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Abstract: Diabetic kidney disease (DKD) is the major cause of chronic kidney disease (CKD) and increases the
risk of cardiovascular events. Hemodynamic, inflammatory and metabolic factors, which share the convergent
pathway of fibrosis, are considered to involve in the pathogenesis of DKD. In spite of the emerging of
angiotensin receptors blockers (ARBs)/ angiotensin converting enzyme inhibitor (ACEI), sodium-glucose
cotransporter 2 (SGLT2) inhibitors, and nonsteroidal mineralocorticoid receptors antagonists (NS-MRAs),
current therapies still couldn’t arrest the progression of DKD. Glucagon like peptide 1 receptor agonists (GLP-
1Ras) are promising agents to play reno-protective roles in slowing the progression of DKD. Based on the
treatment of heart failure, combined use of drugs is recommended for DKD rather than single use. Unearthing
the mechanisms underlying DKD is urgent to investigate the management of DKD. Here, we elaborate on the
potential mechanisms and the current therapies of DKD. We also discuss the additional value of the combined
use of these drugs for DKD to establish novel concepts of treatment.
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1. Introduction

Diabetic kidney disease (DKD), affecting more than 700 million population, is presently the
leading attributable cause of end-stage renal disease (ESRD) worldwide[l]. DKD is a serious
microvascular sequela that affects approximately 30% of people with type 1 diabetes (T1D) and 40%
of those with type 2 diabetes (T2D)[2]. The worldwide prevalence of diabetes is projected to reach
600 million by 2035[3] and grow to 783 million by 2045, with disproportionate growth in
disadvantaged countries[4]. The climbing prevalence of DKD parallels with the dramatic rise in
global prevalence of diabetes[2]. DKD confers increased risk of all-cause mortality and low quality of
life. Further, the number of renal replacement treatment (RRT) recipients is extrapolated to escalate
from 2.819 million to 4.35million by 2035 [5]. The expansion of RRT engenders global economic
burden.

The mechanisms of kidney damage due to diabetes can be broadly classified into hemodynamic,
inflammatory and metabolic factors, sharing the common pathogenesis of fibrosis[6] (Figure 1).
Chronic kidney disease (CKD), attributing to diabetes or other causes, is characterized by progressive
kidney fibrosis, leading to loss of function. CKD is defined as abnormities of kidney function or
structure: estimated glomerular filtration rate (e GFR) <60 mL/ min/ 1.73? or markers of kidney injury,
including albuminuria, present for > 3 months. The level of albuminuria is defined as albuminuria
creatinine ratio (ACR) > 30mg/g or persistent albuminuria (>300mg/24h) across repeated measures of
3 or more months regardless of eGFR[7]. Albuminuria and reduced eGFR portend increased risk of
cardiovascular disease (CVD) and all-cause mortality[8]. Cardiovascular mortality is the most
competing risk for deaths in patients with advanced CKD (stage 4) and ESRD[9]. The foremost
strategy for management of DKD is to reduce fibrosis.
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Figure 1. Metabolic, inflammatory and hemodynamic perturbations pathways in the pathogenesis of
DKD.

RAAS: Renin angiotensin aldosterone system; AGEs: Advanced glycation end products; RAGEs:
receptors for AGEs; ROS: reactive oxygen species; PKC: poyol and protein kinase C; NF- «B:
nuclear factor x light-chain enhancer of activated B cell; LPS: Lipopolysaccharide; SCFAs: short chain
fatty acids; TNF-o: tumor necrosis factor a; IL-1/ IL-6/IL-18: interleukin -1/6/18; MCP-1: monocyte
chemoattractant protein-1; MMP-9: matrix metalloproteinase-9; Na: sodium; MD: macula densa; ET:
endothelin;, TGF- f: transforming growth factor; MR: mineralocorticoid receptor; M1: M1
macrophage; M2: M2 macrophage.

Nothing in addition to blood pressure and glycemic control was available to postpone the
progression of DKD until the advent of a trail of renin angiotensin system (RAS) blockade-captopril
in populations with typel diabetes in 1993[10]. RAS blockers were further consolidated in patients
with diabetes during the following 8 years[11,12]. Albeit angiotensin receptors blockers (ARBs] were
estimated to halt DKD by 5-7mL/min/year[10], the progression of DKD persisted. In 2014, sodium-
glucose cotransporter 2 (SGLT2) inhibitors were discovered unexpectedly to further prevent the
progression of DKD and multiple outcomes trials solidified the salutary effects of SGLT2 inhibitors
in DKD populations[13]. Almost around the same time of the discovery of SGLT?2i, trails on an
innovative class of the nonsteroidal mineralocorticoid receptors antagonists (NS-MRAs), specifically
finerenone, were initiated, and the agent also slowed the progression of DKD[14]. The glucagon-like
peptide 1 receptor agonists (GLP-1RAs) are recommended for DKD patients to gain better glycemic
treatment despite optimization with SGLT2i[15] and have been proved to curtail CV events notably
by CV outcome trails (CVOT)[16]. Post-hoc-analysis of renal outcomes from CVOT show pronounced
protective role of GLP-1RAs[17]. A randomized placebo-controlled trail (FLOW) that evaluates the
efficiency of semaglutide in T2D and CKD is first designed with primary renal outcomes [18] and
pronounced to be stopped because the results from interim analysis met the certain preassigned
criteria.

