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Abstract

The continuously increasing incidence of diabetes worldwide has attracted the attention of the scientific community and
driven the development of a novel class of antidiabetic drugs that can be safely and effectively used in diabetic patients. Of
particular interest in this context are complications associated with diabetes, such as renal impairment, which is the main
cause of high cardiovascular morbidity and mortality in diabetic patients. Intensive control of glucose levels and other risk
factors associated with diabetes and metabolic syndrome provides the foundations for both preventing and treating diabetic
nephropathy. Dipeptidyl peptidase-4 (DPP-4) inhibitors represent a highly promising novel class of oral agents used in the
treatment of type 2 diabetes mellitus that may be successfully combined with currently available antidiabetic therapeutics in
order to achieve blood glucose goals. Beyond glycemic control, emerging evidence suggests that DPP-4 inhibitors may have
desirable off-target effects, including renoprotection. All type 2 diabetes mellitus patients with impaired renal function require
dose adjustment of any DPP-4 inhibitor administered except for linagliptin, for which renal excretion is a minor elimination
pathway. Thus, linagliptin is the drug most frequently chosen to treat type 2 diabetes mellitus patients with renal failure.

1 Introduction
1.1 Diabetic Nephropathy

Diabetes mellitus is defined as a metabolic disorder char-
acterized by hyperglycemia that develops due to defects in
insulin secretion, insulin action, or both [1]. Diabetes is a
serious public health problem worldwide with increasing
prevalence and incidence, resulting in increasing numbers
of patients with diabetic complications [2]. In addition,
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approximately 193 million diabetic patients worldwide
remain undiagnosed, which predisposes them to develop
several chronic complications of untreated chronic hyper-
glycemia [3]. The harmful effects of chronic hyperglycemia
are generally categorized into macrovascular complications
(such as stroke and acute coronary syndromes) and micro-
vascular complications (such as diabetic nephropathy, neu-
ropathy, and retinopathy) [4]. Diabetic vascular complica-
tions are initiated through many metabolic and structural
derangements, including the accumulation of advanced
glycation end-products, abnormal stimulation of signaling
cascades such as protein kinase C (PKC), overproduction of
reactive oxygen species (ROS), and abnormal stimulation of
hemodynamic regulation systems such as the renin—angio-
tensin—aldosterone system (RAAS) [5].

Diabetic kidney disease is one of the most common com-
plications of both type 1 and type 2 diabetes mellitus (T1DM
and T2DM, respectively), occurring in 20-30% of cases.
The major consequences of diabetic nephropathy include
loss of kidney function leading to end-stage renal disease
(ESRD), accelerated cardiovascular disease, and death [6,
7]. However, much progress has been made in attempts to
delay the progression of diabetic nephropathy, and ESRD in
T2DM patients is largely preventable through the application
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Type 2 diabetes mellitus patients with impaired renal
function generally require adjustment of the dose of
antidiabetic drugs administered, and some antidiabetics
are contraindicated in these patients.

DPP-4 inhibitors require dose adjustment in patients
with renal impairment, with the exception of linagliptin,
as renal excretion is a minor elimination pathway of this
antidiabetic drug.

In addition, DPP-4 inhibitors have been demonstrated to
exert several favorable effects on metabolism and renal
and cardiovascular function, and thus have potentially
beneficial effects on comorbidities associated with type 2
diabetes mellitus.

of strict glycemic control and intensified antihypertensive
treatment [8]. Considering the strong association between
blood glucose levels and the risk of developing microvascu-
lar complications of diabetes such as diabetic nephropathy,
the aim of treating diabetic patients should be to achieve and
maintain a safe glucose concentration. In addition, treatment
with angiotensin-converting enzyme (ACE) inhibitors has
been shown to decrease the risk of developing nephropa-
thy and cardiovascular events in patients with T2DM [4].
Despite the benefits derived from strict glycemic and blood
pressure control, the incidence of these complications is
still increasing [9]. Therefore, early diagnosis of diabetes
and prompt administration of therapy (including diet and
lifestyle modifications) will significantly reduce diabetes-
associated comorbidities, including renal impairment, a
complication which further influences therapeutic decision-
making in this specific population.

1.2 The Influence of Renal Insufficiency on Drug
Elimination and Drug-Metabolizing Enzyme
Activity

Most drugs are eliminated via metabolism in the liver and/or
excretion by the kidneys. Impaired renal function may con-
siderably alter the pharmacokinetics and pharmacodynam-
ics of drugs eliminated predominantly via renal excretory
mechanisms [10]. Renal diseases affect glomerular blood
flow, the plasma filtration rate, and tubular secretion and
reabsorption, thus altering drug clearance. Renal metabolism
may also be affected, and these are the two most common
pharmacokinetics-related consequences of renal impair-
ment [11]. There is increasing evidence that changes may
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be more prominent in T2DM patients with severely impaired
renal function, and may be associated not only with the renal
elimination of drugs but also with changes in drug absorp-
tion, hepatic metabolism, plasma protein binding, and drug
distribution [10].

Two strategies are commonly used to optimize thera-
peutic outcomes and minimize the risk of drug toxicity in
T2DM patients with impaired kidney function: firstly, medi-
cations that are not cleared by the kidney are chosen when-
ever possible; secondly, when the administration of drugs
that are predominantly eliminated by the kidneys is una-
voidable, dosing regimen adjustments are made according to
guidelines, recommendations, or detailed pharmacokinetic
calculations [12]. When necessary, dosing adjustments can
be made either by reducing the drug dose or by extending the
dosing interval [13]. A reasonable estimation of renal func-
tion can be gained from glomerular function calculations
based on the calculated creatinine clearance (CL(g), which
is in turn derived using the serum creatinine measured in a
simple blood test. Given that drug clearance is proportional
to CL g, a practical method of calculating dose adjustments
for kidney-cleared drugs is provided by measuring creatinine
[14].

1.3 Objectives of the Review

This review focuses on the pharmacokinetic characteristics
of the chemically heterogeneous class of DPP-4 inhibitors in
T2DM patients with chronic kidney disease, especially their
potentially renoprotective effects.

1.4 The Literature Search Strategy

For this purpose, an extensive search of original and review
articles in the PubMed database that were published up to
March 2019 was performed, using the following keywords:
“type 2 diabetes mellitus,” “diabetic nephropathy,” “dia-
betic kidney disease,” “incretin,” “glucagon-like peptide-1,”
“GLP-1,” “DPP-4,” and “dipeptidyl-peptidase 4 inhibitor.”

