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The pharmacologic action of DPP-4 inhibitors is similar to that of GLP-1R agonists. The major therapeutic effects of DPP-
4 inhibitors protect against degradation of the substrates GLP-1 and glucose-dependent insulinotropic polypeptide (GIP),
which are physiological substrates that affect insulin and glucagon secretion in a glucose-dependent manner.
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| 1. Introduction

Chronic kidney disease (CKD) is a major public health burden, affecting more than 750 million people worldwide @
Because of the increasing global prevalence of type 2 diabetes mellitus (T2D) in CKD patients, CKD can be classified into
diabetic kidney disease (DKD) and non-diabetic CKD. DKD accounted for 47% of patients initiating kidney replacement
therapy due to end stage kidney disease (ESKD) in the United States in 2018 &, and 48% in South Korea in 2019 &I,

During the past decade, a series of new anti-diabetic agents has been developed and validated to lower glycemia. Those
drugs also carry cardiovascular and renal benefits and risks for patients with T2D. Thiazolidinediones can cause fluid
retention and an increased risk of heart failure in patients with T2D 4. However, glucagon-like peptide-1 receptor (GLP-
1R) agonists are associated with favorable cardiovascular B and renal € outcomes in patients with T2D. Dipeptidyl
peptidase-4 (DPP-4) inhibitors carry neither risk nor benefit to the cardiovascular system . Sodium-glucose transporter-2
(SGLT-2) inhibitors emerged as game changers because they brought absolute benefits to cardiovascular & and renal &
outcomes in patients with T2D.

The beneficial effects of these anti-diabetic agents on the cardiovascular system are independent of their glucose-
lowering action. In particular, proteinuria reduction can be achieved by systemic or glomerular hemodynamic stability and
inflammatory modulation. Consistent with that, GLP-1R agonists and SGLT-2 inhibitors reduce blood pressure and can
preserve kidney function. As seen in the action of angiotensin Il in the kidney and vasculature 29, hypertension,
proteinuria, and renal inflammation are still the most important mediators for renal progression in both DKD and non-
diabetic CKD. In contrast with DKD, no remarkable agents have been identified as effective measures to treat non-
diabetic kidney disease during the past decade. Recent clinical trials elucidated the ability of SGLT-2 inhibitors to treat
heart failure 11 and CKD 2l in patients without diabetes mellitus. However, clinical data are lacking to demonstrate their
efficacy in specific non-diabetic kidney diseases.

| 2. Dipeptidyl Peptidase-4 Inhibitors

The pharmacologic action of DPP-4 inhibitors is similar to that of GLP-1R agonists. The major therapeutic effects of DPP-
4 inhibitors protect against degradation of the substrates GLP-1 and glucose-dependent insulinotropic polypeptide (GIP),
which are physiological substrates that affect insulin and glucagon secretion in a glucose-dependent manner 13!, GLP-1
accumulates with the inhibition of DPP-4 because the soluble form of DPP-4 circulates in the plasma and rapidly
degrades GLP-1. However, DPP-4 is also expressed as a membrane-bound form in a variety of tissues, primarily on
endothelial and epithelial cells 24, In the kidney, DPP-4 is expressed on the brush border of the proximal tubules and
glomerular podocytes 121,

In addition to the extrapancreatic action derived from GLP-1, DPP-4 inhibitors can offer organ protection via GLP-1-
independent mechanisms 1€, The enzyme DPP-4 cleaves multiple peptides other than GLP-1, such as brain-derived
natriuretic peptide (BNP), neuropeptide Y (NPY), and stromal-derived factor (SDF)-1a. Thus, multiple substrates might be
responsible for the pleiotropic action of DPP-4 inhibitors (Figure 1).
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Figure 1. Potential mechanisms of renoprotection induced by DPP-4 inhibitors in non-diabetic kidney disease. The anti-
inflammatory, anti-oxidative, and anti-apoptotic actions of DPP-4 inhibitors use both GLP-1-dependent and GLP-1-
independent mechanisms. Hemodynamic benefits could be conferred through natriuresis and vasodilation. Red words
denote stimulatory effects, and blue words denote inhibitory effects. BNP, brain-derived natriuretic peptide; CXCR4, C-X-C
chemokine receptor type 4; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; NADPH, nicotinamide adenine
dinucleotide phosphate; NHE3, Na*/H* exchanger type 3; NLRP3, NLR family pyrin domain containing 3; PI3K-AKT,
phosphatidylinositol 3-kinase-protein kinase B; SDF-1a, stromal-derived factor-1a.

