption and GFR. The effect
will likely vanish along with a decreasing GFR, but at present,
treatment combinations with especially GLP-1R agonists and
SGLT?2 inhibitors should probably be done with caution.

6 Perspective and Future Direction
From an evolutionary point of view, it may seem surprising

that GLP-1 links incretin effects together with natriuresis and
anti-oxidative renal effects. The fact that GLP-1 is released in
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response to food ingestion, however, allows the kidney to
differentiate its response to postprandial hyperglycaemia
and stress-induced hyperglycaemia. While increased sodium
reabsorption, oxidative stress, and inflammation may be
useful in stressful situations it is not necessarily healthy
subsequent to meal ingestions. Furthermore, GLP-1 might
prepare the kidney for the increased sodium load from the
meal.

Although many physiological renal effects of GLP-1 are
well documented in rodents, the underlying mechanisms are
not fully elucidated. Newly elucidated pathways of renal
GLP-1-signalling (e.g. via ANP or ANG2) may be applicable
to other organs as well. Human studies exploring renal GLP-1
physiology are few, and moreover, there may be differences to
the preclinical studies relating to both species and GLP-1-
dosing.

Albeit still in the confirmatory state, it is highly interesting
that GLP-1 therapy seems to protect the heart [10] and brain
[11]. Similarly to the kidneys, the protection seems at least
partly mediated through improvements in endothelial
function.

At present, several rodent studies have shown that
GLP-1 therapy attenuates DN and AKI. A few clinical
studies, found GLP-1 therapy to improve surrogate
markers of DN and one uncontrolled study additionally
found that the therapy preserved GFR. Although the re-
sults are encouraging the clinical studies all have limita-
tions which compromises interpretation.

DN and AKI are major global health concerns, and there-
fore it is crucial that potentially powerful treatment options are
thoroughly investigated. The task, however, is not trivial.

In the last 20 years it has taken several large randomized
studies to conclude that RAS inhibition is renoprotective
beyond antihypertensive effects [52]. Likewise, it has to be
validated that GLP-1 therapy is renoprotective beyond the
antihypertensive, antidiabetic, and weight-loss effects.
Furthermore, a potential treatment has to prove effective either
as add on or alternative to RAS inhibition. With an optimally
treated control group it will require large studies and several
years of follow-up to draw definitive conclusions on changes
in GFR decline rates.

Studies exploring the possible benefits of GLP-1 treatment
in AKI require shorter follow-up and share some similarities
with studies investigating GLP-1 treatment in the prevention
of myocardial reperfusion injury [86]. Surprisingly, no clinical
studies with GLP-1 therapy and AKI have been reported.

In summary, the incretin hormone, GLP-1, inhibits NHE3
activity in the proximal tubule and thereby induces natriuresis.
GLP-1 can affect GFR and RBF, but does not in healthy
humans. Renal GLP-1R localization is partly unknown, and
alternative signalling pathways may be via ANP, ANG2, or
nerves. GLP-1 therapy decreases the level of inflammation
and oxidative stress and prevents DN and AKI in rodents.

@ Springer

Clinical studies validating these encouraging results are highly
warranted.
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