EENT3

2 The Physiology of Incretins

The concept of incretins emerged following experiments
conducted during the 1960s which proved that orally admin-
istered glucose induced a significantly increased insulin
secretion response compared to intravenous administra-
tion, even though similar plasma glucose concentrations
were achieved [15, 16]. This differential response to oral
versus intravenously administered glucose, known as the
incretin effect, is mediated by incretin peptides through the
entero-insular axis. The incretin effect has been recognized
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as contributing 50-70% of the insulin secretion following
oral administration of glucose in healthy human subjects
[17]. Two primary intestinal hormones with incretin activ-
ity are glucose-dependent insulinotropic peptide (or gastric
inhibitory peptide, GIP) and glucagon-like peptide-1 (GLP-
1). They are secreted by the intestine in response to nutri-
ent ingestion, and act as signaling messengers to regulate
hormone secretion from pancreatic a and f cells in order to
properly direct the disposal of nutrients [18].

GLP-1 is a product of the prohormone proglucagon,
which is synthesized in intestinal enteroendocrine L cells.
Both intestinal L cells and pancreatic o cells produce pro-
glucagon, but the post-translational processing of the pro-
hormone differs among these cell types. Proglucagon in
pancreatic a cells is cleaved by prohormone convertase 2
into glucagon and major proglucagon fragments (MGF), ren-
dering this molecule biologically inactive [19]. On the other
hand, in intestinal L cells, proglucagon (“enteroglucagon’)
is cleaved by prohormone convertase 1/3 into glicentin,
oxyntomodulin, and two glucagon-like sequences, GLP-1
and GLP-2, which are released into the bloodstream. GLP-2
does not participate in glucose metabolism regulation, but it
influences the growth and adaptation of the gut [20]. Addi-
tional post-translational modifications of GLP-1 involve
the conversion of the carboxy-terminal amino acid glycine
into an amide, which increases the stability of GLP-1 (1-36
amide) in plasma, as well as the hydrolysis of six carboxy-
terminal amino acids, resulting in the 29-amino-acid peptide
GLP-1 (7-36 amide), the major form of GLP-1 with intrinsic
incretin activity [21].

GLP-1 secretion was initially described in response
to glucose ingestion; however, ingestion of a mixed meal
results in a more intense GLP-1 response than glucose alone.
Additionally, bile acids released from the gallbladder post-
prandially have been shown to induce GLP-1 synthesis and
secretion through the activation of Takeda G protein-coupled
receptor 5 (TGRS) [22, 23].

The GLP-1 level in plasma rises postprandially. The
response begins within ten minutes during the cephalic
phase of a meal, with the peak concentration (40-80 pM)
reached after an hour in healthy individuals, which should
be compared with fasting concentrations (5—15 pM) that are
secreted at low tonic rates [24]. However, GLP-1 is a short-
acting molecule due to rapid and extensive degradation in
the bloodstream by the ubiquitous enzyme DPP-4, with a
half-life of 1.5-3 min [25]. DPP-4 cleaves two amino-ter-
minal residues, hindering the biological activity of GLP-1.
Inactivated GLP-1 (9-36 amide) is further cleaved in the
kidneys by DPP-4, which is expressed on the apical surfaces
of endothelial cells of the renal capillaries and the brush-
border membranes of tubular cells [26].

The main action of GLP-1 is the glucose-dependent stimu-
lation of insulin biosynthesis and secretion. The action of

GLP-1 in P cells is self-limiting and prevents the develop-
ment of hypoglycemic events. When a reduction in plasma
glucose levels is achieved by the secretion of insulin, GLP-1
signaling is also inhibited [27]. GLP-1 stimulates glucose-
dependent insulin secretion and inhibits glucagon secretion,
thus preventing the development of hyperglycemia (in con-
trast to sulfonylurea, GLP-1 has no effect on insulin release
when the glycemic level is below 4 mM). GLP-1 activation
has also been shown to inhibit the apoptosis of  cells and
to enhance fB-cell proliferation as well as B-cell neogenesis
from ductal precursor cells [28, 29]. In addition to pancreatic
islets, the expression of the GLP-1 receptor has been detected
in various cell and tissue types, including the central nerv-
ous system (CNS), heart, lung, blood vessels, gastrointestinal
tract, liver, kidney, muscle, and adipose tissue [30]. This wide
distribution of the GLP-1 receptor could explain the observed
extrapancreatic effects of GLP-1. GLP-1 exerts effects on
gastrointestinal motility and secretion (delaying gastric
emptying), inhibits appetite, and reduces food intake; taken
together, these effects lead to a reduction in body weight [31].

DPP-4, also known as the T-cell activation antigen CD26
(cluster of differentiation 26), is a membrane-associated
peptidase composed of 766 amino acid residues. It is widely
distributed in different cell and tissue types, including T and
B lymphocytes, vascular endothelium, kidneys, hepatocytes,
and the intestinal brush-border membrane [32]. DPP-4 is a
110-kDa type II membrane-spanning protein that is involved
in signal transduction, as it activates a network of intracellu-
lar signaling pathways [33]. Membrane-bound DPP-4 mani-
fests numerous nonenzymatic activities upon colocalizing
with other membrane proteins and modulating their intrinsic
activity. Among these proteins, DPP-4 interacts with aden-
osine deaminase, caveolin-1, insulin-like growth factor 2
receptor (IGF2R), and glypican-3 [34]. DPP-4 also exists
as a soluble circulating isoform in plasma, originating from
transmembrane and intracellular domains [35]. Therefore,
biological effects of DPP-4 include enzymatic as well as
signaling functions. Soluble DPP-4 is an exopeptidase which
hydrolytically cleaves peptides (including GLP-1) at the sec-
ond amino acid position from the amino-terminal end of the
molecule, especially if the second amino acid is alanine or
proline [36]. In addition to GLP-1, DPP-4 plays a significant
role in the metabolism of neuropeptide Y, which is involved
in the regulation of food intake and obesity. DPP-4 also
exerts numerous effects on metabolic regulation via other
regulatory peptides, including GIP, insulin-like growth fac-
tor 1 (IGF-1), gastrin-releasing peptide, endomorphin, and
enterostatin [36].

