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Numerous studies have shown that dyslipidemia increases the risk of

atherosclerotic cardiovascular disease (ASCVD) and significantly impacts the

occurrence and progression of diabetic kidney disease (DKD). Early

interventions for lipid metabolism disorders in DKD may improve renal

function. This article reviews the clinical characteristics of dyslipidemia,

mechanisms of lipid-induced renal injury, and advances in lipid-lowering

therapy in DKD. We searched PubMed, Web of Science, and EMBASE to

identify relevant articles, using keywords such as “diabetic kidney disease”,

“diabetic nephropathy”, “diabetes”, “dyslipidemia”, “kidney”, “cardiovascular

disease”, and “lipid therapy”. High triglyceride (TG) and low high-density

lipoprotein (HDL) are associated with increased risks of albuminuria and

estimated glomerular filtration rate (eGFR) decline. Abnormal lipid metabolism

may damage glomerular podocytes and renal tubular epithelial cells via ectopic

lipid deposition, eventually impairing glomerular filtration function and increasing

urinary albumin excretion. Lipid-lowering therapies can ameliorate lipid

accumulation, downregulate inflammatory mediator expressions, and alleviate

renal fibrosis. Fibrate and statin applications exhibit beneficial effects, reducing

albuminuria and slowing eGFR decline in early DKD. However, the long-term

effects of statins and fibrates on renal outcomes remain controversial. Pro-

protein convertase subtilisin/kexin 9 (PCSK9)-targeted interventions have

minimal side effects on the kidneys and seem effective in reducing

inflammation and improving renal impairment compared with statins and

fibrates. In addition, LDL apheresis (LDL-A) and double filtration plasmapheresis

(DFPP) are promising clinical applications in diabetic patients with severe

hypercholesterolemia or lipid-lowering drug intolerance.
KEYWORDS
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1 Introduction

Diabetic kidney disease (DKD) is clinically diagnosed in

patients exhibiting a reduction in their estimated glomerular

filtration rate (eGFR) to <60 ml/min/1.73m2, persistent elevation

of albuminuria (Urine Albumin-to-Creatinine Ratio [UACR] ≥ 30

mg/g), or both. The main pathological changes in DKD include

glomerular capillary basement membrane thickening, mesangial

cell proliferation, glomerulosclerosis, and tubulointerstitial fibrosis

(1). It is the main cause of chronic kidney disease (CKD) and end-

stage renal disease (ESRD). From 2017 to 2018, the overall

prevalence of CKD among diabetic patients in a central Chinese

urban population was 48% (2). In United States of America,

approximately 30% to 40% of individuals with diabetes develop

DKD during their lifetime (3).

Numerous studies have shown that dyslipidemia increases the

risk of atherosclerotic cardiovascular disease (ASCVD) and

significantly impacts the occurrence and progression of diabetic

nephropathy (DN). The risk of cardiovascular disease,

cardiovascular death, and all-cause mortality markedly increased in

type 2 diabetes mellitus (T2DM) patients with DKD complications

(4, 5). Moreover, literatures indicate that DKD has been shown to be

an independent risk factor for cardiovascular disease. Additionally, it

suggests that the severity of renal impairment correlates with an

increased risk of cardiovascular complications and other associated

risks (6–9). Farah, RI et al. found that half of the T2DM patients had

DKD, and high triglyceride (TG) and low high-density lipoprotein

(HDL) were outstanding features in those patients (10). In 2021, the

Chinese Cardiometabolic Diseases and Cancer Cohort (4C) study

suggested that a high TG level (TG ≥ 1.70 mmol/L) was an

independent risk factor for DKD development in subjects with

new-onset T2DM (11). Furthermore, postprandial TG variability is

significantly related to eGFR decline andmicroalbuminuria incidence

in patients with T2DM (12). Early intervention for lipid metabolism

disorders in DKDmay alleviate renal damage. This article reviews the

clinical characteristics of dyslipidemia, mechanisms of lipid-induced

renal injury, and advances in lipid-lowering therapy in DKD.
2 Clinical characteristics of
dyslipidemia in DKD

2.1 Dyslipidemia in different stages of DKD

Dyslipidemia is highly prevalent among subjects with DKD and

is primarily characterized by elevated TG, reduced HDL-C, and

normal or mildly elevated low-density lipoprotein cholesterol

(LDL-C) (13). As renal functions deteriorate, TG levels gradually

increase, whereas HDL-C levels further decrease (14). In the early

stages of DKD, dyslipidemia is primarily caused by elevated TG.

