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Abstract: Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease (ESRD)
worldwide. Dipeptidyl peptidase (DPP)-4 inhibitors are widely used in the treatment of patients
with type 2 diabetes (T2D). DPP-4 inhibitors reduce glucose levels by inhibiting degradation of
incretins. DPP-4 is a ubiquitous protein with exopeptidase activity that exists in cell membrane-
bound and soluble forms. It has been shown that an increased renal DPP-4 activity is associated
with the development of DKD. A series of clinical and experimental studies showed that DPP-4
inhibitors have beneficial effects on DKD, independent of their glucose-lowering abilities, which
are mediated by anti-fibrotic, anti-inflammatory, and anti-oxidative stress properties. In this review
article, we highlight the current understanding of the clinical efficacy and the mechanisms underlying
renoprotection by DPP-4 inhibitors under diabetic conditions.
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1. Introduction

The number of patients with type 2 diabetes (T2D) is increasing worldwide. Strict
glycemic control has been shown to prevent the onset or progression of diabetic complica-
tions, including diabetic kidney disease (DKD). It is well-established that hyperglycemia
triggers oxidative stress and the inflammatory process in the kidney. As such, it is ideal
to administer anti-hyperglycemic agents with anti-oxidative stress and anti-inflammation
properties. Dipeptidyl peptidase (DPP)-4 inhibitors are a class of oral glucose-lowering
drugs that increase insulin secretion and decrease glucagon secretion by preventing the
degradation of incretins. DPP-4 inhibitors are known to have a low hypoglycemic risk
and weight-neutral effects. Furthermore, saxagliptin, sitagliptin, alogliptin, and linagliptin
have been evaluated for their cardiovascular (CV) safety in randomized clinical trials
(RCTs). However, while these studies revealed the CV safety of DPP-4 inhibitors, results
are conflicting regarding the renal outcomes.

DKD is a leading cause of end-stage renal disease (ESRD). DKD is characterized by
albuminuria and a reduction in the estimated glomerular filtration rate (eGFR). It is widely
recognized that early intervention for multiple risk factors, including hyperglycemia,
hypertension, and dyslipidemia, is important for preventing onset and progression of
DKD. Clinically, renin-angiotensin aldosterone system (RAAS) inhibitors have been used
to manage DKD because of their anti-albuminuric effects. Recent large-scale RCTs have
shown that sodium glucose cotransporter 2 (SGLT2) inhibitors and glucagon-like peptide
(GLP)-1 receptor agonists (GLP-1RAs) have favorable effects on CV and renal outcomes.
Based on these findings, the use of these drugs has been suggested for T2D patients with
CV risk factors. However, these drugs may exert different renoprotective effects, and how
to use them properly remains controversial.

Benefits of DPP-4inhibitor include the fact that they are oral agents and can be admin-
istered to T2D patients with an impaired renal function who are receiving hemodialysis.
The present review article summarizes our current understanding of the efficacy of DPP-4
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inhibitors on DKD from both a basic and clinical standpoint and reconsiders the utility of
DPP-4 inhibitors from a renoprotective perspective.

2. DPP-4 in Kidney

DPP-4 (also known as CD26) is serine peptidase that exists in various organs including
kidney [1,2]. DPP-4 is expressed as a type Il transmembrane glycoprotein, with a short
6-amino acid cytoplasmic tail and is active as a dimer with a monomer molecular weight of
110 kDa [3]. It consists of a large extracellular domain, anchored to the cell membrane by a
flexible segment coupled to a trans-membrane sequence, with a short intracellular tail at the
N-terminus. It is cleaved at the stalk to release the extracellular domain, which circulates
in the plasma as soluble form (aa 49-766) [4]. Both the membrane-bound and soluble
isoforms have catalytic activity, selectively removing N-terminal dipeptide from peptides
with proline or alanine (with a greater affinity for proline than alanine) [2]. DPP-4 is
responsible for the degradation of incretins. Glucose-dependent insulinotropic polypeptide
(GIP) and GLP-1 are the two primary incretin hormones that are released from the small
intestine in response to the ingestion of various nutrients. Under physiological conditions,
the half-life of GLP-1 and GIP is 1-2 min because they are promptly degraded by DPP-4.
They stimulate cAMP-dependent protein kinase A (PKA) activation through the receptors
of GLP-1 and GIP in pancreatic 3 cells, thereby promoting insulin secretion with little to no
effect on insulin secretion under low glucose conditions [5,6].

Previous studies have demonstrated that DPP-4 correlates with adipocyte inflam-
mation and insulin resistance [7,8]. However, a recent study highlighted the complexity
of DPP-4 activities and soluble DPP-4 levels. Varin et al. reported that adipocyte DPP-4
contributes to circulating soluble DPP-4 levels but not to glucose homeostasis [9]. How-
ever, they also found that hepatocyte DPP-4 contributes to its circulating activity and
hepatic/adipose inflammation, and soluble DPP-4 is induced by systemic DPP-4 enzymatic
inhibition [9], indicating that the DPP-4 activity and soluble DPP-4 levels do not always
perfectly reflect metabolic inflammation.