GLP-1, a molecule that has a high potency to stimulate
insulin biosynthesis and secretion and has highly desirable
effects on satiety and food intake, degrades rapidly. This
has attracted the attention of the scientific community and
has driven the development of hydrolysis-resistant GLP-1
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receptor agonists and inhibitors of DPP-4 as novel thera-
peutic approaches that aim to restore GLP-1 signaling and
insulin secretion in patients with T2DM.

3 Incretin-Based Therapy of T2DM

Several GLP-1 receptor agonists have gained regulatory
approval for T2DM treatment. Exenatide is a full and
equipotent GLP-1 receptor agonist that is not degraded by
DPP-4 and is more slowly eliminated than endogenous GLP-
1. Exenatide was the first clinically approved short-acting
GLP-1 receptor agonist. It is administered subcutaneously
by injection twice a day or is available in a prolonged-release
formulation that is suitable for once-a-week administration
[37]. Liraglutide is a GLP-1 receptor agonist that is obtained
by attaching a palmitoyl residue to the GLP-1 molecule. It
can therefore be transported through the blood while bound
to albumin, resulting in DPP-4 resistance and a half-life of
13 h [38]. Novel agents have subsequently been introduced,
including once-a-day lixisenatide and once-weekly exena-
tide, dulaglutide, and semaglutide [39, 40]. GLP-1 recep-
tor agonists have mild and transient gastrointestinal side
effects—mainly nausea and vomiting—due to the resulting
delayed gastric emptying. The main disadvantage of GLP-1
receptor agonists is the route of administration (subcutane-
ous injection).

3.1 DPP-4 Inhibitors

Following the discovery of GLP-1, the inhibition of DPP-4
became a major research target, since the inhibition of
DPP-4 has a profound influence on incretin hormone activity
by increasing the plasma concentrations of endogenous and
active peptides [41]. DPP-4 inhibitors or so-called gliptins
were originally developed as anti-immune therapies, because
DPP-4 is expressed as the T-cell activation antigen CD26
by certain immune cells [33]. Early animal studies demon-
strated that DPP-4 inhibition can hinder rapid incretin deg-
radation, increasing the postprandial levels of GLP-1 and
reducing plasma glucose levels postprandially due to the
stimulation of insulin secretion and the reduction of liver
glucose production [42]. The majority of the effects related
to the inhibition of DPP-4 are ascribed to increased GLP-1
levels. Therefore, DPP-4 became a significant target for the
treatment of T2DM. DPP-4 inhibitors reduce DPP-4 activity
by 70-90%, they do not pass through the blood-brain bar-
rier, and they do not exert direct effects on satiety or gastric
emptying [43].

Sitagliptin was the first DPP-4 inhibitor to be approved
in the USA (in 2006) and in Europe (in 2007) for T2DM
treatment [44]. So far, five gliptins have gained approval for
clinical use: sitagliptin, vildagliptin, saxagliptin, linagliptin,
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and alogliptin. Three others—teneligliptin, anagliptin, and
trelagliptin—are approved only for the Japanese and Korean
markets [43]. Even though all gliptins rely on the same prin-
ciple of action, differences in pharmacokinetic properties
may impact clinical decision-making. Gliptins have been
classified into three classes according to the binding mode
at the active center of DPP-4 [45]. Vildagliptin and saxaglip-
tin, which are class one DPP-4 inhibitors, are competitive
reversible DPP-4 inhibitors which bind to the S1 and S2
subsites of an enzyme and form covalent bonds with Ser630
within the active site of DPP-4. Alogliptin and linagliptin are
class two inhibitors, whereas sitagliptin and teneligliptin are
class three gliptins [46]. Alogliptin and linagliptin bind to
the S1° and S2’ subsites of the enzyme, respectively, induc-
ing a conformational change in Tyr547 at the S1’ subsite,
which results in increased inhibitory potency. The interac-
tion of linagliptin with the S1° subsite results in an eightfold
increase in activity compared to alogliptin. The third class of
gliptins, sitagliptin and teneligliptin, have the highest inhibi-
tory potencies for DPP-4, since both of these drugs interact
with the S2-extensive subsite of the DPP-4 active center.
Therefore, the increased potencies of these gliptins appear to
result from an increase in the number of interactions with the
enzyme DPP-4 [43, 45]. In addition to lowering glycemia,
sitagliptin has been shown to reduce the free fatty acid level
in blood and to exert anti-inflammatory effects, meaning that
it has insulin-sensitizing properties [47]. In T2DM patients
with renal impairment, sitagliptin has more favorable effects
than sulfonylureas [48]. Anagliptin, which has thus far only
gained regulatory approval in Japan (in 2012), has been
shown to exert beneficial cardiovascular effects through its
lipid-lowering and antiatherogenic activities [49]. Anaglip-
tin is excreted via the kidneys, and renoprotective effects of
this gliptin have been demonstrated in T2DM patients with
diabetic nephropathy [50]. Anagliptin also has a stronger
anti-inflammatory action than sitagliptin [51]. Additionally,
numerous reports on the effects of gliptins on the serum lipid
profile, inflammation, and blood pressure may explain the
potential cardioprotective effects of this class of antidiabet-
ics [52].

Renal excretion is the predominant elimination pathway
for sitagliptin and alogliptin, whereas hepatic metabolism is
also important for saxagliptin (this leads to an active metab-
olite with approximately half the biological potency of saxa-
gliptin). On the other hand, linagliptin is mainly excreted
by the biliary route, so T2DM patients with impaired renal
function who are taking this drug do not require dose adjust-
ment [53]. The main pharmacokinetic parameters of DPP-4
inhibitors in healthy volunteers are shown in Table 1.

DPP-4 inhibitors are available as oral drug formula-
tions, and have mild side-effect profiles. The side effects of
DPP-4 inhibitors include minor gastrointestinal side effects,
skin rash, and nasopharyngitis, whereas hypoglycemia is
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uncommon. Also, this class of drugs has no effect on body
weight [27]. Many are available in fixed combinations with
metformin, including a sustained release formulation. Com-
bination therapy with DPP-4 inhibitors and insulin results
in a reduction in the insulin dose required to lower glycemic
levels, an effect associated with a reduced incidence of hypo-
glycemic events [27].