After entering the stage of massive albuminuria, TG, LDL-C, and

small and dense low-density lipoprotein cholesterol (sdLDL-C)

increase substantially, while HDL-C decreases significantly. At the

terminal stage of DKD, lipid metabolism disorders are further
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aggravated, with an increase in very-low-density lipoprotein

cholesterol (VLDL-C) (15, 16).
2.2 Dyslipidemia is associated with
increased risks of albuminuria and
eGFR decline

Recent studies have revealed that lipid abnormalities strongly affect

the long-term deterioration of renal function in diabetes. A large-scale

global case–control study indicated that the risk of developing DKD

increased by 23% for every 0.5mmol/L increase in TG and decreased by

14% for every 0.2 mmol/L increase in HDL-C (17). In China, a 3-year

follow-up study involving 283 subjects with new-onset T2DM suggested

that inadequate TG control was associated with an early decrease in

eGFR; effective TG control could delay the decline of kidney function in

the early stages of DKD (18). Another real-world Italian cohort

containing 45000 individuals with low-to-moderate cardiovascular

risk demonstrated that subjects with high TG (150-500 mg/dL) had

an increased risk of eGFR reduction or ESRD occurrence (composite

endpoint) by 48% compared with normal TG subjects (<150 mg/dL)

(19). Moreover, each 50 mg/dL increase in TG levels resulted in a

statistically higher risk of eGFR reduction (OR:1.062, 95%CI 1.039-

1.086) and ESRD (OR:1.174, 95%CI 1.070-1.289). Russo et al. found

that TG ≥ 150mg/dL increased the risk of the following: low eGFR (< 60

mL/min/1.73 m2) by 26%, >30% eGFR reduction by 29%, and

albuminuria by 19%. They also found that HDL-C levels of <40 mg/

dL inmen and <50mg/dL in women were associated with a 27% higher

risk of low eGFR and a 28% risk of a >30% eGFR reduction, with a 24%

higher risk of developing albuminuria (14). Furthermore, plasma TG

levels independently predict incident albuminuria and the progression

of coronary artery calcification in adults with type 1 diabetes (20).
2.3 Predictive value of TG/HDL-C ratio in
the progression of DKD

The TG/HDL-C ratio may have a better predictive value for DKD

development compared to a single lipid parameter. A cross-sectional

survey based on six community health service centers in Shanghai

indicated that the possibility of developing DKD in patients with

T2DM significantly increased when the TG/HDL-C ratio was >2 (21).

The TG/HDL-C ratio correlated positively with UACR and negatively

with eGFR, which was a critical risk factor for severe DKD (UACR ≥30

mg/g and eGFR <60 mL/min/1.73 m2) in patients with T2DM and

advanced diabetic retinopathy (22). A higher TG/HDL-C ratio was also

statistically associated with higher incidences of cardiovascular disease

among patients with biopsy-proven diabetic nephropathy (23).
2.4 Mechanisms of lipid-induced
renal dysfunction

Among diabetic patients, insulin resistance (IR) motivates

hormone-sensitive triglyceride lipase (HSL), stimulating the
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release of free fatty acids (FFA) from peripheral adipose tissue. High

circulating FFA levels promote the liver to synthesize triglycerides,

causing an increase in plasma TG concentration, inversely reducing

HDL-C synthesis via cholesterol ester transfer protein (CETP) (24).

The disturbances of lipid metabolism bring about ectopic lipid

deposition in non-adipose tissues such as the liver, kidneys, heart,

and pancreas.

In contrast to normal kidney tissue, the glomeruli and

tubulointerstitial of diabetic nephropathy contain abundant TG-

rich lipid droplets (25). TG accumulations activate monocytes to

release inflammatory mediators, which stimulate transforming

growth factor-b (TGF-b) secretion and reactive oxygen species

(ROS) production, thus resulting in renal cell injury and matrix

proliferation (18). Furthermore, podocytes are particularly sensitive

to lipid accumulation, which has recently been recognized as a

crucial pathological process in the progression of proteinuric kidney

diseases, such as diabetic kidney disease. Excessive lipid deposition

in podocytes disrupts cellular homeostasis, leading to lipotoxicity.

This can induce mitochondrial oxidative stress, impair energy

metabolism, and promote ROS overproduction, further damaging

mitochondrial DNA and disrupting ATP production. Ultimately,

this triggers podocyte apoptosis and detachment from the

glomerular basement membrane. Additionally, lipid overload can

alter the actin cytoskeleton, causing dysregulation of key

cytoskeletal regulators such as RhoA and Rac1, which leads to

foot process effacement and increased glomerular permeability.

Lipotoxicity has also been shown to impair insulin signaling in

podocytes by inhibiting the PI3K/Akt pathway, exacerbating insulin

resistance and further compromising podocyte survival. These

combined effects weaken the integrity of the glomerular filtration

barrier, facilitating albumin leakage and proteinuria, which are

hallmarks of diabetic kidney disease progression (25–27).