In the kidney, DPP-4 has been shown to localize in the brush border of the membrane
of the renal proximal tubules (segments 1-3), Henle’s loop, distal tubules, collecting ducts,
glomerular visceral epithelial cells, and endothelial cells [10-12]. GLP-1R has been shown
to be expressed in both the renal cortex and the proximal tubules [13,14] but several
reports showed absence of GLP-1R in tubules [15-17]. Investigations by use of monoclonal
antibodies against GLP-1R have revealed that it expressed mainly in the vasculature of the
kidney [15,16,18]. Taken together, the presence of GLP-1R in the renal vasculature has been
confirmed, but not in the tubules [19].

The DPP-4 activity and soluble DPP-4 levels have been extensively investigated to
determine their utility as potential clinical markers of DKD. Duvnjak et al. reported
that the serum DPP-4 activity is positively correlated with albuminuria [20]. A cross-
sectional study of 1193 newly diagnosed T2D patients showed that a higher serum DPP-4
activity was associated with the presence of albuminuria and an impaired renal func-
tion (eGFR < 60 mL/min/1.73 m?) [21]. A prospective study including 664 T2D patients
showed that the baseline DPP-4 activity was an independent predictor of an increase in in-
flammatory markers and the urinary albumin-creatinine ratio (UACR) over a 4-year period,
suggesting that the serum DPP-4 activity is an important predictor of the onset of DKD [22].
In addition, elevated serum soluble DPP-4 levels have been shown to be associated with
a decreased renal function in T2D patients [23]. Recently, Baggio et al. showed that a
prolonged DPP-4 inhibition increases the soluble DPP-4 levels in lymphocyte-enriched
organs in mice. They noted that systemic DPP-4 inhibition increased the plasma levels of
inflammatory markers in regular chow-fed but not in high-fat-diet-fed mice. However, they
also found that soluble DPP-4 and inflammation marker levels were reduced in metformin-
treated patients with T2D and cardiovascular disease (CVD) [24]. The significance of the
serum DPP-4 activity and soluble DPP-4 levels in DKD remains unclear.
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3. Mechanisms Underlying Renoprotection by DPP-4 Inhibitors

Inflammation, oxidative stress, and fibrosis play important roles in the development
of DKD [25-27]. Oxidative stress and inflammatory signaling pathways promote the renal
expression of transforming growth factor (TGF)- and the production of extracellular
matrix (ECM) via NF-«B activation [28], leading to glomerulosclerosis as well as tubu-
lointerstitial fibrosis [29]. Epithelial-to-mesenchymal transition (EMT) is also implicated
as a source of ECM production from fibroblasts in DKD [30]. Inflammatory cytokines,
including tumor necrosis factor (TNF)-«, interleukin (IL)-1f3, IL-6, and IL-18, induce the
expression of chemokines, such as monocyte chemoattractant protein (MCP)-1, which
promotes macrophage infiltration toward mesangial cells. Advance glycation end products
(AGEs) activate several intracellular signaling cascades upon interaction with receptor
for AGEs (RAGE), so the AGE-RAGE axis also plays a crucial role in the pathogenesis of
DKD [31]. NOD-like receptor protein 3 (NLRP3) inflammasome has been shown to play
an important role in the pathogenesis of DKD by promoting inflammation through the
regulation of IL-1f3 and IL-18 production [32]. Podocyte injury /apoptosis plays a key role
in the development of albuminuria [33]. Furthermore, endothelial-mesenchymal transi-
tion (EndMT), which alters the phenotype of endothelial cells into a mesenchymal-like
phenotype, has been implicated in the pathogenesis of fibrosis in DKD [34,35]. A series
of experimental studies has shown DPP-4 inhibitors to have beneficial effects on renal
inflammation/oxidative stress, natriuresis, fibrosis, and apoptosis under diabetic condi-
tions and to exert renoprotective effects in diabetic models as well as non-diabetic CKD
models. Therefore, gut-renal axis has been proposed as a therapeutic target of incretin-
based therapies [36]. Finally, modulation of innate immunity has been implicated in DPP-4
inhibitors-mediated renoprotection [37]. Interestingly, DPP-4 inhibitors can exert reno-
protection in a GLP-1-depedent or independent fashion that are associated with DPP-4
substrates. The renoprotective effects of DPP-4 inhibitors are summarized in Figure 1.
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Figure 1. Renoprotective mechanisms of DPP-4 inhibitors. DPP-4 inhibitors exert renoprotection in both GLP-1-dependent
and GLP-1-independent manners. The GLP-1-dependent pathway is mediated by GLP-1R. GLP-1-independent mechanisms
are mediated by upregulating SDF-1 (DPP-4 substrate), micro RNAs such as miR-29 and miR-200a, and downregulating

