
Clin. Lab. 12/2025 1 

Clin. Lab. 2025;71:XXX-XXX 

©Copyright 

REVIEW ARTICLE 
 

 

 

Progress in the Mechanism of  

Hyperhomocysteinemia-Induced Renal Injury 
 

Jin Zhang 1, *, Dagong Zhang 2, *, Zhen Xu 1, Yiming Wang 1, Xiaosong Qin 1 
 

* Jin Zhang and Dagong Zhang contributed equally to this work 
1 Department of Laboratory Medicine, Shengjing Hospital of China Medical University, Shenyang, Liaoning, People’s Republic of China 

2 Department of Rehabilitation Medicine, Shengjing Hospital of China Medical University, Shenyang, Liaoning, People’s Republic of China 

 

 

 

 
SUMMARY 

 

Background: Hcy is a sulfhydryl amino acid in the metabolism of methionine. It has been recognized as an inde-

pendent risk factor for cardiovascular disease. In recent years, the relationship between hyperhomocysteinemia and 

renal disease has received attention from many researchers. However, the specific mechanisms by which Hcy plays 

a role in cardiovascular pathology in patients with chronic kidney disease are complex. 

Methods: We consulted the relevant literature and sorted and summarized it. 

Results: Multiple mechanisms of hyperhomocysteinemia-induced renal injury are summarized in detail from dif-

ferent perspectives, including oxidative stress, vascular endothelial damage, inflammatory response, cellular auto-

phagy, apoptosis, fibrosis, and epigenetic regulation. 

Conclusions: Hyperhomocysteinemia acts synergistically through multiple pathways, leading to glomerulosclerosis, 

tubular atrophy, and interstitial fibrosis, and ultimately accelerating renal failure. These mechanisms are complex 

and interrelated, suggesting that a comprehensive intervention strategy may achieve the ultimate goal of reducing 

renal injury. 

(Clin. Lab. 2025;71:xx-xx. DOI: 10.7754/Clin.Lab.2025.250335) 

 

 
Correspondence: 

Xiaosong Qin 

Department of Laboratory Medicine 

Shengjing Hospital of China Medical University 

No. 36 Sanhao Street  

Shenyang  

Liaoning, 110004  

P. R. China 

Phone: + 86 9661572133 

Fax: + 86 9661572216 

Email: qinxs@sj-hospital.org 

 

 

 

 

 

 

 

 

 

 

____________________________________________ 

Manuscript accepted April 24, 2025 

KEYWORDS 

 

homocysteine, hyperhomocysteinemia, renal injury 

 

 

LIST OF ABBREVIATIONS 

 

Hcy - Homocysteine 

HHcy - Hyperhomocysteinemia 

CSE - Cystathionine-γ-lyase 

CBS - Cystathionine-beta-synthase 

MTHFR - Methylenetetrahydrofolate reductase 

CKD - Chronic kidney disease 

ESRD - End-stage renal disease 

SAM - S-adenosyl-methionine 

SAH - S-adenosyl-hcy 

eGFR - Estimated glomerular filtration rate 

NOX - Nicotinamide adenine dinucleotide phosphate 

oxidase 

HuR - Human antigen R 

HO-1 - Heme oxygenase-1 

ROS - Reactive oxygen species 
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P13K - Phosphoinositide 3-kinase 

eNOS - Endothelial nitric oxide synthase 

NO - Nitric oxide 

NOD2 - Nucleotide binding oligomerization domain 2 

TRPC6 - Transient receptor potential cation channel pro-

tein 6 

PGRN - Progranulin 

GSK-3β - Glycogen synthase kinase 3 beta 

L-Hcy - L-homocysteine 

VEGF - Vascular endothelial growth factor 

IL-1β - Interleukin-1β 

NLRP3 - Nucleotide-binding oligomerization domain-

like receptor containing pyrin domain 3 

Rac1 - RAS-related C3 botulinum toxin substrate 1 

Vav2 - Vav guanine nucleotide exchange factor 2 

LC3 - Light chain 3 

TFEB - Transcription factor EB 

ECM - Extracellular matrix 

FOXO - Forkhead box O 

H2S - Hydrogen sulfide 

MMP-2 - Matrix metallopeptidase 2 

MMP-9 - Matrix metallopeptidase 9 

MMP-14 - Matrix metallopeptidase 14 

Col I - Collagen type I 

Col IV - Collagen type IV 

Fbn-1 - Fibrillin 1 

ATP - Adenosine triphosphate 

 

 

REVIEW 

 

Homocysteine (Hcy) is a sulfhydryl amino acid in the 

metabolism of methionine. The prevalence of hyperho-

mocysteinemia (HHcy) has been reported to be on the 

rise in recent years [1]. Hcy has been recognized as an 

independent risk factor for cardiovascular and cerebro-

vascular diseases and is highly correlated with the onset 

of peripheral vascular pathology, Alzheimer's disease, 

neoplasms, diabetes mellitus, and complications of preg-

nancy [2-4]. In recent years, the relationship between 

HHcy and renal diseases has also received attention from 

many researchers [5,6]. In this paper, we review the 

mechanism of hyperhomocysteinemia-induced renal in-

jury to provide new ideas for the clinical treatment of 

HHcy and related diseases. 