Recent studies have highlighted the morphological alterations

in podocytes due to lipid accumulation. Excessive lipid deposition

leads to the formation of intracellular lipid droplets, which are

visible under electron microscopy. These droplets are often

accompanied by structural changes in the podocyte foot

processes, including effacement and fusion, which are critical

features in the progression of diabetic kidney disease. Lipid-

induced injury to podocytes has also been linked to significant

changes in the morphology of the glomerular filtration barrier, with

thickening of the glomerular basement membrane and enlargement

of the filtration slits. These morphological changes contribute to

disruption in podocyte function, exacerbating glomerular

hyperpermeability and the progression of proteinuria (27, 28).

Moreover, increased lipolysis of TG-rich lipoproteins (TRLs)

begets sd-LDL-C formations, a more atherogenic lipoprotein than

large-buoyant LDL particles. Easily deposited in the renal basement

membrane, sd-LDL-C stimulates extracellular matrix proliferation

and undergoes oxidative modification, promoting foam cell

formation and lipid sedimentation in the vascular wall (16).

Involving low levels of HDL-C in the pathogenesis of DKDmay

be linked to the impaired antioxidant capacity of HDL-C. Under

normal circumstances, the monocyte–macrophage system

eliminates advanced glycation end products (AGEs) as markers of
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aging via endocytosis and secretes cytokines to stimulate

extracellular matrix synthesis. However, the impaired antioxidant

capacity of HDL particles contributes to elevated AGE content and

excessive secretion of growth factors, eventually leading to vascular

basement membrane thickening, mesangial hyperplasia, and

glomerular hypertrophy (13). Oxidative stress (OS) is present

even in the early stages of DKD due to the imbalance between

pro- and antioxidants. OS facilitates the oxidative conversion of

LDL to oxidized LDL (ox-LDL) within the arterial wall. ox-LDL can

directly damage the renal tubular epithelial cells via a mechanism

similar to the deleterious effects of lipid peroxides on the vascular

endothelium (29). These factors ultimately cause renal function

damage, leading to a decreased glomerular filtration rate and

increased urinary albumin excretion (Figure 1).
3 Advances in treating dyslipidemia
in DKD

3.1 Statins

Statins, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)

reductase inhibitors, significantly reduce serum LDL-C levels,

mildly reduce serum TG levels, and increase HDL-C levels. Many

clinical studies have confirmed that statins for diabetics can

effectively reduce lipids and prevent cardiovascular events. Li

et al. found that atorvastatin could alleviate renal function

damage, reduce serum inflammatory factor levels, and improve

hemorheology in patients with DKD (30). Findings from two meta-

analyses consistently indicated that statins have beneficial effects on

reducing albuminuria in DKD (31, 32). The efficacy of statins on

renal function was dependent on time, and the decrease in

albuminuria was significant during the 1-to-3-year period of

statin therapy (31). Moreover, another meta-analysis of 3,426

patients with early diabetic nephropathy concluded that statins

could increase eGFR, reduce serum creatinine (Scr), and decrease

C-reactive protein (CRP) level, thus reducing the inflammatory

response and protecting the kidney (33).

However, the renoprotective effects of statins on diabetic

patients are still controversial. A retrospective cohort study of

patients with T2DM in Japan showed a higher risk of a ≥30%

decrease in eGFR in the lipophilic statin group (atorvastatin and

pitavastatin) than in the controls (HR = 2.15, p = 0.049); the

outcome in the hydrophilic statin group (pravastatin and

rosuvastatin) was not different (HR = 1.08, p = 0.827). The

hazard ratio of the lipophilic and hydrophilic statin group (vs.

controls) for albuminuria progression was 1.31 (p = 0.552) and 0.69

(p = 0.367) (34). Statins do not reduce the risk of progression of

eGFR and albuminuria. Lipophilic statins might have potentially

harmful effects on kidney function. Recently, Huang et al. reported

that the insulin-regulated phosphatidylinositol 3-kinase (PI3K)/

protein kinase B (PKB)/mammalian target of rapamycin (mTOR)

signaling pathway was activated in db/db mice with the long-term

administration of atorvastatin or rosuvastatin, which may increase

insulin resistance, interfere with lipid metabolism, and lead to
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inflammation and fibrosis, ultimately exacerbating diabetic

nephropathy progression (35). However, Huang stressed that

statins in combination with metformin could improve the

negative effects of statins on the kidneys. Lipophilic statins, such

as simvastatin and lovastatin, can penetrate cell membranes,

particularly in muscle and kidney tissues, which may exacerbate

insulin resistance and worsen kidney function. Several studies have

shown that lipophilic statins may increase fasting blood glucose

levels, thus aggravating insulin resistance (35, 36). Additionally,

these statins may affect renal tubular function, leading to interstitial

fibrosis, which accelerates the progression of diabetic nephropathy

(37). As most clinical studies have a relatively short follow-up time,

it would need a long-term clinical application of larger sample sizes

to make a more objective evaluation of statin therapy on the

prognosis of DKD.
3.2 Fibrates

Fibrates, peroxidase proliferator-activated receptor a (PPAR-a)
agonists, mainly reduce serum TG levels and increase HDL-C levels.