In this review, we summarize current basic knowledge about pathophysiologic mechanisms of
DKD, and provide advancing therapeutic interventions, including promising agents -GLP-1RAs.

2. Molecular Mechanisms of Kidney Damage in Diabetes

2.1. Glomerular Hemodynamic Perturbations

Hemodynamic effects are vital to maintain the glomerular homeostasis and surround the renin-
angiotensin-aldosterone system (RAAS). SGLT?2 is principal for increasing reabsorption of proximal
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tubular Na and glucose, which suppress the tubule-glomerular feedback due to reduced delivery of
sodium chloride (NaCl) to macula densa[19] and deteriorate hyperglycemia[20]. Reduced tubule-
glomerular feedback cause dilated afferent arteriole and increased angiotensin I in efferent arteriole,
leading to vasoconstriction[19]. Vasodilatation of afferent arteriole and vasoconstriction of efferent
arteriole could lead to hyperfiltration, which is recognized to initiate the pathogenesis of DKDJ[2].
Endothelin (ET) could modulate renal flow blood and glomerular filtration[21], implicating a
potential vasoconstriction effect in renal blood. Dyslipidemia, hyperglycemia, endothelial
dysfunction and oxidative stress elevate plasma ET[22]. Endothelin receptor (ER) blockade is
demonstrated to reverse the progression of CKD[23]. Cyclo-oxygenase 2(COX-2) derived prostanoids
that are expressed in endothelial cells in renal tissue have been considered to regulate renal auto-
regulatory functions at the macula densa and mediate dilated function of afferent arteriole[24],
resulting in hyperfiltration. Glomerular hyperfiltration results in progressive albuminuria, gradual
decreased eGFR, and finally ESRD[25]. Hyperglycemia, glomerular hypertension and high levels of
amino acids could exacerbate glomerular hyperfiltration[19].

Renin-Angiotensin-Aldosterone System (RAAS)

RAAS participates in the progression of DKD[26]. The renin is produced by the juxtaglomerular
cells of the nephron and found contiguous to the afferent arterioles. The renin is key to trigger RAS,
which generates greater vasoconstriction in efferent arteriole than that in afferent arteriole[27].
Angiotensin converting enzyme 2 (ACE2) play important roles in dilating glomerular afferent
arteriole through degrading angiotensin II into angiotensin 1-7. Produced by activation of RAS,
angiotensin II binds to specific receptors, namely AT1 and AT2. Activation of AT1 modulates the
elevated resistance of efferent arteriole[28], contributing to hyperfiltration, and activation of AT2
exerts protective counterregulatory role in renal flow, including prostaglandin release and regulating
renal vasodilation[29]. High angiotensin II accelerates renal damage through modulating calcium
influx into podocyte[30], stimulating the expression of proinflammatory (tumor necrosis factor o
[ TNF-a], interleukin [IL-1,IL-6, IL-18], monocyte chemoattractant protein-1{MCP-1]), matrix
metalloproteinase-9 [MMP-9] and profibrotic mediators (transforming growth factor [TGF- ])[6,31],
macrophage activation[32] and increased adrenal aldosterone secretion. Adrenal aldosterone could
upregulate profibrotic factors such as TGF- , which boost macrophage infiltration and fibrosis of
kidney[33].

2.2. Inflammatory and Fibrotic Factors

Inflammation and fibrosis are dominant interrelated promotors of the progression of DKD.
Growth factors, inflammatory cytokines and chemokines are substantiated to elevate in renal biopsy
samples from DKD patients[34]. Substantial components of immune system including circulating
leukocytes, chemokines and cytokines are activated in diabetes[35]. Pathological variations of DKD
are characterized by nodular and diffuse mesangial expansion, thickening of the glomerular and
tubular basement membranes, podocyte damage and detachment, which are attributed to sustained
glomerular hypertension and hyperfiltration, subsequent to tubular atrophy and glomerular sclerosis,
and eventually apparent decline in renal function[36].

TNF-a is produced by activated macrophages and resident kidney cells in glomerular and
tubular, which plays vital roles in evoking chemokines, cytokines, cyto-toxic effects and apoptosis[6].
The activation of NF- kB could lead to the production of inflammatory factors such as TNF-a which
prompts the progression of DKD[37]. Diabetic cohorts revealed that TNF-o receptor superfamily
members were related to high risk of ESRD in diabetes[38]. The cytokines, such as IL-1, IL-6, IL-16
and IL-18 have been incriminated to involve in pathogenesis of DKD. IL-1 could cause
hyperpermeability of endothelial cells and glomerular hyper-perfusion through promoting the
release of phospholipase A2 and prostaglandin E[39]. Infiltrating macrophages and hyperglycemia
contribute to releasing of IL-1B, which is the superfamily of IL-1, intimately involving in the
pathogenesis of DKDI[40]. IL-6 recruits neutrophil infiltration in the tubulointerstitium, which is
correlated to podocyte hypertrophy, and GBM thickening|[6], eventually resulting in albuminuria and
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decrease in renal function. The injection of IL-6 neutralizing antibody into diabetic mice leaded to a
prominent reduction of collagen and fibrosis by ameliorating mesenchymal transition[41]. IL-18
instigates unleashing of interferon-y, expression of adhesion molecules and apoptosis[39]. The
expression of IL-18 in renal tissues is intimately associated with increased albuminuria in DKD[39].