TGEF-f3 signaling.
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3.1. Oxidative Stress/Inflammation

As described above, a series of experimental studies has shown that DPP-4 inhibitors
attenuate DKD by inhibiting inflammation, oxidative stress, and fibrosis. GLP-1 has been
shown to exert those renoprotective effects through GLPI-1R [38]. GLP-1 prevents renal
oxidative stress by inhibiting NADPH oxidase through the activation of PKA and the
production of cAMP. Recombinant human GLP-1 reduces PKC-{3 but increases protein
PKA, which reduces oxidative stress in both glomeruli and tubules [39]. GLP-1 induces
anti-inflammatory effects by downregulating reactive oxygen species (ROS) generation
in vascular cells [40,41] and renal cells [42,43]. DPP-4 inhibitors have been shown atten-
uate ROS generation and increase superoxide dismutase (SOD) activity. Furthermore,
accumulating evidence indicates that the transcription factor Nrf2 plays a pivotal role in
regulating redox homeostasis by increasing antioxidant genes to maintain intracellular
redox homeostasis. Nrf2 is known to stimulate the heme oxygenase-1 (HO-1) axis, which is
a potent anti-inflammatory target [44]. It has been reported that DPP-4 inhibitors activate
the Nrf2/HO-1 pathway [45-47]. In addition, Nrf2/Kelch-like ECH-associated proteinl
(Keap1) signaling pathways play an important role in preventing oxidative stress [48].
Sitagliptin has been shown to attenuate DKD in Goto-Kakizaki diabetic rats by down-
regulating mi-R200a that inhibits Nrf2/Keap1 pathway [49]. Toll-like receptor (TLR) 4
is widely expressed in mesangial cells, tubular epithelial cells, and podocytes. TLR4 has
been implicated in inflammatory process in the development of DKD. Upon activation by
binding the released endogenous ligands in immune and kidney cells, TLR4 initiates the
activation of NF-«kB [50]. DPP-4 inhibitors have been shown to exert anti-inflammatory
effects by modulating the TLR4/NF-kB pathway [51-53].

3.2. Natriuresis

GLP-1RAs stimulate diuresis and natriuresis via GLP-1R [38], which is associated
with the inhibition of Na*/H* exchanger 3 (NHE3) in the proximal tubules. NHE3 plays
an important role in reabsorbing filtered Na* in the proximal tubules [54]. Therefore,
inactivation of NHE3 can result in natriuresis. However, GLP-1-indepdent pathways seem
to be involved in DPP-4 inhibitor-mediated natriuresis [55,56]. Moroi et al. showed that
teneligliptin can induce natriuresis in the presence of GLP-1R antagonist [57]. Furthermore,
Lovshin et al. performed a RCT to investigate the effects of sitagliptin on urinary sodium
excretion in T2D patients. They observed that one-month administration of sitagliptin
significantly increased the total fractional sodium excretion compared with placebo [58].
This finding is associated with increased levels of intact stromal cell-derived factor (SDF)-
1o, a DPP-4 substrate. Taken together, these findings suggest that DPP-4 inhibitors induce
natriuresis in a GLP-1-independent manner.

3.3. Fibrosis

Modulation of EMT and EndMT programs is involved in the anti-fibrotic effects of
DPP-4 inhibitors. Linagliptin has been shown to prevent pro-fibrotic EndMT by inducing
miR-29, a microRNA that can disrupt the interaction between membrane-bound DPP-4
and integrin 31, which enhances TGF-3 signaling and vascular endothelial growth factor
receptor (VEGFR)1 [59,60]. Vildagliptin has been shown to attenuate liver fibrosis by
downregulating ERK1/2, p38MAPK, and NF-kB signaling [61]. Another study showed
that linagliptin attenuated high-fat diet (HFD) and streptozotocin (STZ)-induced liver
fibrosis in rats by reducing levels of inflammatory mediators, such as TNF-«, IL-6, NF-«B,
and collagen depositions, accompanied by inhibiting the expression of collagen, x-SMA,
and TGF-f1 in the liver [62]. Several drugs have been shown to be involved in DPP-4
inhibition-associated anti-fibrotic responses in DKD [62]. Both angiotensin-converting
enzyme inhibitors (ACEis) and angiotensin II receptor blockers (ARBs) are widely used to
treat DKD because they have been shown to improve glomerular hypertension. Srivastava
et al. showed that the ACEi imidapril, but not the ARB TA-606, attenuated renal fibrosis
in STZ-induced diabetic CD-1 mice by inhibiting DPP-4 and TGF-f3 signaling [63]. From
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a mechanistic standpoint, they observed that ACEis protected against renal fibrosis by
increasing endogenous levels of anti-fibrotic peptide N-acetyl-seryl-aspartyl-lysyl-proline
(AcSDKP), a substrate of ACE, either by suppressing DPP-4-associated mesenchymal
transformation or by elevating the gene expression of antifibrotic miR-29 [63]. Wahba et al.
reported that vitamin D3 potentiated the anti-fibrotic effects of metformin in a rat model of
metabolic syndrome via AMPK/SIRT1 activation and DPP-4 inhibition [64].