A post hoc analysis of the ACCORD trial demonstrated that

fenofibrate administration was associated with a lower rate of eGFR

decline and with a lower incidence of both microalbuminuria (UACR

≥30 mg/g) and macroalbuminuria (UACR ≥300 mg/g) in T2DM

(38). In the FIELD study, type 2 diabetic patients with eGFR ≥30 mL/

min/1.73 m2 were randomly allocated to fenofibrate 200 mg daily (n

= 4,895) or placebo (n = 4,900) for 5 years. Fenofibrate reduced urine

albumin concentrations and UACR by 24% vs. 11%, with 14% less

progression and 18% more albuminuria regression than placebo. The
Frontiers in Endocrinology 04
mean annual rates of eGFR loss were 1.19 vs. 2.03 mL/min/1.73 m2,

respectively, for the fenofibrate group vs. placebo group. Overall,

fenofibrate further reduced the total cardiovascular events than

placebo (hazard ratio 0.89 [95% CI 0.80-0.99]). This benefit was

not statistically different across eGFR subgroups (30-59, 60-89, and

≥90 mL/min/1.73 m2). ESRD rates were similar between treatment

arms, without adverse safety signals of fenofibrate use in renal

impairment (39, 40). Another national cohort study based on

Taiwan’s National Health Insurance Research Database compared

the outcomes among advanced CKD patients treated with

fenofibrate, statins, a combination of both, and none of these. The

fenofibrate and statin groups exhibited a lower risk of CV death than

the non-user group, and the combined administration of fenofibrate

and statins exhibited a lower risk of major adverse cardiac and

cerebrovascular events. Moreover, fenofibrate further delayed the

need for permanent dialysis (41). Fenofibrate mechanically

ameliorates lipid accumulation and tubular cell apoptosis,

accompanied by an increased activation of AMP-activated protein

kinase (AMPK)/forkhead box protein A2 (FoxA2)/medium-chain

acyl-CoA dehydrogenase (MCAD) pathway (42). MCAD may be a

potential therapeutic target for DKD, and using fenofibrate as a

treatment for DKD is worthy of further study.

Pemafibrate is a new selective PPAR-a modulator (SPPARM a).
Conventional fibrates mainly eliminated via renal excretion may lead

to an increase in serum creatinine (Scr), while pemafibrate is excreted

into the bile with fewer side effects on the kidney. In the adenine-

induced CKD mice, pemafibrate suppressed the Scr and blood urea

nitrogen (BUN) levels and inhibited the upregulation of monocyte

chemoattractant protein-1 (MCP-1), tumor necrosis factor-alpha

(TNF-a), interleukin-1 beta (IL-1b), and interleukin-6 (IL-6) (43).
FIGURE 1

Mechanisms of lipid-induced renal dysfunction.
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A prospective observational study reported that switching from

conventional fibrates to pemafibrate for 52 weeks improved eGFR

but increased serum uric acid (UA) in T2DM patients (44). However,

in the PROMINENT trial, pemafibrate did not reduce cardiovascular

risk but was associated with a higher incidence of adverse renal events

(CKD, DN, acute kidney injury, and proteinuria), despite lowering

TG, VLDL-C, remnant cholesterol, and apolipoprotein C-III levels

(45). The researchers indicated that pemafibrate-mediated reductions

in triglyceride-rich lipoprotein remnants were converted into LDL

particles as opposed to the liver removing them. Moreover, an

ongoing open-label, randomized controlled clinical trial (PROFIT-

CKD) aiming to evaluate the effectiveness of pemafibrate on urinary

protein excretion will reveal new findings regarding pemafibrate’s

impact on renal outcomes (46). The search strategies of databases,

flowchart and basic characteristics of fibrate studies associated with

renal outcomes in the diabetic population are shown in Figure 2,

Tables 1 and 2 (38, 39, 44, 45, 47–50).

Although pemafibrate, a selective peroxisome proliferator-

activated receptor alpha (PPARa) agonist, has demonstrated

significant benefits in improving lipid profiles in several clinical

trials, its long-term effects and safety, particularly in diabetic and

kidney disease patients, remain controversial. Some studies suggest

that pemafibrate may offer cardiovascular protection, while others
Frontiers in Endocrinology 05
indicate that its impact on kidney function is not yet fully understood

andmay potentially increase renal burden. Therefore, we recommend

that the use of pemafibrate should be carefully assessed based on

individual patient characteristics, especially renal function.
TABLE 1 The search strategies of databases.