MCP-1, also referred to CC chemokine ligand 2, have been confirmed to elevate in biopsied
kidneys from patients with DKD, which may elicit inflammatory cell recruitment, migration and
interplay, and finally contributing to kidney injury[42,43]. MMP-9, which is expressed in the
proximal renal tubular epithelial cells, is validated to modulate the degradation of extracellular
matrix during renal fibrosis[44]. Downregulation of MMP-9 leads to slowing the progression of DKD
by improving creatinine and proteinuria[45].

Kidney damage in diabetes is pronouncedly featured by monocytes and macrophages.
Amassment of macrophages exhibits close relationship with histological severity of kidney disease
in diabetes[42,46]. Macrophages exacerbates kidney injury by modulating tissue repair and
fibrosis[47,48]. Hyperglycemia, angiotensin II, endothelial cell dysfunction, oxidized low density
lipoprotein (LDL) and advanced glycation end products (AGEs) promote the accumulation of
macrophages[32]. M1 macrophages could switch to anti-inflammatory M2 macrophage[47]. M1
macrophages could secret substantial inflammatory factors IL-1, IL-6, MMP-9 and TNF-a after
kidney injury[47]. The balance between M1 and M2 macrophage is the major challenging to develop
macrophage-based therapy for DKD.

Tubulointerstitial fibrosis is inevitable outcome and the final convergent pathway of progressing
kidney disease, and is correlated to extracellular matrix accumulation and tubular atrophy[49]. TGEF-
B3, which is expressed by nearly all cell types of kidney, infiltrates macrophages and leukocytes, and
plays pleiotropic effects including immunomodulation, angiogenesis and extracellular matrix
formation in the progression of kidney diseases. TGF- f acts as master mediator of DKD via
regulating inflammation and fibrosis[50].They summarized the pathogenetic roles of TGF- § and its
downstream Smad signaling molecules in the progression of DKD. Smad3 fosters autophagy
dysregulation by provoking lysosome depletion in tubular epithelial cells of DKD[51]. Recent study
demonstrated leucine-rich -2-glycoprotein 1 (LRG1) could exacerbate kidney fibrosis by augmenting
TGEF- B/ Smad3 signal transduction[52]. Klotho, which was mainly expressed in kidney cells, was
reported to be a potential therapy for DKD through regulating calcium and phosphate metabolism,
downregulating apoptosis, guarding against oxidative stress, and playing anti-inflammatory and
antifibrotic roles[53].

Angiotensin II — mediated reactive oxygen species (ROS) or protein kinase C (PKC) and p38
mitogen-activated protein kinase could trigger CTGF, and plasminogen activator inhibitor (PAI-1)
could be activated by TGE- $[54,55]. PAl-laccelerates kidney fibrosis by restraining the production
of plasmin from plasminogen, which maintains extracellular matrix accumulation.

Hyperglycemia, AGEs and glomerular hypertension could upregulate the expression of TGF-
B[56]. Fibronectin is validated to result in mesangial expansion and deterioration of albuminuria,
contributing to exacerbated kidney function[57]. Treatment of DKD with mesenchymal stem cell
therapy could diminish fibronectin and mitigate renal function and albuminuria[58]. Metformin is
reported to reduce collagen-1 together with fibronectin[59]. Studies reveal collagen-1 propels the
progression of renal fibrosis and overabundant accumulation of extracellular matrix in DKD[60]. The
precise mechanism of collagen-1 in the pathogenesis of DKD remains unclear and need further to be
explored. The serine/threonine kinase, which is an apoptosis signal -regulating kinase 1(ASK1)
induced by oxidative stress, evokes apoptosis, inflammation and fibrosis[61]. ASK1 has been
incriminated to participate in the pathogenesis of DKD through phosphorylating and activating c-
Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase[62]. Glucose dysmetabolism
could activate protein kinase C (PKC) and the Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) pathways[63]. The JAK-STAT pathway prompts the expression
proinflammatory factors and multiple chemokines, enhancing inflammatory response in DKD[42].
JAK-STAT are highly expressed in glomeruli and tubulointerstitial cells in population with T2D and
exhibits inverse relationship with e GFR[64].
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CTGEF is found to be associated with tubulointerstitial fibrosis and glomerulosclerosis in various
renal disease[54]. Urinary CTGF concentrations is related to high risk of albuminuria and decreased
eGFR[54]. The synthesis of fibronectin and type 1 collagen elevated when mesangial cells were
exposed to CTGF[54]. Phosphatase and tensin homolog (PTEN) increases the risk of decreased eGFR
of DKD patients[65]. PTEN potentiates the expression of IL-6 and CTGF[66].