2.1. Acute Kidney Injury

Vildagliptin pre-treatment in a rat model of ischemia/reperfusion injury preserved kidney function in association with
reduced tubular necrosis and decreased apoptotic, oxidative, and proinflammatory markers 4. Post-treatment with
sitagliptin offered similar benefits in terms of kidney recovery and pleiotropic actions after acute ischemia/reperfusion
injury 28],

Treatment with alogliptin reduced cisplatin—induced AKI and reduced the renal mMRNA expression ratios of Bax/Bcl-2 and
Bim/Bcl-2, markers of apoptosis 4. In addition, the cisplatin-induced increase in the levels of other DPP-4 substrates,
such as SDF-1a and NPY, was reversed. Teneligliptin also attenuated cisplatin-induced AKI and accelerated kidney
recovery by promoting the proliferation of surviving epithelial cells in the proximal tubule via the chemokine ligand
CXCL12 (or SDF-1a) and its receptor chemokine receptor 4 (CXCR4) 29, Upregulation of the mRNA expression of both
SDF-1a and CXCR4 was also found in the kidney after acute ischemia/reperfusion injury 2. Thus, the SDF-1a/CXR4
axis could have a role in kidney repair by regenerating tubular epithelial cells in both ischemic and nephrotoxic injury. As
shown in Figure 1, SDF-1a is an important DPP-4 substrate that potentially mediates the protective effects of DPP-4
inhibition in the kidney.

Natriuresis induced by DPP-4 inhibitors or GLP-1R agonists could be linked to renoprotection (Figure 1). Active sodium
transport along the nephron is primarily driven by basolaterally located Na*-K*-ATPase that uses ATP hydrolysis as a
source of energy. That process requires oxygen consumption to maintain a sustained rate of ATP generation in the kidney
221 Na*/H* exchanger type 3 (NHE3) is the major sodium transporter in the proximal tubule, and Girardi et al. reported
that the administration of a DPP-4 inhibitor to Wistar rats for 7 days reduced both NHE3 activity and protein abundance in
the proximal tubule brush border 23], They also reported that NHE3 activity in LLC-PK1 cells was decreased by treatment
with exendin-4 24, Downregulation of NHE3 could limit energy consumption in the proximal tubule and protect the kidney
from acute ischemia/reperfusion injury 22,

2.2. Chronic Kidney Disease

As in diabetic nephropathy, albuminuria is an important marker of CKD and indicator of renal disease progression.
Although DPP-4 inhibition appears to effectively ameliorate albuminuria [, it is unlikely to improve renal survival in T2D
patients 28, |t should be determined whether DPP-4 inhibitors are useful in patients with non-diabetic kidney disease.



Many preclinical studies have shown the renoprotective effects of DPP-4 inhibition in non-diabetic CKD. Alogliptin
treatment ameliorated renal inflammation and fibrosis in mice with UUO &4, Evogliptin also attenuated UUO-induced renal
atrophy and tubulointerstitial fibrosis in association with the inhibition of pro-fibrotic gene expression and extracellular
matrix production 28], Consistent with that, linagliptin suppressed the induction of pro-fibrotic miRNA such as miR-199a-3p
and restored levels of the anti-fibrotic miR-29c in rats with 5/6 nephrectomy 29, Linagliptin also reduced albuminuria and
attenuated glomerular hypertrophy and interstitial fibrosis in non-diabetic rats with 5/6 nephrectomy 2%, Joo et al. showed
that in the rat remnant kidney model, sitagliptin improved renal functional and morphological changes by attenuating
activation of the phosphatidylinositol 3-kinase (PI13K)-AKT pathway 2. In aging mice, linagliptin improved kidney function
and tubulointerstitial fibrosis in association with alterations to nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase-2 and NADPH oxidase-4 22,

The anti-inflammatory action of DPP-4 inhibition has also been shown in animal models of glomerulopathy. Alogliptin
reduced the number of CD68-positive inflammatory macrophages in the kidney in a rat Thy-1 glomerulonephritis model
B3] Linagliptin pre-treatment in anti-GBM nephritic rats reduced the number of crescents, glomerulosclerosis, tubular
injury, and renal fibrosis B4l In mice with doxorubicin nephropathy, evogliptin reduced albuminuria in association with
restored nephrin expression in podocytes and decreased podocyte injury B2, Sitagliptin and linagliptin ameliorated
NLRP3 inflammasome activation and oxidative stress markers in rats with doxorubicin nephropathy 281,

The anti-inflammatory action of DPP-4 inhibition was also demonstrated in animal models of salt-sensitive hypertension.
Vildagliptin attenuated the development of salt-induced hypertension in Dahl salt-sensitive rats by increasing urine sodium
excretion BZ, In addition, sitagliptin improved albuminuria and serum creatinine in Dahl salt-sensitive rats in association
with the amelioration of inflammatory markers in the kidney B8, Saxagliptin also improved albuminuria and suppressed
inflammation- and fibrosis-related genes in Dahl salt-sensitive rats 2. Table 1 summarizes the results of DPP-4 inhibitor
treatment in animal models of non-diabetic kidney disease.