Databases Search strategies

MEDLINE Search (“diabetic kidney disease”[Mesh] OR “diabetic
nephropathy”[Mesh] OR “diabetes”[Mesh]) AND
(“fibrate”[Title/Abstract]) AND (“renal outcomes”[Title/
Abstract] OR “kidney function”[Title/Abstract] OR
“albuminuria”[Title/Abstract] OR “glomerular filtration
rate”[Title/Abstract])

Web of
Science

#1 TS=(fibrate)
#2 TS=(diabetic kidney disease OR diabetic nephropathy OR
diabetes)
#3 TS=(renal outcomes OR kidney function OR albuminuria
OR glomerular filtration rate)
#3 AND #2 AND #1

Embase #1 ‘fibrate’:ab,ti
#2 ‘diabetic kidney disease’/exp OR ‘diabetic nephropathy’/exp
OR ‘diabetes’:ab,ti
#3 ‘renal outcomes’:ab,ti OR ‘kidney function’:ab,ti OR
‘albuminuria’:ab,ti OR ‘glomerular filtration rate’:ab,ti
#3 AND #2 AND #1
FIGURE 2

Flowchart of fibrate-related studies examining renal outcomes in the diabetic population.
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TABLE 2 Characteristics of fibrate studies associated with renal outcomes in diabetic population.

Age Sex
atients Study type

Follow
up

Fibrate
group

Control
group

Renal outcomes

2DM with mild
nal impairment

RCT 6 months Bezafibrate Placebo Decrease in albuminuria

2DM RCT 38 months Fenofibrate Placebo Decrease in albuminuria

2DM RCT 5 years Fenofibrate Placebo Decrease in albuminuria;
Lower rate of eGFR decline;

2DM RCT 4 years Fenofibrate
+ simvastatin

Placebo +
simvastatin

Decrease in albuminuria;
Lower rate of eGFR decline;

2DM RCT 180 days Fenofibrate No placebo Decrease in albuminuria;

2DM Retrospective study 12 months Pemafibrate Fenofibrate Increase in eGFR

2DM Prospective
observational study

52 weeks Pemafibrate Conventional
fibrates

Increase in eGFR

2DM RCT 3.4 years Pemafibrate Placebo Higher incidence of renal adverse events (CKD,
DN, AKI, and proteinuria)

ltration rate; CKD, chronic kidney disease; DN, diabetic nephropathy; AKI, acute kidney disease.
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Study N
(years)

Country
(male%)

P

Bruce R et al.,
1996 (47)

24 58 ± 9 New Zealand / T
r

Ansquer JC et al.,
2005 (48)

314 56 France 75.5 T

Davis TM et al.,
2011 (39)

9795 50-75 Australia,
New Zealand,
and Finland

63 T

Frazier R et al.,
2018 (38)

5268 62.8 ± 6.6 United States 69.4 T

Sun X et al.,
2020 (49)

56 30-75 China 66 T

Yanai H et al.,
2021 (50)

15 55.1 ± 12 Japan 53.3 T

Kito K et al.,
2022 (44)

504 61 Japan 64.5 T

Das Pradhan A et al.,
2022 (45)

10,497 58-70 Japan 72.5 T

T2DM, type 2 diabetes mellitus; RCT, randomized controlled trial; eGFR, estimated glomerular
e
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3.3 Proprotein convertase subtilisin/kexin
type 9 inhibitors

PCSK9 inhibitors enhance the expression of low-density

lipoprotein receptor (LDL-R) on the surface of hepatocytes to

accelerate LDL catabolism and reduce plasma LDL-C levels. The

main PCSK9 inhibitors currently on the market are PCSK9

monoclonal antibodies (mAbs), including evolocumab and

alirocumab. Multiple randomized controlled trials claim that

PCSK9 mAbs seem effective in reducing the risk of major

cardiovascular events (MACE) and in improving the lipid profiles

of subjects with diabetes and dyslipidemia (51). In high-fat diet/

streptozotocin (HFD/STZ)-induced mice, PCSK9 mAbs inhibited

the cyclic GMP-AMP synthase (cGAS)/stimulator of interferon

genes (STING) signaling pathway associated with inflammation

cascades and markedly reduced the Scr, BUN, and UACR indexes in

DKD (52). Feng et al. found that the serum PCSK9 level was

positively correlated with BUN, Scr, TG, and UACR but inversely

correlated with eGFR. A logistic regression model revealed that

PCSK9 was an independent risk factor for UACR ≥ 30 mg/g and

eGFR<60 mL/min/1.73 m2 (53). Nevertheless, a cross-sectional

study of 134 DKD patients suggested that the fibrate/statin

combination therapy remained independently associated with

higher PCSK9 levels. The biomarker potential of PCSK9 levels

should be investigated to identify DKD patients who may benefit

from anti-PCSK9 strategies (54).

Compared with statins, PCSK9 inhibitors have no significant side

effects on the liver and kidney, presenting good safety and tolerability

instead. However, PCSK9 mAbs must be injected every two weeks

during the initial stages of the treatment. Inclisiran, a novel small

interference RNA (siRNA) that inhibits PCSK9, is administered twice

a year to achieve an effective and sustained reduction in LDL-C.