Aanagliptin has been shown to inhibit liver fibrosis and carcinogenesis in genetically
obese melanocortin 4 receptor-deficient mice [65]. Mechanistically, anagliptin inhibited the
inflammatory and fibrotic gene expression in macrophages [65]. Increased DPP-4 activity
has been implicated in TGF-[3-mediated fibroblast activation [66]. The effects of DPP-4
inhibitors on cardiac fibrosis have also been investigated. In addition, DPP-4 inhibitors are
involved in cardiac fibrosis. Hirose et al. showed that the genetic deletion of DPP-4 and MK-
0626, an analog of des-fluorositagliptin, attenuated cardiac fibrosis in a transverse arterial
constriction-induced pressure overload heart failure mouse model [67]. Brown et al. found
that saxagliptin attenuated angiotensin II-induced cardiac fibrosis in mice and proposed
a potential mechanism whereby saxagliptin suppresses local inflammatory signaling by
modulating cardiac inflammatory cascades via the attenuation of cardiac CD11c-expressing
dendritic cells or the activation of immunosuppressant CD8+ lymphocytes [68].

4. DPP-4 Substrates

As mentioned before, a number of proteins other than incretins have been shown
to be degraded by DPP-4. Physiological substrates include GIP, GLP-1, GLP-2, peptide
tyrosine tyrosine (PYY), stromal cell-derived factor-1 (SDF-1), and substance P (SP), and
pharmacological substrates include brain natriuretic peptide (BNP), erythropoietin, and
neuropeptide Y (NPY). Whether or not the prevention of the degradation of these substrates
by DPP-4 inhibitors is associated with the renoprotective effects of DPP-4 inhibitors is un-
clear at present. Below, we describe several substrates that are involved in the pathogenesis
of DKD.

4.1. BNP

BNP is secreted from cardiomyocytes in response to volume expansion and pressure
overload. BNP is clinically used for the diagnosis and evaluation of CVD [69]. BNP is
synthesized as a 134-amino acid precursor (prepro BNP) that is processed to proBNP [1-108]
and subsequently cleaved by furin or corin to BNP [1-32]. Experimental studies have
shown that BNP is cleaved by DPP-4 to BNP [1-32] and BNP [3-32], the latter of which
has less natriuretic, diuretic, and vasodilatory activity than BNP [1-32]. Several studies
have suggested that elevated serum BNP levels may be a predictor for the progression or
prognosis of DKD [70-72]. Thus far, however, no report has shown that increased BNP
levels by DPP-4 inhibitors are associated with the pathogenesis of DKD.

4.2. Erythropoietin

Erythropoietin is regulated by hypoxia-inducible factor (HIF)-1 and implicated in
hematopoiesis [73]. Erythropoietin may have direct renoprotective effects [74] and be
involved in the renoprotection induced by SGLT2 inhibitors [75]. Erythropoietin has been
shown to be cleaved by DPP-4. Although cleaved erythropoietin has been proposed to func-
tion as a competitive inhibitor for full-length erythropoietin [76], the clinical significance of
these observations, particularly in DKD, remains unclear.

4.3. NPY

NPY is a hypothalamus-derived peptide that is widely distributed in the nervous sys-
tem and localized in adipose tissues that are involved in energy metabolism [77]. Cleavage
of native NPY [1-36] has been shown to generate NPY [3-36], which has strong affinity to
NPY receptors NPYR2 and NPYRS5 [2]. Recently, Lay et al. demonstrated a relationship be-
tween NPY and albuminuric kidney disease, including DKD [78]. In that study, they found
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that the glomerular NPY expression was increased in T2D patients with DKD. Interestingly,
they also found a significant correlation between the glomerular NPY expression and
eGFR. Consistent with these observations, NPY-deficient diabetic mice showed reduced
albuminuria and were protected from podocyte damage compared to wild-type mice [78].
While the clinical significance of the cleavage of NPY by DPP-4 inhibitors remains unclear
at present, the findings of further studies regarding this issue will be interesting.

4.4. SDF-1

SDF-1, also known as CXCL12, is a chemokine that is widely expressed in many
organs. It comprises two isoforms: SDF-1« and SDE-1{3. Both isoforms have been shown
to be cleaved by DPP-4. SDF-1 is known to be involved in tissue repair by enhancing the
migration of endothelial progenitor cells to sites of acute injury such as ischemia [79]. Con-
flicting results regarding the roles of SDF-1 in DKD have been reported. The inhibition of
SDE-1 reportedly resulted in the attenuation of albuminuria in db/db mice [80]. In contrast,
decreased endothelial SDF-1x was accompanied by proteinuria, enhanced oxidative stress,
podocyte foot process effacement, and an increased glomerular size in Zucker obese rats,
all findings that were prevented by linagliptin [81]. Another study showed that linagliptin
attenuated the progression of albuminuria, glomerulosclerosis, periglomerular fibrosis,
podocyte loss, and renal oxidative stress in GLP-1R-deficient diabetic mice, suggesting that
linagliptin inhibits DKD in a SDF-1-dependent manner [82].