2.3. Metabolic Factors

Hyperglycemia, increased adiposity and dyslipidemia could enhance the production of
vasoactive mediators, including AGEs and ROS[67,68]. Upon interacting with the receptors for AGEs
(RAGEs), AGEs lead to tissue damage in DKD through enhancing variation of extracellular matrix
architecture and regulating cellular functions[69]. RAGE are detected throughout the kidney. The
accumulation of AGEs in renal basement could upregulate the expression of RAGE on podocytes in
DKD, inducing NF- B mediated inflammation, fibrosis and oxidative stress[70]. Targeting on AGEs
or AGE/RAGE induced oxidative stress could hold promising therapy for DKD. AGEs also could
contribute to impaired vasodilatation in diabetes through suppressing the bioavailability of
endothelium-derived nitric oxide (NO) and elevating the production of ROS[71]. ROS accelerate the
progression of DKD through podocytes apoptosis and epithelial to mesenchymal transition
(EMT)[68,72]. ROS are generated by nucleotide leukin rich polypeptide 3 (NLRP3) inflammasomes,
and also foster the activation of NLRP3[72]. Knocking down of NLRP3 has been reported to impede
podocytes injury through reducing hyperglycemia induced production of mitochondrial ROS in
renal mesangial cells and preventing lipid accumulation[73]. The overexpression of pro-oxidant
enzyme NADPH oxidase 5 (NOX 5) is demonstrated to promote albuminuria, inflammation and
renal fibrosis in diabetes by increasing ROS formation [73]. Hyperglycemia also could modulate
poyol and protein kinase C (PKC) pathways to diminish endothelial nitric oxide synthase and
amplifying oxidative stress, respectively, resulting in higher vascular endothelial growth factor and
endothelin levels[32]. Hyperglycemia, dyslipidemia and insulin resistance are the common features
of diabetes and could potentiate vicious cycle of inflammatory and oxidative process[42,74].

2.4. Dietary AGEs and Gut Microbiome Variation

AGEs exposure could partly result from diet as well as hyperglycemia[75]. AGEs contribute to
glomerular pathological alterations including glomerular hypertrophy, glomerular basement
membrane widening, mesangial expansion and glomerular sclerosis[76]. Dietary AGEs could interact
with gut microbiota, evoking local inflammation and the release of inflammatory factors[77]. AGEs-
rich foods interrupt intestinal mucosal barrier and translocation of inflammatory mediators into
systemic circulation, causing local kidney inflammation[78]. As the progression of DKD, uremic
toxins result in a relocation towards Gram-negative (G’) bacteria in the gut. Gut microbiota derived
phenyl sulfate has been reported to lead to podocyte injury and albuminuria. Lipopolysaccharides
(LPS) from the cell wall of G- bacteria bind to Toll-like receptor (TLR)-4 to elevate local cytokine
production, recruitment of inflammatory cells and the release of LPS[79]. Exposure to TLR-4 on
podocytes or other kidney cells, LPS contribute to inflammation and fibrosis, ultimately resulting in
podocyte damage, tubular injury, glomerular hypertrophy and hypercellularity as well as
albuminuria in STZ induced diabetic mice[80]. Alteration in gut microbiota has been incriminated in
the pathogenesis of DKD. Reduction in dietary associated short chain fatty acids (SCFAs) from gut
microbiota could worsen podocyte damage, interstitial fibrosis and albuminuria by promoting
epithelial cell dysfunction and gut inflammation[81].

3. Targeting Mechanisms and Recent Advances in the Therapy of DKD

Underlying molecular mechanisms play vital role in developing effective therapies to reduce the
onset and progression of DKD. Precise medicine by connecting molecular mechanism with
therapeutic strategies have been attempted to halt kidney disease progression, finally failing to be
adopted for DKD (Figure 2). Long- term diabetic retinopathy study of ruboxistaurin(RBX), a protein
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kinase C beta (PKC- ) inhibitor, failed to prevent kidney outcomes[82]. ASCEND study of
endothelial antagonist (EA) avosentan was reported to reduce albuminuria but increase fluid
retention and heart failure[83]. In 2019, SONAR trail evaluates the reno-protective effect of atrasentan,
a selective endothelial receptor antagonist (ERA), which draw the similar conclusion (hospitalization,
anemia and fluid retention) with avosentan[84]. It is uncertain whether their benefits exceed risks of
heart failure, so ERA are not recommended on DKD patients by KDIGO 2022 Guideline for Diabetes
Management[85]. In 2011, a small-scale of random control trails (RCT) of pirfenidone, an oral
antifibrotic and anti-inflammatory agent, was conducted to assess primary renal outcomes. The
conclusion from the study is incomplete ascertainable[86]. A phase II study of pirfenidone for renal
fibrosis is ongoing (NCT04258397) and will be completed by 2024. Sulodexide, a mixture of
glycosaminoglycan polysaccharide components, was demonstrated to exhibit no reno-protective
effect on patients with type 2 diabetes, macroalbuminuria and renal impairment[87]. The trail of
Aliskiren, a renin inhibitor, was discontinued prematurely and demonstrated to be even harmful[88].
Bardoxolone methyl exerts antioxidant capacity, antiinflammation and oxidative stress through
activating Keapl-nuclear 1 factor (erythroid-derived 2)-related factor 2 (Nrf2) pathway[89]. The trail
of Bardoxolone methy, didn’t exhibit reduced risk of ESRD, and was terminated attributed to greater
rate of cardiovascular events[89]. A following phase 2 TSUBAKI study revealed an improved eGFR
and no incidence of cardiovascular events[90]. A new large multicenter phase 3 study (AYAME) for
investigating the long-term efficacy and safety of bardoxolone methy has been performed in
Japan[91]. The clinical trial was terminated, which indicted that bardoxolone methy failed to be