Inclisiran maintenance therapy is a reasonable alternative to PCSK9

mAbs in patients who struggle with adherence to PCSK9 mAbs (55,

56). ORION-3, a 4-year open-label extension study of the placebo-

controlled, phase 2 ORION-1 trial, suggested that LDL-C in the

inclisiran-only arm was reduced by 47.5% at day 210, and the

reduction was sustained over 1440 days. The 4-year average mean

reduction in LDL-C was 44.2%, with reductions in PCSK9 ranging

from 62.2% to 77.8% (57). Another patient-level pooled analysis of

ORION-9, -10, and -11 revealed that a total of 141 MACEs were

reported in the inclisiran group (n=1833) during the 18-month

treatment, with 201 MACEs in the placebo group (n=1822).

Inclisiran statistically reduced the risk of composite MACE

(OR=0.74, 95%CI:0.58-0.94) in patients with heterozygous familial

hypercholesterolemia, ASCVD, or an ASCVD risk equivalent for the

maximally tolerated statin-therapy (58). This analysis offers early

insights into the potential CV benefits of lowering LDL-C with

inclisiran, while the effect of inclisiran on DKD patients awaits

confirmation in future clinical studies.

Regarding PCSK9 inhibitors, although these agents have proven

benefits in lowering LDL cholesterol and reducing cardiovascular

events, their long-term safety, including any systemic side effects,

remains a subject of ongoing research. Potential adverse effects such

as injection site reactions, muscle pain, and a possible increased risk
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of diabetes need to be closely monitored in patients, especially those

who may already be at higher risk due to their cardiovascular and

metabolic conditions (57, 58).
3.4 Therapeutic plasmapheresis

For patients who have severe hypercholesterolemia or cannot

tolerate lipid-lowering drugs, therapeutic plasmapheresis is highly

recommended. Low-density lipoprotein apheresis (LDL-A) can

selectively remove LDL, ox-LDL, and VLDL from plasma via

powerful specific adsorption. In a Japanese multicenter

prospective study (LICENSE), LDL apheresis was performed 6-12

times over 12 weeks in 40 diabetic patients with severe proteinuria

and dyslipidemia. After 6 months, the proportion of cases with 30%

or more reduced proteinuria in the LDL-A group was 25%. The

overall survival and end-stage kidney disease-free survival rates

were significantly higher in the LDL-A group than in historical

controls (59). In addition, LDL apheresis may improve the mental

and physical quality of life in patients with DKD (60).

Double filtration plasmapheresis (DFPP), a semi-selective blood

purification modality with little or no albumin replacement, can

filter plasma pathogenic substances such as lipids, autoantibodies,

and inflammatory factors using component separators of different

pore sizes. The second filter must be chosen for each patient

according to the size of the lipoproteins. In diabetic patients with

severe hypertriglyceridemia, the centrifuge-type blood cell separator

might be more efficient than the hollow-fiber column for the plasma

separation of triglyceride-rich lipoproteins (61). Recently, a clinical

trial involving 45 adults with hyperlipidemia reported a significant

reduction in all lipid profile components (TC, TG, HDL, and LDL)

after DFPP treatment. As for uremic toxins and inflammation, CRP,

UA, and alanine transaminase (ALT) levels decreased, which may

be related to removing serum perfluorooctane sulfonate (PFOS) and

improving renal functions (62). DFPP has a strong lipid-lowering

activity and can regulate proteins related to apoptosis, lipid

metabolism, and endoplasmic reticulum stress, reducing reactive

oxygen species (ROS) and serum inflammatory factors release (63).
4 Conclusions

Abnormal lipid metabolism may damage glomerular podocytes

and renal tubular epithelial cells via ectopic lipid deposition,

eventually impairing glomerular filtration function and increasing

urinary albumin excretion in DKD. Lipid-lowering therapies can

ameliorate lipid accumulation, downregulate the expression of

inflammatory mediators, and alleviate renal fibrosis. The

application of fibrates and statins exhibits beneficial effects on

reducing albuminuria progression and slowing eGFR decline in

early DKD. However, the long-term effects of statins and fibrates on

renal outcomes remain controversial and await confirmation in

larger and longer sample trials. PCSK9-targeted interventions have

minimal side effects on the kidney and seem effective in reducing

inflammation and improving renal impairment compared with

statins and fibrates. Incisiran, a novel PCSK9 siRNA, is
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administered twice a year to achieve a sustained and effective

reduction in LDL-C, providing new therapeutic opportunities for

DKD. Additionally, future studies are needed to further evaluate its

long-term renal safety and potential effects on proteinuria to optimize

lipid-loweringmanagement strategies for DKD. Furthermore, LDL-A

and DFPP are promising clinical applications in diabetic patients

with severe hypercholesterolemia or lipid-lowering drug intolerance.