Whereas DPP-4 inhibitors increase GLP-1 two- to three-
fold, GLP-1 receptor agonists increase GLP-1 up to tenfold,
and are superior to DPP-4 inhibitors in terms of insulin
secretion, reducing HbAIc levels, and body weight effects.
However, GLP-1 agonists should be avoided in T2DM
patients with GFR < 30 mL/min. Metformin is also contrain-
dicated in T2DM patients with impaired renal function (due
to the induction of lactic acidosis), while sodium-glucose
cotransporter-2 (SGLT-2) inhibitors should not be used in
T2DM patients with GFR <45 mL/kg. In addition, hypogly-
cemic events that may occur during sulfonylurea treatment
can be avoided by administering DPP-4 inhibitors, mean-
ing that these agents are preferred in T2DM patients with
impaired renal function [54].

4 The Entero-Renal Axis

Incretin-based therapy exerts numerous regulatory effects
and benefits extending beyond glucose homeostasis. The
entero-endocrine system has emerged as an important con-
tributor to the regulation of water and electrolyte homeo-
stasis upon meal ingestion. These effects are mediated by
adjusting thirst via cerebral osmoreceptors located in the
vascular organ of the forebrain (lamina terminalis), by
controlling the intestinal transport of water and electrolyte
absorption and secretion, through the appropriate disposal
of absorbed water and nutrients to intra- and extracellular
compartments, and by regulating renal secretion and the

reabsorption of water and electrolytes, implying that it
operates in a very flexible manner [53, 55]. Given that renal
homeostasis of electrolytes is regulated slowly by circulating
hormones and the diurnal rhythm, a speculated fast-acting
entero-renal axis could contribute by swiftly responding to
acute solute ingestion. For example, an increased urinary
excretion of excess potassium was observed after a potas-
sium-rich meal [56]. Results of another study demonstrated
that an equivalent sodium load is excreted in the urine more
rapidly after ingestion than following intravenous adminis-
tration, independent of the effects of aldosterone and atrial
natriuretic peptide levels, lending support to this theory
[57]. In addition to the sodium balance, an enteral-assisted
feed-forward loop for potassium and phosphate homeostasis
has been reported [56, 57]. The intestine presumably senses
changes in the concentrations of ingested electrolytes and
responds by releasing hormone effectors of the entero-renal
axis, such as GLP-1, peptide Y'Y, ghrelin, secretin, guanylin,
and vasoactive intestinal peptide (VIP), and by activating
neural pathways to regulate the gastrointestinal and renal
tubular transport processes [58]. Impairment of entero-renal
axis signaling could be considered a pathophysiological ele-
ment of salt-sensitive hypertension due to reduced sodium
excretion.

GLP-1 receptors are expressed in the renal proximal tubu-
lar cells as well as in renal blood vessels [59, 60]. The par-
ticipation of GLP-1 in the entero-renal axis was described
following findings that exenatide infusion in healthy volun-
teers as well as in T2DM patients or liraglutide administra-
tion in T2DM patients increased natriuresis and thus played
a prominent role in the control of sodium excretion [61, 62].
The underlying mechanism for this effect is the downregula-
tion of sodium hydrogen exchanger 3 (NHE3) function, with
a consequent decline in sodium reabsorption [63]. In accord-
ance, DPP-4 has been shown to coexist in physical com-
plexes with NHE3 in the brush border of proximal tubules,

Table 1 Main pharmacokinetic parameters of DPP-4 inhibitors in healthy subjects

Drug Oral bioavail- Protein Half life (¢,,,,h)  Metabolism Excretion References
ability (%) binding (%)

Sitagliptin 87 38 10-12 Low 80% via kidney [105-107]
13% via liver

Saxagliptin 75% <10 2.5-3.1 By CYP3A4/5 to 5-hydroxy-saxagliptin ~ 75% via kidney [111]
22% via liver

Vildagliptin 85% 9.3 2.8 Via cyano-group hydrolysis to LAY 151 85% via kidney [113, 114]
15% via liver

Alogliptin 100% 20% 12.5-21.1 By CYP2D6, CYP3A4 60-71% via kidney [116]
13% via liver

Linagliptin 30 70 12 Low 5% via kidney [118, 119]

85% via liver

CYP cytochrome P450, DPP-4 dipeptidyl peptidase-4
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and it was found that DPP-4 inhibition also downregulates
apical sodium-hydrogen exchange [64].

In further support, an acute oral load of sodium chloride,
as well as a water load, resulted in increased circulating
GLP-1 within five minutes [65, 66]. Also, GLP-1 receptor
agonist administration has been shown to reduce water and
saline intake independently of food intake, whereas admin-
istration of exendin-9, a GLP-1 receptor blocker, resulted
in a dipsogenic effect, implying that endogenous GLP-1
tone suppresses drinking behavior, which could be an effect
of GLP-1-producing cells in the nucleus tractus solitarii
[67-69]. Furthermore, infusion of GLP-1 in healthy males
reduced water intake following a salty meal without fluctua-
tions in the serum concentration of sodium [68].

Even though intestinal hormones have the propensity to
modulate tubular electrolyte handling without significantly
varying the filtered load, signals from the gastrointestinal
tract affecting postprandial renal blood flow can also aid in
renal solute excretion. Ingestion of a high-protein meal has
been shown to increase the glomerular filtration rate and to
enhance the filtration of circulating solutes, independently
of fluctuations in arterial pressure [70]. Thus, a postprandial
increase in glomerular filtration ameliorates urinary excre-
tion of nitrogen waste products and other metabolites that
require renal excretion, making it an effective mechanism
for the elimination of potentially harmful catabolic products
and absorbed solutes.

5 Effects of DPP-4 Inhibitors on Renal
Function and Renal Risk Factors

In recent years, three new classes of antihyperglycemic
drugs with determined renoprotective potential have been
successfully introduced for the treatment of T2DM: DPP-4
inhibitors, GLP-1 receptor agonists, and SGLT-2 inhibitors.
Emerging evidence suggests that DPP-4 inhibitors used to
treat T2DM may have renoprotective effects beyond glyce-
mic control [53].

The main pharmacological effects of DPP-4 inhibitors
were demonstrated to be the result of the accumulation of
incretin hormones and the enhancement of their actions;
in particular those of GLP-1, which exerts its effects via a
specific GLP-1 receptor. However, DPP-4 cleaves multiple
substrates other than GLP-1, which implies that pleiotropic
actions of DPP-4 inhibitors may occur through incretin-
independent mechanisms [71].