adopted for DKD.
Atrasentan 2028
Endothelial receptor antagonist . O
O- - Bardoxolone methyl
Nrf2 pathway activator |
2019
Bardoxolone methyl
Nri2 pathway activator|
Aliskiren — .
s + e g Losartan/lisinopril
Pirfenidone | Renin inhibitor | 2013 | pya) therapy of ARBIACEI
TGF- p inhibitor g Sulodexide
2%07 ) @ O 2012 Glycosaminoglycan
: olysaccharide
2010 201 . poly:
Ruboxistaurin(RBX) Avosentan
PKC-f inhibitor Endothelial antagonist

Figure 2. The timeline of major therapy targeting on precise molecular of DKD.

These agents failed to be adopted for DKD. PKC: poyol and protein kinase C; TGF- f:
transforming growth factor; MR: mineralocorticoid receptor; Nrf2: nuclear 1 factor (erythroid-
derived 2)-related factor 2; ACEIL: Angiotensin converting enzyme inhibitor; ARB: angiotensin
receptors blockers.

Since 2001, ARBs are demonstrated a clear benefit in preventing the progression of DKD, the
following novel therapies which are mentioned above failed to show advantages until the appearance
of SGLT2 inhibitors in 2014. With the approval of the NS-MRA-finerenone in 2021, we have more
confidence in the management of DKD. According to interim analysis of RCT (FLOW), GLP-1RA is
ushering a new era for DKD. In this section, we mainly focus on the drugs whose clinical effects have
been proved as therapeutic agents for DKD (Figure 3). Pillars of therapy, primary adopted in heart
failure by cardiologists, are also concerned when and how to administrate these drugs will maximally
retard the progression of DKD.
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Figure 3. Recent advances in the therapy and potential mechanisms in slowing the progression of
DKD .

Potential agents mean more clinical trials need to be conducted to validate efficiency of these
drugs on DKD. RAS: Renin-Angiotensin/Aldosterone System; SGLT2: sodium-glucose
cotransporter 2 ; Ns-MRAs: nonsteroidal mineralocorticoid receptors antagonists ; GLP-1RAs:
Glucagon like peptide 1 receptor agonists; ASK1:apoptosis signal -regulating kinase 1; JAK: Janus
kinase.

3.1. RAS Blockades

A RCT of captopril, an ACEI was first performed to evaluate the reno-protective properties in
slowing down the progression of DKD. Treatment with captopril displayed notable reduction in the
risk of composite end points (death, transplantation and dialysis) independent of blood pressure
management in type 1 diabetic nephropathy[10]. However, type 2 diabetic nephropathy achieved no
additional benefits from captopril. Losartan, an ARB, conferred salutary effects on renal and
cardiovascular outcomes on patients with type 2 diabetes and nephropathy[12]. Irbesartan exhibited
similar reno-protective action for nephropathy attributed to type 2 diabetes as losartan, and the
protection is independent of blood pressure control[92]. Also, standard administration of ARBs was
adopted, DKD progression continues to advance. The combination therapy of ACEI and ARBs was
demonstrated to be even harmful for DKD[93]. The additional novel therapies summarized above
present disappointed consequences.

3.2. SGLT2 Inhibitors

The advent of SGLT2 inhibitors in 2014 generated striking excitement in strengthening DKD
management. SGLT2 inhibitors have been extrapolated to involve in progression of DKD via various
mechanisms, including activation of tubule-glomerular feedback to reduce glomerular
hyperfiltration, reducing in circulating inflammatory and fibrotic factors of TNF receptor-1, IL-6,
MMP-7 and fibronectin-1, and decreased ketone production[94]. SGLT2 inhibitors are recommended
to treatment of most DKD patients with eGFR > 25ml/min per 1.73m?, irrespective of the degree of
glycemic management, on the basis of RCTs, associated meta-analysis and systemic review[95,96].
The Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical Evaluation
(CREDENCE) and the Dapagliflozin and Prevention of Adverse outcomes in Chronic Kidney Disease
(DAPA-CKD) trails have exerted robust impact on clinical application of SGLT2 inhibitors[97].
Canagliflozin showed a 34% reduction in death of renal event and a 32% decrease in risk of ESRD in
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DKD patients[97]. Dapagliflozin showed 44% reduction in risk of ESRD or death from renal events,
at least 50% decline in eGFR and a 29% relative reduction in risk of death from CV events in CKD
patients irrespective of absence or presence of diabetes[98]. SGLT2 inhibitors are highly
recommended in patients with severe albuminuria[99,100]. The study of Heart and Kidney Protection
with Empagliflozin (EMPA-KIDNRY) trial was conducted to evaluate the impact of empagliflozin on
CKD patients without diabetes. Empagliflozin revealed a lower rate of hospitalization from any cause
by 14%, greater renal protective effects and lower risk of death from cardiovascular events by 28%,
with their efficacy being more conspicuous in those with ACR more than 300mg/g[100]. The
combined use of SGLT2 inhibitor and ACEI/ARB shows a prominent decline in renal function nearly
by 30%-40%, exceeding those of ACEI/ARB alone[101]. SGLT2 inhibitors act as second validated
therapy for slowing the progression of DKD.