The traditional understanding of diabetic kidney disease (DKD)

follows a progressive course characterized by glomerular

hyperfiltration, microalbuminuria, overt proteinuria, and a

subsequent decline in eGFR. However, recent evidence challenges

this linear model, suggesting that DKD manifests in two distinct

phenotypes: albuminuric DKD, characterized by persistent

albuminuria, and non-albuminuric DKD, where renal impairment

(eGFR < 60 ml/min/1.73m²) occurs without significant albuminuria

(64). These two phenotypes may have different pathophysiological

mechanisms, with non-albuminuric DKD more closely associated

with tubulointerstitial damage, vascular dysfunction, and metabolic

abnormalities, rather than glomerular injury alone. Non-albuminuric

DKD patients typically do not exhibit the usual signs of proteinuria or

renal dysfunction but still face a higher cardiovascular risk (9). Given

the metabolic abnormalities and early kidney damage in these

patients, personalized treatment strategies are crucial. Dyslipidemia

plays a significant role in DKD progression, so clinicians should tailor

treatment plans based on individual factors, including glycemic

control, lipid levels, renal function, and other cardiovascular risk

factors. It is important to avoid medications that may further burden

the kidneys and to consider nephroprotective drugs, such as SGLT2

inhibitors and GLP-1 receptor agonists. Understanding the

differences between these two phenotypes could help develop more

targeted therapeutic strategies and improve risk stratification in

DKD management.

Given the significant heterogeneity in lipid profiles and

metabolic responses among DKD patients, precision medicine

strategies for individualized lipid management have emerged as a

key area for future research. Different patients may exhibit distinct

lipid metabolism abnormalities, such as elevated triglycerides (TG),

low high-density lipoprotein cholesterol (HDL-C), or small, dense

low-density lipoprotein (sd-LDL), each of which may contribute

differently to DKD progression. A one-size-fits-all lipid-lowering

approach may not be optimal; instead, accurately identifying a

patient’s lipid profile and tailoring treatments based on specific

pathophysiological mechanisms could help enhance therapeutic

efficacy, minimize adverse effects, and improve long-term DKD

outcomes. Future studies should explore differential responses to

lipid-lowering therapies among DKD subtypes and integrate

genomics, metabolomics, and biomarker-based screening to

develop more targeted and personalized treatment strategies.

The emerging understanding of dyslipidemia’s intricate role in the

pathogenesis of DKD underscores the need for continued exploration
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and innovation in therapeutic approaches. Future developments in the

management of dyslipidemia in DKD are likely to revolve around

precisionmedicine approaches, novel therapeutic targets, combination

therapies, non-pharmacological interventions, and advanced

therapeutic modalities. Continued interdisciplinary collaboration

between researchers, clinicians, and industry stakeholders will be

essential in translating these insights into meaningful improvements

in clinical outcomes for patients with DKD.
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5. González-Pérez A, Saez M, Vizcaya D, LindM, Garcia Rodriguez L. Incidence and
risk factors for mortality and end-stage renal disease in people with type 2 diabetes and
diabetic kidney disease: a population-based cohort study in the UK. BMJ Open Diabetes
Res Care. (2021) 9:e002146. doi: 10.1136/bmjdrc-2021-002146

6. Ninomiya T, Perkovic V, de Galan BE, Zoungas S, Pillai A, Jardine M, et al.
Albuminuria and kidney function independently predict cardiovascular and renal
outcomes in diabetes. J Am Soc Nephrol. (2009) 20:1813–21. doi: 10.1681/
ASN.2008121270

7. Svensson MK, Cederholm J, Eliasson B, Zethelius B, Gudbjörnsdottir S, Swedish
National Diabetes Register. Albuminuria and renal function as predictors of
cardiovascular events and mortality in a general population of patients with type 2
diabetes: a nationwide observational study from the Swedish National Diabetes
Register. Diabetes Vasc Dis Res. (2013) 10:520–9. doi: 10.1177/1479164113500798

8. Di Pino A, Scicali R, Marchisello S, Zanoli L, Ferrara V, Urbano F, et al. High
glomerular filtration rate is associated with impaired arterial stiffness and
subendocardial viability ratio in prediabetic subjects. Nutr Metab Cardiovasc Dis.
(2021) 31:3393–400. doi: 10.1016/j.numecd.2021.08.030

9. Di Marco M, Scilletta S, Miano N, Marrano N, Natalicchio A, Giorgino F, et al.
Cardiovascular risk and renal injury profile in subjects with type 2 diabetes and non-
albuminuric diabetic kidney disease. Cardiovasc Diabetol. (2023) 22:344. doi: 10.1186/
s12933-023-02065-2

10. Farah RI, Al-Sabbagh MQ, Momani MS, Albtoosh A, Arabiat M, Abdulraheem
AM, et al. Diabetic kidney disease in patients with type 2 diabetes mellitus: a cross-
sectional study. BMC Nephrol. (2021) 22:223. doi: 10.1186/s12882-021-02429-4