In rats, exogenous GLP-1 dose-dependently increased
diuresis and natriuresis [72]. That initial evidence of the
effects of a gut hormone, GLP-1, on renal function in rats
was further confirmed in preclinical and clinical studies. The
diuretic and natriuretic response to the intravenous infusion
of recombinant GLP-1 was demonstrated in rats. GLP-1 was
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shown to inhibit sodium reabsorption in the proximal tubule,
and, to a lesser extent, to increase the renal blood flow and/or
glomerular filtration rate [73]. Potential renoprotective activ-
ity of GLP-1 at the level of the proximal renal tubule was
observed in healthy subjects and in insulin-resistant obese
men. More specifically, it was demonstrated that intravenous
infusion of GLP-1 enhances sodium excretion, decreases
hydrogen secretion, and ameliorates glomerular hyperfiltra-
tion in obese men [61].

The main mechanism responsible for the enhancement
of diuresis and natriuresis seems to involve the inhibition of
NHES3. As previously stated, DPP-4 is abundantly expressed
in the kidney, with the highest level of expression occurring
at the brush border of the S1-S3 segment of the proximal
tubule. It has been shown that DPP-4 coimmunoprecipi-
tates and redistributes with NHE3 to the microvilli-enriched
fractions, whereas the binding of angiotensin II (Ang II) to
the AT, receptor in the proximal tubule stimulates NHE3
activity through multiple signaling pathways [64, 74, 75].
In accordance, the administration of angiotensin system
inhibitors and DPP-4 inhibition may offer a new therapeutic
approach that involves (at the very least) reducing sodium
reabsorption in patients with diabetic nephropathy [76, 77].

The systemic infusion of GLP-1 increased the glomeru-
lar filtration rate and reduced proximal tubular sodium,
bicarbonate, and water reabsorption in rats. This effect
was suggested to be mediated, at least in part, by NHE3
inhibition as a consequence of the activation of the cyclic
adenosine monophosphate/protein kinase A (cAMP/PKA)
signaling pathway. Subsequent to activation, phosphoryla-
tion of PKA consensus sites occurs at the C-terminal region
of NHE3 at serine residues 552 and 605 in brush-border
microvilli membrane vesicles [78]. The same cascade may
be involved in the regulation of vascular renal resistance,
leading to increases in renal blood flow and the glomerular
filtration rate [79]. These results suggesting that endogenous
GLP-1 receptor signaling exerts a tonic natriuretic action via
NHE3 inhibition were further confirmed by a study using
the GLP-1 receptor antagonist exendin-9 in rats. The acute
renal effects of GLP-1 receptor blockade were evaluated, and
antidiuretic and antinatriuretic effects were observed in nor-
moglycemic rats. These were accompanied by the stimula-
tion of proximal tubule sodium reabsorption due to reduced
PKA-mediated inhibition of NHE3 transport function [80].

Furthermore, GLP-1 was shown to exert renoprotective
effects by inhibiting ATII signaling and proinflammatory
action in glomerular endothelial cells. Namely, it was dem-
onstrated in vivo and in vitro that hyperglycemia can activate
PKC-f isoforms, which enhance ATII-associated detrimen-
tal effects in glomerular endothelial cells through increased
degradation of GLP-1 receptors. Therefore, it was suggested
that therapeutic strategies which aim to increase GLP-1
receptor signaling should be used to prevent glomerular
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endothelial dysfunction and the progression of diabetic
nephropathy [81].

DPP-4 inhibitors were shown to exert natriuretic effects
in a number of preclinical studies. Two specific inhibitors
of DPP-4 (diprotin A and P32/98) significantly decreased
NHE3 activity in opossum kidney proximal (OKP) tubule
cells as a result of tyrosine kinase signaling pathway inhibi-
tion rather than by PKA activation [64]. The inhibition of
NHE3 may result from the renal accumulation of GLP-1 due
to DPP-4 inhibition. On the other hand, it was shown that the
natriuretic activity of DPP-4 inhibitors may, in part, occur
via mechanisms that do not involve GLP-1 and its recep-
tor. Specifically, the DPP-4 inhibitor alogliptin also induced
diuresis and natriuresis in mice lacking the GLP-1 receptor,
in contrast to exendin-4, an agonist of the GLP-1 receptor.
These results provided the initial evidence that DPP-4 may
regulate multiple peptide substrates other than GLP-1 and
affect the renal reabsorption of water and sodium [82]. Some
of those substrates of DPP-4 include brain natriuretic peptide
(BNP), substance P, neuropeptide Y (NPY), stromal cell-
derived factor 1o (SDF-1a), and high-mobility group protein
B1 (HMGB1), which are involved in vascular tone regula-
tion, inflammation, cell migration, and cell differentiation
[71]. Therefore, the off-target effects of DPP-4 inhibitors
may be a consequence of interactions with these biologically
active peptides.

SDF-1 was suggested to partly mediate the DPP-4 inhib-
itor-induced natriuretic response. SDF-1 and its cognate
receptor, CXCRA4, are expressed in both cortical and medul-
lary tissues of kidneys in mice, predominantly in the SDF-1a
isoform. SDF-1 regulates urinary sodium excretion in the
distal nephron, presumably via the Na*/Cl~ cotransporter or
the epithelial sodium channel, which impacts renal hemo-
dynamics [83].

Renoprotective effects of DPP-4 inhibitors have been
confirmed in preclinical studies involving diabetic kidney
disease models as well as other progressive kidney disease
models. As previously stated, kidneys contain high levels
of DPP-4. Furthermore, an increase in DPP-4 levels was
reported in kidneys of rats fed a high-fat diet and those
treated with streptozotocin [84]. This model was shown
to be a suitable animal model for studying the final stages
of T2DM, characterized by insulin deficiency [85]. Since
both a high-fat diet and insulin deficiency are closely linked
with the etiology of T2DM, a role of DPP-4 inhibitors in
the treatment of diabetic nephropathy was suggested [84].
However, DPP-4 inhibitors are a chemically heterogeneous
class of drugs that show significant pharmacological differ-
ences. Major attention has been focused on linagliptin, since
it is the most potent DPP-4 inhibitor and the only compound
that is not predominantly excreted in the urine and thus does
not require dose adjustment in T2DM patients with renal

impairment [86]. It also has the largest volume of distribu-
tion, which may enable good penetration in renal tissues.
The ability of linagliptin to penetrate into kidney tissue
was confirmed in wild-type and DPP-4-deficient rats using
whole-body autoradiography [87].