3.3. NS-MRAs

In addition to the distal nephron, MRs are expressed on other cell types, including fibroblasts,
macrophages, podocytes and vascular cells. Decreased circulating plasma volume induces RAS
activation [102], further promoting aldosterone secretion, which contributes to MR activation,
resulting in sodium reabsorption and potassium excretion. The activation of MRs with high sodium
intake leads to hypertension, contributing to glomerular damage and fibrosis[102]. Hyperglycemia,
dyslipidemia, insulin resistance and obesity upregulate the expression of MR, which elevates
inflammatory (IL-1p, IL-6, TNF-0,MCP-1) and profibrotic factors (extracellular matrix proteins, PAI-
1, TGF -B, CTGF), eventually resulting in progression of DKD[103,104]. The upstream accumulation
of renin due to lone-term ACEI/ARB therapy could increase plasma aldosterone owing to
“aldosterone escape”. Lone period use of trandolapril showed an obvious increase in aldosterone in
40% of patients at 40 weeks with mounting albuminuria[105], which indicated that the combined use
of ACEI/ARBs and MRAs might present optimal treatment for DKD.

As early as 2001, animal study revealed therapeutic roles of MRAs in preventing the progression
of DKD by reducing inflammation, fibrosis and albuminuria[106]. Steroid-based MRAs, including
spironolactone and eplerenone are adopted for symptomatic heart failure patients[107]. In spite of
reduced albuminuria and blood pressure of MRAs in DKD patients, there is scarcity of clinical trials
to verify the data due to high risk of hyperkalemia and reduction in kidney function. It's generally
contraindicated to use MRAs in advanced kidney disease[108].

NS-MRAs, including finerenone, apararenone, esaxerenone and ocedurenone, which distribute
between heart and kidney tissue rather than influencing the kidney alone, are conspicuously different
from steroidal-based MRA[14]. Finerenone, a NS-MRA, demonstrated prominent reduction in
albuminuria and blood pressure as well as risks of atherosclerotic disease and heart failure in the
Finerenone in Reducing Kidney Failure and Disease Progression in Diabetic Kidney Disease
(FIDELIO-DKD) and Finerenone in Reducing cardiovascular mortality and morbidity in Diabetic
Kidney Disease (FIGCARO-DKD) clinical trials in participants with T2D and DKD treated by and
ARB or ACEI as the standard care[109]. FIDELIO-DKD trail revealed that finerenone demonstrated
a more than 40% reduction in risk of eGFR declining and 18% decline in death from renal disease as
well as a 14% reduction in prespecified secondary endpoints of death from CV events (heart failure,
hospitalization, nonfatal stroke or nonfatal myocardial infarction) [110]. Whereas, finerenone still
exerted slightly higher risk of hyperkalemia than that of placebo (2.3% vs 0.9%)[110]. IGCARO-DKD
trail included patients with higher risk of CV and less advanced DKD supported the benefits of
finerenone in reducing CV causes. Despite the risk of hyperkalemia, finerenone is well tolerated.

The prespecified pooled analysis of FIDELIO-DKD and FIGCARO-DKD, referred to FIDELITY,
including more than 13,000 participants with type 2 diabetes and a broad range of CKD stages and
albuminuria, validated a 23% reduction in doubling of creatinine, RSRD and death from renal disease,
and also a 14% decrease in the risk of the composite outcomes of CV[109]. FIDELITY revealed the
incidence of hyperkalemia is greater in spironolactone with resistant hypertension than that in
finerenone group (64.1% vs 11.2%) [111]. A smaller phase 3 RCT clinical trial of Esaxerenone with
Placebo in Japanese Type 2 Diabetic Patients with Microalbuminuria (ESAX-DN) failed to show
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protective effect on the progression of DKD due to short study duration in participants with early
DKD or other unique characteristics of single-country study[112]. Animal study showed that the
combined use of finerenone and empagliflozin in hypertensive rats contributed to obvious decrease
in kidney fibrosis and albuminuria[113]. However, the retrospective analysis of DAPA-HF
(Dapagliflozin in HFrEF)[114] and EMPEROR-Reduced trials (Empagliflozin Outcome Trial in
Patients With Chronic Heart Failure With Reduced Ejection Fraction)[115] did not validate the
efficiency of the combination of these two drugs. The therapy of SGLT2 inhibitor appears to
counteract the hyperkalemia due to the adding of MRA to ACEI or ARBs[116,117]. The 2022
guidelines of the American Diabetes Association (ADA) and the Kidney Disease Improving Global
Outcomes (KDIGO) recommend the use of finerenone across a wide range of DKD patients with
increased albuminuria despite treatment with an ACEI/ARB and SGLT2 inhibitor[85,118]. Finerenone
is the only one approved for protection for cardiorenal events, whereas other NS-MRAs are
recommend only for controlling blood pressure with no outcome data in favor of use in DKD.