5. Preclinical Studies
5.1. Diabetic Animal Models

Liu et al. showed that the DPP-4 inhibitor LAF237 reduced albuminuria, interstitial
expansion, glomerulosclerosis, and the thickening of the glomerular basement membrane
in STZ-induced diabetic rats. From a mechanistic standpoint, LAF237 inhibited the DPP-4
activity and increased active GLP-1 levels, thereby preventing oxidative stress and renal
cell apoptosis, leading to the downregulation of TGF-31 [83]. Kodera et al. also showed
that PKF275-055, a DPP-4 inhibitor, decreased urinary albumin excretion and ameliorated
histological changes due to DKD in type 1 diabetes (T1D) rats independent of the glucose-
lowering effects [84]. They also showed that PKF275-055 inhibited glomerular macrophage
infiltration by suppressing the NF-«B activity [84]. Vildagliptin has been shown to restore
the impaired myogenic contraction of renal arteries and increased expression of p22phox, an
NADPH oxidase complex, in Zucker Diabetic Fatty (ZDF) rats independent of the glucose-
lowering effects [85]. Birnbaum et al. showed that saxagliptin reduced the serum blood
urea nitrogen and creatinine levels in BTBR (T2D) and Akita (T1D) mice, accompanied by
reduced serum levels of C-reactive protein, TNF-«, IL-1f3, IL-6, and IL-18 [86]. Nakashima
et al. reported that linagliptin attenuates albuminuria in T1D rats by downregulating the
AGE-RAGE axis independent of the glucose-lowering effects [87]. Linagliptin has been
shown to inhibit tubular damage by attenuating oxidative stress, inflammation, and fibrosis
in fructose-STZ (Fr-STZ)-induced diabetic rats, as proven by reductions in the levels of
kidney injury molecule (KIM)-1 and neutrophil gelatinase-associated lipocalin (NGAL) [88].
Linagliptin has also been shown to attenuate albuminuria and kidney hypertrophy in a
glucose-reduction-independent manner by upregulating renal antioxidants catalase and
manganese superoxide dismutase (MnSOD) levels [89]. Finally, Takagaki et al. showed that
teneligliptin ameliorated the DPP-4-mediated-EMT program in a bovine serum albumin
(BSA)-induced kidney injury model [90]. These findings indicate that the administration
of DPP-4 inhibitors results in the attenuation of renal inflammation and oxidative stress
under diabetic conditions.

In addition to inflammation and oxidative stress, DPP-4 inhibitors prevent fibrotic
process in diabetic mice. Sitagliptin has been shown to attenuate proteinuria, renal injury,
and fibrosis by inhibiting the TGF-f3 /Smad pathway in STZ-induced DKD in a glucose-
reduction-independent manner [91]. Similarly, sitagliptin attenuated renal tubulointerstitial
fibrosis by inhibiting the Wnt/ 3-catenin signaling pathway [92]. Furthermore, saxagliptin
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inhibited tubulointerstitial fibrosis by attenuating renal hypertrophy, TGF-3-induced fi-
brosis, and NF-kB-mediated macrophage infiltration [93]. Kanasaki et al. showed that
linagliptin ameliorates diabetic kidney fibrosis by EndMT, which is associated with the
inhibition of the DPP-4 protein expression by miR-29 that negatively regulates the 3’
untranslated region (UTR) of DPP-4 mRNA [94]. Accordingly, Shi et al. reported that
linagliptin, but not sitagliptin, inhibited the TGF-B2-induced EndMT and DPP-4 3'UTR
activity in human dermal microvascular endothelial cells [95], indicating that the attenua-
tion of EndMT by linagliptin is drug-specific effect. The difference in the effects of these
DPP-4 inhibitors seems to be dependent on their ability to inhibit homo-dimer formation
of DPP-4, which was observed only in linagliptin [95].

Linagliptin has been shown to reduce podocyte injury in a glucose-reduction-independent
manner in T2D (db/db) mice [96]. Kubo et al. investigated the DPP-4 activities in human
renal biopsy specimens of glomerulosclerosis, including DKD. They found that the DPP-4
activity was increased in podocytes with DKD. Accordingly, they found that adriamycin
increased the DPP-4 activity in cultured podocytes, with this effect inhibited by saxaglptin.
Furthermore, saxagliptin prevented podocyte damage by maintaining synaptopodin and
RhoA, which are important components of the cytoskeleton structure of podocytes [97].
Sitagliptin has been shown to prevent apoptotic cell death in the kidney of ZDF-rats,
as indicated by reductions in the BAX/Bcl-2 ratio, Bid protein levels, and numbers of
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells in
the kidney sections [98]. These findings reveal that DPP-4 inhibitors attenuate DKD via
anti-apoptotic effects.