11. Gong L, Wang C, Ning G, Wang W, Chen G, Wan Q, et al. High concentrations
of triglycerides are associated with diabetic kidney disease in new-onset type 2 diabetes
in China: Findings from the China Cardiometabolic Disease and Cancer Cohort (4C)
Study. Diabetes Obes Metab. (2021) 23:2551–60. doi: 10.1111/dom.v23.11

12. Matsuoka-Uchiyama N, Uchida HA, Okamoto S, Onishi Y, Katayama K,
Tsuchida-Nishiwaki M, et al. The association of postprandial triglyceride variability
with renal dysfunction and microalbuminuria in patients with type 2 diabetic mellitus:
A retrospective and observational study. J Diabetes Res. (2022) 2022:3157841.
doi: 10.1155/2022/3157841

13. Russo G, Piscitelli P, Giandalia A, Viazzi F, Pontremoli R, Fioretto P, et al.
Atherogenic dyslipidemia and diabetic nephropathy. J Nephrol. (2020) 33:1001–8.
doi: 10.1007/s40620-020-00739-8

14. Russo GT, De Cosmo S, Viazzi F, Pacilli A, Ceriello A, Genovese S, et al. Plasma
triglycerides and HDL-C levels predict the development of diabetic kidney disease in
subjects with type 2 diabetes: the AMD annals initiative.Diabetes Care. (2016) 39:2278–
87. doi: 10.2337/dc16-1246

15. Hirano T, Satoh N, Kodera R, Hirashima T, Suzuki N, Aoki E, et al. Dyslipidemia
in diabetic kidney disease classified by proteinuria and renal dysfunction: A cross-
sectional study from a regional diabetes cohort. J Diabetes Investig. (2022) 13:657–67.
doi: 10.1111/jdi.13697

16. Hirano T. Pathophysiology of diabetic dyslipidemia. J Atheroscler Thromb.
(2018) 25:771–82. doi: 10.5551/jat.RV17023

17. Sacks FM, Hermans MP, Fioretto P, Valensi P, Davis T, Horton E, et al.
Association between plasma triglycerides and high-density lipoprotein cholesterol
and microvascular kidney disease and retinopathy in type 2 diabetes mellitus: a
global case-control study in 13 countries. Circulation. (2014) 129:999–1008.
doi: 10.1161/CIRCULATIONAHA.113.002529

18. Wang C, Wang L, Liang K, Yan F, Hou X, Liu F, et al. Poor control of plasma
triglycerides is associated with early decline of estimated glomerular filtration rates in
new-onset type 2 diabetes in China: results from a 3-year follow-up study. J Diabetes
Res. (2020) 2020:3613041. doi: 10.1155/2020/3613041

19. Pontremoli R, Desideri G, Arca M, Temporelli PL, Perrone V, Dovizio M, et al.
Hypertriglyceridemia is associated with decline of estimated glomerular filtration rate
and risk of end-stage kidney disease in a real-word Italian cohort: Evidence from the
TG-RENAL Study. Eur J Intern Med. (2023) 111:90–6. doi: 10.1016/j.ejim.2023.02.019

20. Bjornstad P, Maahs DM, Wadwa RP, Pyle L, Rewers M, Eckel RH, et al. Plasma
triglycerides predict incident albuminuria and progression of coronary artery
Frontiers in Endocrinology 09
calcification in adults with type 1 diabetes: the Coronary Artery Calcification in
Type 1 Diabetes Study. J Clin Lipidol. (2014) 8:576–83. doi: 10.1016/j.jacl.2014.08.008

21. Yang H, Young D, Gao J, Yuan Y, Shen M, Zhang Y, et al. Are blood lipids
associated with microvascular complications among type 2 diabetes mellitus patients?
A cross-sectional study in Shanghai, China. Lipids Health Dis. (2019) 18:18.
doi: 10.1186/s12944-019-0970-2

22. Yun KJ, Kim HJ, KimMK, Kwon HS, Baek KH, Roh YJ, et al. Risk factors for the
development and progression of diabetic kidney disease in patients with type 2 diabetes
mellitus and advanced diabetic retinopathy. Diabetes Metab J. (2016) 40:473–81.
doi: 10.4093/dmj.2016.40.6.473

23. Uemura T, Nishimoto M, Eriguchi M, Tamaki H, Tasaki H, Furuyama R, et al.
Association of triglycerides to high-density lipoprotein cholesterol ratio with incident
cardiovascular disease but not end-stage kidney disease among patients with biopsy-
proven diabetic nephropathy. Hypertens Res. (2023) 46:1423–32. doi: 10.1038/s41440-
023-01197-y

24. Oliveira HCF, Raposo HF. Cholesteryl ester transfer protein and lipid
metabolism and cardiovascular diseases. Adv Exp Med Biol. (2020) 1276:15–25.
doi: 10.1007/978-981-15-6082-8_2
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