Table 1. Animal studies using DPP-4 inhibitors to treat non-diabetic kidney disease.

Animal Model Renal Function Kidney Biomarker Reference

|Tubular damage and inflammation
Ischemialreperfusion AKI - LApoptosis @71
(Wistar-Han rats) tSerum creatinine 1Oxidative stress
1CXCL10 mRNA

LTubular injury

Ischemialreperfusion AKI ‘BUN . 1Oxidative stress (18]
1Serum creatinine i
(Sprague-Dawley rats) - {Pro-inflammatory markers
IProteinuria !
LApoptosis
Cisplatin-induced AKI I|BUN l.ATN score [29]
. - LOxidative stress
(C57BLI/6 mice) 1Serum creatinine .
LApoptosis
LTubular injury
Cisplatin-induced AKI 1BUN {Interstitial f“?rOSIS [20]
(Sprague-Dawley rats) 1Serum creatinine Hinflammation
prag y LApoptosis
tProliferation of PTECs
uuo <~BUN {Interstitial fibrosis 271
(C57BLI6J mice) < Serum creatinine {Pro-inflammatory markers
uuo N/A tInterstitial fibrosis [28]
(C57BLI6J mice) {Pro-fibrotic gene expression
lInterstitial fibrosis
5/6 nephrectomy LAlbuminuria LGlomerular hypertrophy [30]
(Wistar rats) |Proteinuria tInflammation
|Lipid peroxidation
1Glomerulosclerosis
{Tubulointerstitial injury
5/6 nephrectomy IBUN IPIBK-AKT activity [31]
(Sprague-Dawley rats) tCreatinine clearance 1INK phosphorylation

LApoptosis
1Macrophage infiltration




Animal Model Renal Function Kidney Biomarker Reference
|Mesangial matrix
. . 1Serum creatinine lInterstitial fibrosis
Agin 7BLI6 mi ! . [E2)
ging C5 16 mice 1Cystatin C {Pro-inflammatory markers
LOxidative stress
Thy-1 glomerulonephritis R 1Glomerular injury [33]
(Sprague-Dawley rats) {Proteinuria LMacrophage infiltration
LGlomerulosclerosis
. " LCrescents
I(\VCTIsgrBIT '::g?::; LProteinuria LTubular injury [24]
y lInflammation
{Podocyte injury
1Macrophage infiltration
Adriamycin nephropathy |Proteinuria tPodocyte number [35]
(BALBIc mice) LAlbuminuria lInflammation
Interstitial fibrosis
LTubular injury
Doxorubicin nephropathy - Proteinuria lInterstitial fibrosis [36]
(Sprague-Dawley rats) < Serum creatinine tInflammatory cell infiltration
LOxidative stress
(Interstitial fibrosis
Hypertensive nephropathy LAlbuminuria |Pro-inflammatory markers [38]
(Dahl salt-sensitive rats) 1Serum creatinine {Endothelial dysfunction
LOxidative stress
Hvbertensive nephropath 1Serum creatinine IVascular injury
vp phropathy \Proteinuria [29]

(Dahl salt-sensitive rats)

LAlbuminuria

|Pro-inflammatory gene expression
|Pro-fibrotic gene expression

Note: AKI, acute kidney injury; ATN, acute tubular necrosis; CXCL10, C-X-C motif chemokine ligand 10; GBM, glomerular
basement membrane; IRI, ischemia-reperfusion injury; JNK, c-Jun N-terminal kinase; N/A, not available; NHE3, sodium
hydrogen exchanger type 3; PCR, protein to creatinine ratio; PI3K, phosphatidylinositol 3-kinase; PTECs, proximal tubular
epithelial cells; UUO, unilateral ureteral obstruction; t, increase; |, decrease; <, no significant change.

Although a few potential risks associated with DPP-4 inhibitors have been reported with respect to effects in the immune
system and risk of acute pancreatitis, there is a relative lack of unwanted off-target or adverse effects associated with the

DPP-4 inhibitors that are used therapeutically 13!,
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