5.2. Non-Diabetic CKD Models

Linagliptin has been shown to inhibit tubulointerstitial fibrosis and albuminuria in
non-diabetic rats with 5/6 nephrectomy [99]. Consistently, the administration of linagliptin
ameliorated gentamycin-induced renal injury and restored the renal functional, oxida-
tive, inflammatory, apoptotic and histopathological changes [100]. Sitagliptin reduces
inflammatory mediators, such as NF-kB, TNF-«, IL-1§3, IL-6, and MCP-1, in the kidneys of
a salt-dependent hypertension CKD model [101]. Mechanistically, sitagliptin promoted
macrophage polarization toward the anti-inflammatory M2 phenotype [101]. Tanaka et al.
showed that linagliptin and higher concentrations of sitagliptin, vildagliptin, and alogliptin
inhibited the FFA-bound albumin-induced increases in mRNA expression of MCP-1 in
cultured mouse proximal tubular cells [102]. Consistent with these observations, linagliptin
significantly inhibited lipotoxicity-induced tubulointerstitial injury [102]. Linagliptin sup-
pressed the induction of pro-fibrotic miRNAs, such as miR-199a-3p, and restored the levels
of anti-fibrotic miR-29¢ in 5/6 nephrectomy rats [103].

5.3. GLP-1R-Deficient Mice

DPP-4 inhibitors have been shown to inhibit DKD in GLP-1R-deficient mice. Hasan et al.
showed that linagliptin attenuated renal interstitial fibrosis by inhibiting TGF-f3 /Smad3-
mediated fibrotic response in GLP-1R-deficient mice with 5/6 nephrectomy [104]. As men-
tioned above, Takashima et al. demonstrated that alogliptin ameliorates DKD by upregulating
SDF-1« in GLP-1R-deficient diabetic-prone KK/Ta-Akita mice [82]. These findings indicated
that DPP-4 inhibitors can attenuate DKD via a GLP-1-independent pathway.

6. Clinical Trials on Renal Outcomes
6.1. Linagliptin

The Cardiovascular and Renal Microvascular Outcome Study with Linagliptin (CARMELINA)
enrolled 6991 T2D patients with a high CV risk (history of vascular disease and UACR > 200 mg/g)
and high renal risk (reduced eGFR and micro- or macroalbuminuria). The primary out-
come was a composite of CV death, nonfatal myocardial infarction, and nonfatal stroke
(three-point major adverse cardiovascular events: 3P-MACE). The secondary outcome was
the time to the first occurrence of renal death, ESRD, or a sustained >40% reduction in the
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eGFR from baseline. After a median follow-up of 2.2 years, 3P-MACE occurred in 434 of
3494 (12.4%) and 420 of 3485 (12.1%) subjects in the linagliptin and placebo groups, respec-
tively (hazard ratio (HR) 1.02, 95% confidence interval (CI): 0.89-1.17). The composite renal
outcome occurred in 327 of 3494 (9.4%) and 306 of 3485 (8.8%) subjects in the linagliptin
and placebo groups, respectively (HR 1.04, 95% CI: 0.89-1.22) [105]. Overall, linagliptin
use was not associated with significant reductions in cardiorenal outcomes. However,
albuminuria progression was significantly suppressed by linagliptin compared to placebo
(HR 0.86, 95% CI: 0.78-0.95, p = 0.03) [105]. A secondary analysis of CARMELINA showed
that significant reductions in the risk of albuminuria progression were preserved across all
eGEFR categories (>60, 45 to <60, 30 to <45, and <30 mL/min/1.73 m2) [106].

The MARLINA-T2D study was performed to investigate the glycemic and renal
effects of linagliptin on T2D patients with albuminuria [107]. A total of 360 T2D pa-
tients with eGFR > 30 mL/min/1.73m? and a urinary albumin-to-creatinine ratio (UACR)
30-3000 mg/g were randomized to receive linagliptin (n = 182) or placebo (n = 178) for
24 weeks. The secondary endpoint was the time-weighted average of percentage change
from baseline in UACR at 24 weeks. Linagliptin significantly improved the glycemic con-
trol (—0.6% compared to placebo) but not albuminuria, with no evidence of renal adverse
effects, in a high-risk population of patients with T2D who have albuminuria [107].