Linagliptin was shown to exert renoprotective effects in
several animal models of diabetic nephropathy. It reduced
albuminuria in a model of early diabetic nephropathy of
streptozotocin-induced diabetes in rats, and attenuated the
expression of the oxidative stress markers NADPH oxidase
(NOX) 2 and 4 [86, 88]. Previously, linagliptin, when used
in combination with the angiotensin receptor blocker tel-
misartan, was found to reduce urinary albumin excretion
and kidney malondialdehyde immunoreactivity, a marker
of oxidative stress, in diabetic endothelial nitric oxide syn-
thase (eNOS) knockout mice [77]. In addition to upregu-
lating renal SDF-1 expression, linagliptin suppressed the
progression of glomerular sclerosis, periglomerular fibrosis,
podocyte loss, and renal oxidative stress in diabetes-prone
mice lacking the GLP-1 receptor. This implies that DPP-4
inhibition, independent of GLP-1 receptor signaling, pro-
tects against diabetic nephropathy through SDF-1-depend-
ent antioxidative and antifibrotic effects [83]. In addition,
antifibrotic effects of linagliptin were reported in a mouse
model of diabetic nephropathy characterized by extensive
fibrosis. Linagliptin treatment of streptozotocin-induced
diabetic mice ameliorated kidney fibrosis, regardless of the
blood glucose level, by suppressing the activated fibroblast-
generating endothelial-to-mesenchymal transition (EMT)
pathway, at least in part [89].

Renoprotective properties have been determined for
other DPP-4 inhibitors in animal models of diabetic kid-
ney disease. In an animal model of obese T2DM, sitaglip-
tin prevented f-cell dysfunction and evolution of pancre-
atic damage. Sitagliptin improved the metabolic profile in
Zucker diabetic fatty (ZDF) rats through the amelioration
of glucose and triglyceride levels and insulin resistance. It
was also found to exert antiapoptotic and anti-inflammatory
effects, since it reduced the Bax/Bcl-2 ratio and completely
prevented the increased pancreatic overexpression of IL-1
and TRIB3 found in diabetic animals [90]. Furthermore,
the DPP-4 inhibitor vildagliptin was shown to significantly
decrease albuminuria and the urinary albumin/creatinine
ratio, improve creatinine clearance, and inhibit interstitial
expansion and glomerulosclerosis in a rat model of strep-
tozotocin-induced T1DM. The renoprotective activity of
vildagliptin was confirmed by a reduction in transforming
growth factor beta 1 (TGF-p1) overexpression, since antifi-
brotic changes in the kidneys occur together with inhibition
of the EMT that is usually initiated by TGF-f1 [91].

According to published studies, DPP-4 inhibitors may
affect renal function not only directly but also through
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the modulation of renal risk factors, including oxidative
stress, inflammation, and fibrosis. DPP-4 inhibitors miti-
gated endothelial dysfunction and reduced inflammation,
thus providing efficient cardiovascular and renal protection
[92]. The mechanisms for the anti-inflammatory activity
of DPP-4 inhibitors in cardiovascular and renal protection
include their impacts on pro- and anti-inflammatory media-
tors, cytokines, chemokines, immune cells, cell adhesion
molecules, enzymes, transcription factors, pro- and antia-
poptotic mediators, and oxidative stress markers. These pro-
tective properties of DPP-4 inhibition may be dependent on
or independent of GLP-1, and they may rely on many factors
such as the specific types of cell and tissue, the regional
expression of cytokines and chemokines, and the type of
disorder [93].

Glucose-independent effects of DPP-4 inhibitors on dys-
lipidemia, obesity, and blood pressure as renal risk factors
in T2DM were also investigated. While GLP-1 receptor ago-
nists were shown to reduce the levels of total cholesterol,
LDL cholesterol, and triglycerides [94], DPP-4 inhibitors
were suggested to have only a modest effect on total cho-
lesterol levels [95]. Similarly, the results of a meta-analysis
demonstrated that DPP-4 inhibitors, in contrast to GLP-1
receptor agonists, do not affect body weight in patients with
T2DM [96]. This discrepancy between the results obtained
using GLP-1 receptor agonists and those attained with
DPP-4 inhibitors indicates that there are GLP-1-independent
mechanisms of DPP-4 inhibitors. In patients with T2DM, it
was shown that sitagliptin increases the level of total peptide
YY (PYY). PYY, a DPP-4 substrate, is one of the physi-
ological regulators of food intake [97]. On the other hand,
DPP-4 inhibitors may exert modest blood-pressure-lowering
effects in patients with T2DM, independent of weight loss
[98]. Mechanisms linking sustained GLP-1 receptor signal-
ing to blood pressure reductions are yet to be fully under-
stood, but may include contributions from natriuresis and
diuresis, improved vasorelaxation, endothelial function, and
neurohormonal pathways [53].

Despite numerous results demonstrating renoprotective
effects of DPP-4 inhibitors in animal models of diabetic and
nondiabetic nephropathy, clinical evidence confirming renal
benefits is scarce. The most recent and significant clinical
study investigating the impact of DPP-4 inhibitors on renal
function in patients with T2DM is the CARMELINA (Car-
diovascular and Renal Microvascular Outcome Study with
Linagliptin) study. In a large patient population at very high
cardiovascular and renal risk, i.e., in patients with T2DM
and concomitant atherosclerotic vascular disease and/or dia-
betic kidney disease, the DPP-4 inhibitor linagliptin did not
modulate risk for heart-failure hospitalization or other asso-
ciated heart-failure-related complications [99, 100]. This
finding is particularly relevant in view of results of previous
randomized clinical studies with saxagliptin (SAVOR-TIMI
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53) [101] and alogliptin (EXAMINE) [102] that reported
significant increases in this outcome, whereas sitagliptin
(TECOS) [103] showed no effect on the heart failure hospi-
talization rate. These results clearly illustrate the heteroge-
neity across the DPP-4 inhibitor class with regard to effects
on the risk for heart failure outcomes, with linagliptin and
sitagliptin having no effect and saxagliptin increasing this
risk. Molecular mechanisms responsible for these pharma-
cological variations are still to be elucidated, but the dif-
ferences in their molecular structures may, at least in part,
account for diverse off-target effects [99].