3.4. GLP1-RAs

GLP, which is a peptide produced by the gut epithelium, could regulate blood glucose through
activating the GLP-1R in the pancreas to lower glucagon and elevate insulin secretion. Incretin drugs
include GLP-1RAs and dipeptidyl peptidase 4 (DPP4) inhibitors. GLP-1RAs are approved for the
management of hyperglycemia and restriction pf atherosclerotic CV disease, and/or high risk for CV
events in DKD patients, in spite of optimization with metformin and SGLT2 inhibitors[119,120].
Secondary analysis from glycemic lowering and CV outcome trails confirmed reno-protective actions
of the GLP-1RA in T2D through reducing albuminuria and slowing the decline in eGFR independent
of glycemic control[121,122]. GLP-1RAs have been reported to play reno-protective roles through
ameliorating oxidative stress, cellular apoptosis and fibrosis[119]. GLP-1RAs could deplete the
generation of ROS and suppress the binding of NF- kB to its target gene, further reducing the
downstream expression of cytokines (TNF-a, IL-1, IL-6) and fibrotic factors (TGF-B)[119]. A systemic
review and network meta-analysis of RCTs demonstrated GLP-1RAs could reduce the risk of eGFR
15 mL/ min/ 1.73? and the need to initiate renal replacement therapy by 22% within 5 years [123].
Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results (LEADER)
revealed liraglutide could reduce the rate of new-onset persistent albuminuria[124]. Primary
evaluation of Cardiovascular and other Long-term outcomes with Semaglutide in Subjects with Type
2 Diabetes (SUSTAIN-6) showed semaglutide could result in lower rates of new or worsening
nephropathy[125]. Pooled analysis of SUSTAIN-6 and LEADER revealed semaglutide and liraglutide
contributed to a 24% reduction in albuminuria from baseline to 2 years[17]. Semaglutide and
liraglutide reduced the risk of sustained declines in eGFR to 40% and 50%, respectively[17]. The latest
published trail of Effect of Efpeglenatide on Cardiovascular Outcomes (AMPLITUDE-O) revealed
efpeglenatide resulted in a 32% reduction in the risk of composite renal outcomes independent of
baseline use of SGLT2 inhibitor[126]. In addition to lowering glucose, GLP-1RAs and DDP4 inhibitors
can lead to decrease in blood pressure and body weight[119]. Obesity reduces the generation of
adiponectin and induce the production of leptin. Leptin prompts the proinflammatory (IL-1, IL-6,
TNF-a, MCP-1) and profibrotic (TGF-B, PAI-1, CTGF) factors[127]. Obesity also activates RAAS,
which leads to higher intraglomerular pressure, eventually contributing to podocyte loss, progressive
fibrosis and renal failure[127,128]. DDP4 inhibitors showed only modest improvement of
albuminuria and failed to delay the decline in eGFR[119].

The Effect of Semaglutide Versus Placebo on the Progression of Renal Impairment in Subjects
with T2D and Chronic Kidney Disease trail (FLOW) is the first performed to evaluate the primary
kidney disease outcome of GLP-1RA [129], and will be stopped early for unequivocal positive efficacy
based on interim analysis. It's believable semaglutide will be recommended to slow the progression
of DKD by KDIGO soon. The combination therapy of SGLT?2 inhibitor and GLP-1RAs was confirmed
to reduce the risk of major adverse cardiac and cerebrovascular events and heart failure in patients
with type 2 diabetes[130]. The effect of combination of these two drugs on the progression will be
evaluated by RCT in the near future.
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3.5. Other Agents

Pentoxifylline (PTF), a nonspecific phosphodiesterase inhibitor, was demonstrated to play
antiproliferative, anti-inflammatory and antifibrotic roles [131]. In 2015, PTF was demonstrated to
result in a smaller decrease in eGFR and greater decline in residual albuminuria in patients with type
2 diabetes and stages 3-4 CKD under standard administration of RAS blockade[132]. A respective
analysis of PTF was postulated to slow the progression through increasing the expression of Klotho,
which was associated with anti-inflammatory and antialbuminuric properties[133]. More definitive
trails of PTF need to be initiated to consolidate the reno-protective actions. ASK1 inhibitor has
revealed protective effects on kidney injury through reducing inflammation and fibrosis in rodent
models of DKD [61]. Post hoc analysis of a phase 2 clinical trial of selonsertib, a selective ASK1
inhibitor suggested selonsertib might be a potential therapeutic agent to prevent the progression of
DKD despite the fact that the trail didn’t achieve the primary endpoint[62]. Multicenter Study
Evaluating the Efficacy and Safety of Selonsertib in Subject With Moderate-to-Advanced Diabetic
Kidney Disease (MOSAIC, NCT04026165) has been completed by 2021, and the data has not been
published. A phase 2 placebo-controlled trial of baricitinib, a JAK1/2 inhibitor, predominately

reduced albuminuria and inflammatory factors ( intercellular adhesion molecule-1, plasma TNF

receptor-1/2, and serum amyloid A ) in patients with T2D and DKDJ[134]. Further trails need to be
performed to investigate whether baricitinib could prevent the progression of DKD. JAK-STAT
inhibitors are used in immune-mediated disease including psoriasis, spondyloarthritis, rheumatoid
arthritis, inflammatory bowel disease [135], supporting their potential therapeutic role in slowing the
progression of DKD.