6.2. Saxagliptin

Several major clinical trials to assess cardiovascular and renal outcomes have been
reported. In the Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with
Diabetes Mellitus—-Thrombolysis in Myocardial Infarction (SAVOR-TIMI 53) study, a total
of 16,492 T2D patients with a history of CVD (approximately 80% of the participants) or
multiple CV risks (approximately 20%) were randomized to the saxagliptin or placebo
group. The primary endpoint was a composite of cardiovascular death, myocardial infarc-
tion, and ischemic stroke. After an average follow-up of 2.1 years, a primary endpoint
event occurred in 613 patients in the saxagliptin group and in 609 in the placebo group
(7.3% and 7.2%, respectively, 95% CI: 0.89-1.12; p = 0.99 for superiority; p < 0.001 for nonin-
feriority). However, the rate of hospitalization for heart failure was significantly higher in
the saxagliptin group than in the placebo group (3.5% vs. 2.8%; HR, 1.27; 95% CI: 1.07-1.51,
p = 0.007). Importantly, saxagliptin reduced albuminuria, regardless of the baseline eGFR.
Although not directly related to the medicinal effect, a sub-analysis of SAVOR-TIMI53
was performed to examine the relationship between the UACR categories and CV risk
and demonstrated that the UACR was independently associated with an increased risk
of CVD. However, the incremental cardiovascular prognostic value of UACR was mini-
mal [108]. At baseline, 9696 (58.8%) subjects had normoalbuminuria (UACR < 30 mg/g),
4426 (26.8%) had microalbuminuria (UACR 30-300 mg/g), and 1638 (9.9%) had macroalbu-
minuria (UACR > 300 mg/g). Saxagliptin use resulted in an improvement in the UACR
even in the normoalbuminuric range, without affecting the eGFR. The difference in the
mean UACR change between the saxagliptin and placebo groups was —19.3 mg/g for
an eGFR > 50 mL/min/1.73 m?, —105 mg/g for 50 > eGFR > 30 mL/min/1.73 m?, and
—245.2 mg/g for an eGFR < 30 mL/min/1.73 m? [109]. Given that the HbA1lc reduction
was significant in the saxagliptin group at 2 years (7.5% in saxagliptin vs. 7.8% in placebo,
p < 0.01) [110], whether the saxagliptin-mediated reduction of albuminuria was due to a
glucose-lowering or an incretin-dependent mechanism remains unclear.

6.3. Sitagliptin

The Trial Evaluating Cardiovascular Outcomes with Sitagliptin (TECOS) assigned
14,671 T2D patients with CVD to add either sitagliptin or placebo to their existing therapy.
Sitagliptin was noninferior to placebo with regard to 3P-MACE (HR 0.98, 95% CI: 0.88-1.09;
p < 0.001). The rates of hospitalization for heart failure did not differ markedly between
the two groups (HR, 1.00; 95% CI, 0.83-1.20; p = 0.98) after a median follow-up of 3.0 years.
A sub-analysis of the TECOS demonstrated that the kidney function decreased at the



Antioxidants 2021, 10, 246

9of 17

same rate in both treatment groups, with a marginally lower but constant eGFR difference
(—1.3 mL/min/1.73 m?) in the participants who were assigned to sitagliptin rather than
placebo during the follow-up period, indicating that sitagliptin has no marked effect on
the eGFR [111].

The effect on albuminuria was not reported in the TECOS. However, smaller studies
have found that sitagliptin inhibits albuminuria. A single-arm study showed that the
administration of sitagliptin for six months decreased the urinary albumin excretion,
irrespective of the UACR category, including normoalbuminuria, along with an HbAlc
reduction in 36 T2D subjects [112]. Another study including 247 T2D patients revealed that
sitagliptin use for 3 months reduced the UACR. Intriguingly, the UACR reductions were
not shown to be correlated with a decrease in the HbAlc over a three-month period [113].
Consistent with this observation, an RCT including 85 T2D patients showed that the
administration of sitagliptin for 6 months reduced the UACR significantly compared to the
control group, whereas the glycemic control was comparable in both groups [114].

6.4. Alogliptin

In the Examination of Cardiovascular Outcomes with Alogliptin versus Standard of
Care (EXAMINE) trial, a total of 5380 T2D patients with either acute myocardial infarc-
tion or unstable angina requiring hospitalization within the previous 15 to 90 days were
assigned to receive alogliptin or placebo. The primary endpoint was 3-P MACE, defined
as a composite of death from cardiovascular causes, nonfatal myocardial infarction, and
nonfatal stroke. After a median follow-up of 18 months, the incidence of 3-P MACE was
not increased in the alogliptin group [115].

Fujita et al. investigated the effect of the combination of DPP-4 inhibitors with ARB in
T2D patients with early-stage DKD. The study consisted of 3 treatment periods: sitagliptin
50 mg/day for 4 weeks (first period), alogliptin 25 mg/day for 4 weeks (second period),
and sitagliptin 50 mg/day for 4 weeks (third period) [116]. Interestingly, they observed
that switching from sitagliptin to alogliptin decreased albuminuria and 8-hydroxy-2'-
deoxyguanosine (8-OHdG). Furthermore, it increased urinary cAMP levels and plasma
levels of SDF-1«x [116]. These findings suggest that alogliptin exerts renoprotective effects
by inhibiting oxidative stress by preventing SDF-1« degradation by DPP-4. Furthermore,
it has been reported that 12 weeks of administration of aloglitpin in T2D patients resulted
in an UACR reduction along with a decrease in the AGE/RAGE axis activity [117].