6 Pharmacokinetics of DPP-4 Inhibitors
and Dose Adjustment in T2DM Patients
with Renal Impairment

Sitagliptin was the first agent in the DPP-4 inhibitor class to
gain FDA approval in the USA, where it has been sold under
the tradename Januvia since October 2006. Sitagliptin is an
oral, once-daily DPP-4 inhibitor that is available as 25-mg,
50-mg, and 100-mg tablets. It has been used as monotherapy
and in combination with other antidiabetic drugs to improve
glycemic control. A sitagliptin/metformin fixed combination
(Janumet, Merck) in tablet form was approved in April 2007.
Sitagliptin demonstrates 87% bioavailability of the oral dose
[104]. Peak plasma levels of sitagliptin occur approximately
1-4 hours after oral administration. The apparent terminal
half-life of sitagliptin is approximately 10—12 h. In phar-
macokinetic studies of various dosages of sitagliptin, the
maximal concentration (C,,,,) and the area under the plasma
concentration—time curve (AUC) increased in a dose-propor-
tional manner. This drug demonstrates low binding to serum
proteins. Sitagliptin does not interfere with cytochrome P450
(CYP) enzymes. In healthy subjects, 75-80% of the drug is
excreted unchanged in the urine. The main mechanisms of
elimination are active secretion and glomerular filtration.
Metabolites were detected at low levels, although these are
not expected to improve the DPP-4-inhibitory effect of sit-
agliptin [105-107].

Single-dose, open-label studies were conducted to evalu-
ate the effect of renal insufficiency on the pharmacokinetics
of sitagliptin in T2DM patients. Patients with mild renal
insufficiency (CLcg > 50 mL/min) exhibited a less than
twofold increase in plasma AUC levels compared with
control patients who had normal renal function. In T2DM
patients with moderate (CL-g 30-50 mL/min) and severe
(CLcg <30 mL/min) renal impairment, including those
on hemodialysis, plasma sitagliptin concentrations were
approximately 2.3—4.5 times higher than in subjects with
normal or mildly impaired renal function. This also cor-
responded to a C,,, increase of 1.4-fold to 1.8-fold and an
increased terminal half-life of up to 22.5 h with severe renal
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impairment compared to values in subjects with normal
renal function (10-12 h). During hemodialysis, 13.5% of
the sitagliptin was removed over a 3- to 4-hour session start-
ing 4 h after oral administration [108, 109]. Therefore, in
T2DM patients with renal impairment, it is recommended
that the dose should be reduced from 100 mg to 50 mg daily
if GFR is 30-50 mL/min, and to 25 mg daily if GFR is less
than 30 mL/min. For T2DM patients on hemodialysis or
peritoneal dialysis, it is recommended that the dose should
not exceed 25 mg daily [110].

Saxagliptin, approved in July 2009, is usually adminis-
tered once daily at a therapeutic dose of 5 mg. Saxagliptin
is well absorbed orally and food does not have a clinically
relevant impact on its pharmacokinetics. Peak levels of saxa-
gliptin occur within 2 hours. Although the overall half-life
is short, the metabolism of saxagliptin, which is mediated
primarily by the CYP3A4/5 system, produces an active
metabolite (5-hydroxy saxagliptin) that retains 50% of the
hypoglycemic activity of the parent drug [105]. Therefore,
inhibitors and inducers of this system are expected to affect
the concentration of saxagliptin. However, clinically relevant
drug—drug interactions have not been detected in combina-
tions with CYP inhibitors or inducers when used at a dose of
2.5 mg once daily. This drug shows weak binding to proteins
in the serum. 75% of the administered dose of saxagliptin,
including 5-hydroxy saxagliptin and other minor hydroxy-
lated inactive metabolites, was eliminated via the renal route
and recovered in urine [105, 111].

Single-dose, open-label studies were conducted to evalu-
ate the effect of renal failure on the pharmacokinetics and
tolerability of saxagliptin and its pharmacologically active
metabolite, 5-hydroxy saxagliptin, in nondiabetic sub-
jects. No clinically significant differences in saxagliptin or
5-hydroxy saxagliptin pharmacokinetics were observed in
subjects with mild renal impairment. However, in T2DM
patients with moderate or severe renal impairment, dose
reduction is recommended due to higher systemic exposure
to saxagliptin and its metabolite (expressed as the AUC)
[111, 112]. Therefore, in order to maintain plasma levels
comparable to those in T2DM patients with normal renal
function, the starting dose of saxagliptin should be reduced
by 50% (2.5 mg/daily) in T2DM patients with moderate or
severe renal impairment or ESRD, but no dose adjustment
is recommended for those with mild renal impairment [110].

Vildagliptin is an orally active, potent, and selective
DPP-4 inhibitor that is used either as monotherapy or in
combination with a variety of other antidiabetic drugs. It is
administered at a therapeutic dose of 50 mg twice daily. Fol-
lowing oral administration, vildagliptin is rapidly and well
absorbed. Its absolute oral bioavailability is approximately
85%. A dose-dependent increase in exposure to vildagliptin
(expressed as the AUC) over the dose range 25-200 mg has
been documented. Food does not affect its pharmacokinetics.

Vildagliptin is minimally bound to plasma proteins (9.3%).
Based on its volume of distribution (71 L), it is assumed
to be distributed extensively in the extravascular compart-
ment [113]. The primary metabolic pathway is cyano-group
hydrolysis by various organs with little CYP involvement.
Minor metabolites are formed by amide bond hydrolysis,
glucuronidation, or oxidation at the pyrrolidine moiety of
vildagliptin. Due to minimal involvement of CYP enzymes
in the overall metabolism, vildagliptin has a low potential for
drug interactions. The major circulating components in the
plasma are the unchanged drug and a major metabolite gen-
erated by hydrolysis, LAY 151, which is biologically inac-
tive. Only 33% of the drug is excreted by the kidneys, and
the main route of elimination involves metabolism. There-
fore, CKD may influence the pharmacokinetics of this drug
[113, 114].

In subjects with varying degrees of renal impairment, sys-
temic exposure to vildagliptin is increased approximately
twofold compared with that in subjects with normal renal
function; however, no correlation was observed between
increase in exposure and severity of renal impairment. The
lack of an obvious correlation may be a consequence of the
kidneys’ contributions to both the excretion and the hydro-
lytic metabolism of vildagliptin [113, 114]. From a pharma-
cokinetic point of view, this approximately twofold increase
in exposure suggests that the dose of vildagliptin for T2DM
patients with moderate and severe renal insufficiency should
be reduced to half of the daily dose for patients with normal
renal function (50 mg once daily instead of 50 mg twice
daily) [110, 115].