3.6. Lifestyle

In addition to screening for complications and management of cardiovascular risk factors of
DKD, controlling of hyperglycemia, dyslipidemia and hypertension, and weight management, life
style factors including smoking, diet and physical activity play vital roles in the progression of DKD.
High dietary protein intake could lead to intraglomerular hypertension, which contributes to
glomerular hyperfiltration, kidney damage and proteinuria[136]. In advanced CKD, patients are
advised to restrict potassium. Lower-potassium fruits, vegetables and other foods are recommended
for DKD patients, and the intake of vegetables and fruits should be in accordance with normal
diabetic diet recommendations. Endogenous and dietary AGEs contribute to the progression of DKD.
High dietary AGEs results in inflammation, insulin resistance, diabetes and kidney injury[137].
Healthy diets, including fruits, vegetables, whole grains, legumes, fiber, unsaturated fats, plant-based
proteins and nuts has been revealed to be associated with lower incidence of CKD and
albuminuria[138]. Restricting sodium intake is associated with significant decrease in risk of stroke,
cardiovascular disease and progression of CKD[139]. Lower levels of physical activity is related to
CVD[140]. Physical activity could reduce inflammatory markers, and improve endothelial function
and insulin sensitivity[141].  Physical exercise contributes to lower risk of CVD and CKDJ[142].
KDIGO recommends patients with DKD could undertake moderate-intensity exercise for a
cumulative duration[7]. Tabacco is considered to be an explicit risk factor for the progression of DKD
as well as secondhand smoke[143,144]. KDIGO recommends patients with DKD should quit smoking
and avoid secondhand smoke[7].

4. The Value of Drug Combination Therapy in Clinical Application

Each drug class which was coupled with RAS blockade showed protective effects on kidney and
cardiovascular events. On the basis of heart failure management, the combination of three or four
drugs may be charming for reducing cardiorenal events. Practice guidelines articulate that RAS
blockade should be maximally tolerated before adding other medications (SGLT2 inhibitors, NS-
MRAs and GLP-1RAs)[145]. SGLT2 inhibitors and finerenone have been revealed to lead to a lesser
mitigating of renal function decline[110,146,147]. The animal study also confirmed that combined
treatment of empagliflozin and finerenone[113] resulted in a decrease in blood pressure, proteinuria,
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plasma creatinine, uric acid, vasculopathy, cardiac fibrosis and mortality regardless of the eGFR
down to 25mL/ min/ 1.73m?[113]. The combination of dapagliflozin and steroidal MRA eplerenone
showed additive reduction in albuminuria and risk of hyperkalemia compared with the use of
eplerenone alone[148], which is in line with the lower incidence of hyperkalemia when an SGLT2
inhibitor is combined with finerenone from FIDELIO-DKD trial[116].

FIDELITY subgroup analysis further revealed that finerenone showed greater cardiorenal
benefits regardless of the combined use of SGLT2 inhibitor or GLP-1RA at baseline or any time during
the trail[116]. There was no trail to assess simultaneous use of all four agents in heart failure or
compare combined use of different drug against each other. Each drug class that consolidated
improved outcomes was combined with RAS blockade in DKD patients. The study to investigate the
Combination effect of Finerenone and Empagliflozin in Participants With chronic kidney disease and
Type 2 Diabetes using a UACR Endpoint study (CONFIDENCE) is an ongoing trail to evaluate
whether combined treatment of finerenone and SGLT2 inhibitor outshines each drug alone[149]. A
powered study of the combined therapy of four different agents together to evaluate the efficiency
and safety need to be performed.

5. Conclusions

DKD is featured by a series of hemodynamic, inflammatory and metabolic process, sharing the
convergent fibrotic pathway. DKD may be propagated even if glycemia is normalized due to
persisted expression of proinflammatory and profibrotic mediators. Despite the emerging of RAS
blockades, SGLT2 inhibitors and NS-MRAs, current therapies are ineffective for impeding kidney
disease progression and abating risks of comorbidities and death among patients with DKD. RAS
blockers, SGLT2 inhibitors and NS-MRAs have shown great efficacy in reducing the risk of renal
disease. However, patients vary in their response to RAS blockades, the pharmacodynamic responses
to SGLT2 inhibitors decrease with elevating severity of renal damage and the incidence of
hyperkalemia increases in the treatment of NS-MRAs. Other agents targeting on Nrf2, fibrosis, PKC,
EA, ERA, renin, glycosaminoglycan polysaccharide and phosphodiesterase achieved unmet
consequences. Plentiful residual risks of progression for DKD persisted. Thus, effective therapy for
DKD is yet unsatisfied. Just recently, Novo Nordisk claimed they would stop semaglutide kidney
outcomes trail due to clear protective roles on the basis of interim analysis. With the advent of GLP-
1RAs, the possible fourth class brings new efficacious treatment for arresting the progression of DKD.
The combined therapy of these drugs for DKD is heartening.

We summarize the recent discoveries of basic and clinical research centering on novel findings
and developments in regard to molecular mechanisms underlying DKD, including therapeutic
interventions. Further extensive exploration is urgent to advance our understanding of the
pathogenesis of DKD and to set up striking strategies for DKD.
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