6.5. Vildagliptin

A single-arm study enrolling 47 T2D subjects who were administered vildagliptin
for 8 weeks resulted in reductions in plasma small dense low-density lipoprotein (LDL)
levels (—8.8%) and the UACR (—44.6%) compared with the baseline [118]. A recent RCT
demonstrated that the administration of saxagliptin and vildagliptin for 12 weeks signif-
icantly reduced the albuminuria rate by 57.9% (95% CI: 66.1-49.8%) and 55.2% (95% CI
64.9-45.4%), respectively, compared with the control group in T2D subjects. Interestingly,
these observations were not associated with HbAlc changes [119].

6.6. Anagliptin

To date, one study examining the effects of anagliptin on albuminuria has been
reported. In that study, 25 patients with T2D with DKD received anagliptin 200 mg/day,
and 20 patients who switched to anagliptin from other DPP-4 inhibitors were involved.
After 24 weeks, anagliptin use resulted in significant reductions in the UACR (down 10.6%
from baseline) and the urinary liver-type fatty acid-binding protein to creatinine ratio
(LFABP) (down 58.1% from baseline) [120]. Interestingly, significant changes in the HbAlc,
lipid data, systolic blood pressure, and renal function were not observed during the study
period, indicating the glucose-independent renoprotective effects of anagliptin [120].
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6.7. Teneligliptin

A single-arm, open-label, observational study showed that switching to teneligliptin
from other DPP-4 inhibitors for 24 weeks reduced the plasma DPP-4 activity, which was
associated with a reduction in albuminuria, independent of the glucose-lowering effects, in
T2D patients with early-stage DKD [121].

Taken together, these findings demonstrate that DPP-4 inhibitors have modest effects
of reducing albuminuria but no effects of eGFR decline. The results of major clinical trials
are shown in Table 1.

Table 1. Renal outcomes of major clinical trials using DPP-4 inhibitors. The beneficial effects of DPP-4 inhibitors on

albuminuria but not the reduction in the estimated glomerular filtration rate are shown.

Trials Participants Renal Outcome
SAVOR-TIMI 53 T2D with high CV risk UACR/ (including in normal range)
(saxagliptin 2.5 mg or 5 mg vs. placebo) (n =9696), 2 years No effect on eGFR
TECOS T2D with high CV risk
(sitagliptin 50 mg or 100 mg vs. placebo) (n=14,671), 3 years No effect on eGFR

MARLINA-T2D

T2D with albuminuria No significant effect on UACR

(linagliptin 5 mg vs placebo) (n = 360), 24 weeks
Progression of Albuminurial
T2D with high CV risk and renal risk No effects on composite renal outcomes
CARMELINA defined as reduced eGFR and (time to first occurrence of adjudicated
(linagliptin 5 mg vs placebo) micro-macro albuminuria death due to renal failure, ESRD, or
(n =6991), 2.2 years sustained 40% or higher decrease in

eGFR from baseline)

7. Meta-Analysis of DPP-4 Inhibitors on Renal Outcomes

A recent meta-analysis of RCTs including 47,955 patients demonstrated that use
of DPP-4 inhibitors was associated with a greater decline in eGFR than treatment with
the comparators (weighted mean difference —1.12mL/min/1.73 m?, 95% CI: —1.61 to
—0.62). In addition, DPP-4 inhibitors significantly reduced the risks of new onset of
albuminuria (RR 0.88, 95% CI: 0.8-0.98) and progression of albuminuria (RR 0.88, 95% CI:
0.82-0.94) [122]. Consistently, another meta-analysis including 23 RCTs (41,359 patients)
reported that DPP-4 inhibitors significantly reduced the risk of microalbuminuria (RR 0.89,
95% CI: 0.80-0.98) and macroalbuminuria (RR 0.77, 95% CI: 0.61-0.97), as well as higher
rates of regression of albuminuria (RR: 1.22, 95% CI: 1.10-1.35) compared with controls.
Furthermore, use of DPP-4 inhibitors was associated with lower eGFR (weighted mean
difference, —1.11 mL/min/1.73 m?, 95% CI: —1.78 to —0.44) [123]. Taken together, clinical
benefit of DPP-4 inhibitors on renal outcome is mainly driven by reduction of albuminuria.

8. Safety and Efficacy of DPP-4 Inhibitors in Patients with an Impaired Renal Function

DPP-4 inhibitors can be administered to patients with an impaired renal function by
adjusting the dose. However, linaglitpin does not require dose adjustment because it is
mainly excreted in the feces without any metabolic conversion by the liver, whereas most
other DPP4-inhibitors are predominantly excreted via the urine [124]. A meta-analysis
including six placebo/open and two active controlled trials (n = 1747) evaluating the safety
and efficacy of DPP-4 inhibitors on T2D patients with moderate to severe renal impairment
showed that the adjusted mean di