Alogliptin is a DPP-4 inhibitor that is approved in Japan
for the treatment of adult patients with T2DM. The recom-
mended dose of alogliptin is 25 mg once daily. Alogliptin
is rapidly absorbed and unaffected by food, has an approxi-
mate bioavailability of 100%, and achieves its peak plasma
concentration 1-2 h after administration. Alogliptin under-
goes limited metabolism that involves the hepatic enzymes
CYP2D6 and CYP3A4. Urinary excretion of the unchanged
alogliptin is equal to 70% of the absorbed dose. Therefore,
T2DM patients with renal impairment may require an appro-
priate dose reduction of vildagliptin. For patients with mod-
erate renal impairment, the recommended dose is 12.5 mg
once daily. In patients with severe renal impairment or
ESRD, the recommended dose is 6.25 mg once daily [116,
117].

Linagliptin is a DPP-4 inhibitor that was approved by the
US FDA in May 2011. It is administered at a therapeutic
dose of 5 mg once daily. Linagliptin has a long half-life. It
is metabolized into several inactive metabolites. Almost 85%
of the dose undergoes fecal excretion via the enterohepatic
system, whereas renal excretion is only a minor elimination
pathway of linagliptin at therapeutic dose levels. Therefore,
no dose adjustments are required in T2DM patients with
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Table 2 Main pharmacokinetic

8 Parameter Drug (dose)
parameters of single doses of
DPP-4 inhibitors in healthy Sitagliptin Saxagliptin Vildagliptin (50 mg) [120]  Alogliptin Linagliptin
nondiabetic subjects (or T2DM (50 mg) (10 mg) [112] (50 rng)b (5 mg)°
patients without overt signs of [108]? [121] [122]
impaired renal function) and
T2DM patients at different AUC,, (ng - h/mL)
stages of renal impairment HS 4.40¢ 2154 990 +237" 2083.68 1014
Mild RI 7.094 2494 1323 +291" 4642.28 130¢
Mod RI 9.964 3034 1810+ 688" 5645.92 158¢
Sev RI 16.64 4344 2113+1130" 13105.28 1424
ESRD/HD  19.8¢ 170¢ N/A N/A 155¢
Cpax (ng/mL)
HS 3914 544 251 +79" 1.188 7.324
Mild RI 527¢ 754 326+ 77" 1.278 9.204
Mod RI 560¢ 58¢ 343+ 139" 1.408 11.5¢
Sev RI 6844 724 361 +137" 2.708 10.8¢
ESRD/HD 5564 469 N/A N/A 11.0¢
Tmax (h)e
HS 3.0 0.63 1.5 N/A 2.25
Mild RI 3.0 0.88 1.5 N/A 1.50
Mod RI 3.0 1.50 2.0 N/A 2.25
Sev RI 3.5 1.00 1.8 N/A 1.50
ESRD/HD 5.0 0.88 N/A N/A 3.00
t, (h)
HS 13.1f 3.098 2.8+2.1" 11.98 N/A
Mild RI 16.1¢ 3.508 27+1.2" 14.58 N/A
Mod RI 19.1f 4,028 3.1+1.0 17.88 N/A
Sev RI 225 4418 3.6+1.3" 48.98 1334
ESRD/HD 28.4f 3.398 N/A N/A 1294
CL (mL/min)
HS 339¢ 7968 893.3 +233.3" 336.68 4.06%
Mild RI 2424 7058 655.0+121.7" 278.38 4.50¢
Mod RI 126¢ 5728 515.0+158.3" 220.08 4.12¢
Sev RI 60.2¢ 4148 425.0+206.7" 68.38 3.83¢
ESRD/HD NA 1038 N/A N/A N/A

HS healthy subjects, RI renal impairment, Mod moderate, Sev severe, ESRD end-stage renal disease, AUC

« area under the concentration—time curve from time zero to infinity, C,,,. maximum concentration, DPP-4

dipeptidyl peptidase-4, HD hemodialysis, t,, elimination half-life, CL clearance
*AUC,, in units of uM - h; C,,,
PHS-T2DM patients without overt signs of impaired renal function
°C
dGeometric mean
“Median

"Harmonic mean

in units of uM

max 1D units of nM

€ Arithmetic mean

"Mean + standard deviation

impaired renal function, and linagliptin appears to be safe =~ summarized in Table 2, whereas dose adjustments in T2DM

in T2DM patients with renal failure [118, 119]. patients with renal impairment for all currently available
The main pharmacokinetic parameters of DPP-4  DPP-4 inhibitors are summarized in Table 3.

inhibitors in T2DM subjects with renal impairment are
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"

Table 3 Recommended doses

L . X DPP-4 inhibitor
of DPP-4 inhibitors in patients

Dose in T2DM
patients without

Dose in T2DM patients with renal impairment®

wit'h TZDM without ov'ert signs renal impairment Mild Moderate Severe or ERSD

of impaired renal function, and

adjusted doses in patients with Sitagliptin 100 mg OD No adjustment 50 mg OD 25 mg OD

renal insufficiency . .
Saxagliptin 5 mg OD No adjustment 2.5 mg OD 2.5 mg OD
Vildagliptin 50 mg BID No adjustment 25 mg OD 25 mg OD
Alogliptin 25 mg OD No adjustment 12.5 mg OD 6.25 mg OD
Linagliptin 5 mg OD No adjustment No adjustment No adjustment

BID twice daily, OD once daily, CL creatinine clearance, ESRD end-stage renal disease

*Renal insufficiency (mild CL¢g > 50 mL/min, moderate CLg 30 — 50 mL/min, severe CLqg <30 mL/min)

7 Conclusion

Due to the increasing number of individuals with diabetes
and diabetic complications, a high demand for novel and
effective therapeutic strategies with the primary aim of
delaying and/or ameliorating diabetic complications includ-
ing renal impairment has emerged. All patients with dia-
betes and impaired renal function require dose adjustment
of the administered antidiabetic drug. The exception is a
DPP-4 inhibitor, linagliptin, which does not require dose
optimization and is thus the most popular drug for diabetic
patients with renal failure. Despite the results of numerous
studies describing renoprotective effects of DPP-4 inhibitors
in animal models of diabetic and nondiabetic nephropathy,
there is still insufficient clinical evidence to confirm renal
benefits. Large, randomized, controlled studies are needed
to elucidate the effects of DPP-4 inhibitors on progressive
kidney diseases, especially considering that DPP-4 inhibi-
tors represent a chemically heterogeneous class of drugs that
show significant pharmacological differences. In addition,
the potential combined use of DPP-4 inhibitors with SGLT-2
inhibitors or RAAS modulators should be investigated fur-
ther in models of renal impairment.
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