 

Overview of homocysteine 

Hcy is metabolically cleared by two main pathways: 1) 

the transsulfuration pathway: Hcy is first condensed with 

serine to form cystathionine-thionine complex. Then, it 

is broken down into cysteine with the assistance of cysta-

thionine-γ-lyase (CSE) and cystathionine-beta-synthase 

(CBS). This process is mainly catalyzed by both CBS and 

CSE. 2) Remethylation pathway: By using Hcy as a sub-

strate and folate and vitamin B12 as cofactors, methio-

nine is regenerated by methylenetetrahydrofolate reduc-

tase (MTHFR), a process that occurs mainly in the liver 

and kidney [7,8]. When the body is deficient in important 

vitamin cofactors (folic acid, vitamin B6, vitamin B12) 

or enzymes (MTHFR, CBS, CSE), or when methionine 

is ingested in excess, this will result in elevated serum or 

plasma Hcy concentrations [2]. In addition, alcohol con-

sumption, cigarette smoking, coffee intake, age, gender, 

and altered hormone levels can also increase Hcy levels 

[9].  

 

Homocysteine and kidney disease 

Renal function and Hcy metabolism 

Organs such as the liver, kidney, intestine, and pancreas 

contain enzymes required for Hcy metabolism, with 

MTHFR and CBS being the most active in renal tissues 

[10,11]; thus, the kidneys play an important role in Hcy 

clearance. In addition, choline is oxidized by choline de-

hydrogenase to betaine aldehyde, and subsequently, by 

betaine aldehyde dehydrogenase, oxidized to betaine 

[12], and both betaine aldehyde and betaine aldehyde de-

hydrogenase are predominantly present/localized in the 

liver and kidney [13,14]. Therefore, when renal function 

is impaired, one of the major enzymes for betaine pro-

duction, betaine aldehyde dehydrogenase, is reduced or 

absent, resulting in reduced betaine synthesis. Betaine 

metabolism is critical as a methyl donor for methionine 

synthesis and regulation of Hcy levels, which increase 

when betaine concentrations are reduced or when folate 

and vitamin B12 are deficient [15]. Hyperhomocysteine 

has been reported to be present in 36% - 89% of patients 

with chronic kidney disease, with a prevalence of hyper-

homocysteine as high as 85% to 100% in patients with 

end-stage renal disease [16,17]. 

Hyperhomocysteine and kidney disease 

Chronic kidney disease (CKD) is a global health problem 

that can progress to advanced renal failure, end stage re-

nal disease (ESRD), and even death, but it still lacks ef-

fective treatment. Studies have shown that elevated Hcy 

levels are independently associated with reduced glomer-

ular filtration rate, suggesting that hyperhomocysteine 

increases the risk of developing CKD [18]. Hyperhomo-

cysteine is associated with the pathophysiology of glo-

merulosclerosis and interstitial fibrosis, leading to pro-

gressive decline in renal function [19]. Hyperhomocyste-

ine has been suggested to be an independent predictor of 

the development of CKD, as well as the progression of 

CKD, and a risk or causative factor for cardiovascular 

complications [20,21]. Several studies have shown that 

hyperhomocysteine accelerates CKD progression by 

modulating oxidative stress, endoplasmic reticulum 

stress, and inflammatory responses [22-24]. 

Patients with ESRD have higher rates of hospitalization, 

cardiovascular events, and all-cause mortality compared 

with patients with normal renal function, as well as seri-

ous economic burden on the country and the population 

[25]. Elevated Hcy is a potential risk factor for athero-

sclerosis in patients with preserved renal function and is 

particularly important in patients with ESRD [26]. Pros-

pective clinical studies have shown that an elevation of 

serum Hcy by 5 pmol/L increases the probability of mor-

tality by 7% and cardiovascular events by 9% in ESRD 

patients and that Hcy levels may be a risk factor for car-
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diovascular disease and mortality in ESRD patients [27]. 

Although there is a direct correlation between Hcy levels 

and cardiovascular events in patients with chronic kidney 

disease, clinical studies have shown that elevated Hcy 

levels, a factor that may contribute to accelerated athero-

sclerosis in patients with ESRD, are not fully ameliorated 

by statins [28]. It has been shown by others that although 

high-dose intravenous B vitamins were effective in re-

ducing Hcy levels in dialysis patients, there was limited 

improvement in the body's methylation potential (S-

Adenosyl-Hcy (SAH), S-adenosyl-methionine (SAM)). 

Whereas elevated blood levels of SAH and its imbalance 

in proportion to SAM are closely associated with vascu-

lar injury, further exploration is needed to determine 

whether the combination of long-term vitamin therapy 

and antioxidants can improve the overall prognosis of pa-

tients with chronic kidney disease, especially with regard 

to the potential role of targeting cardiovascular risk [29]. 

Similarly, the results of 13 randomized trials involving 

11,049 patients have shown that folic acid supplementa-

tion may not reduce the risk of acute myocardial infarc-

tion or stroke in patients with chronic kidney disease 

[30]. These results suggest that the specific mechanisms 

by which Hcy plays a role in cardiovascular pathology in 

patients with chronic kidney disease are complex. 

Researchers from the Takahata region of Japan investi-

gated the synergistic risks associated with HHcy and 

mild-to-moderate chronic kidney disease. An 18.6-year 

follow-up of 3,377 residents aged ≥ 40 revealed that indi-

viduals with both conditions exhibited significantly high-

er all-cause mortality risk (HR = 2.49) and cardiovascu-

lar event risk (HR = 2.11) compared to those with a single 

condition. This study provides the first evidence in an 

Asian general population that even early-stage CKD pa-

tients enter a ‘high-risk alert zone’ when co-affected by 

HHcy [31]. 

 

Regulatory mechanisms of Hyperhomocysteinemia-

induced renal injury 

Oxidative stress 

Although it has been shown that hyperhomocysteine in-

creases proteinuria in hypertensive patients, the mecha-

nism by which hyperhomocysteine exacerbates renal 

damage in hypertension remains unclear. Podocyte in-

jury is the key to proteinuria formation, and a variety of 

pathogenic factors can lead to abnormal expression of 

nephrin on the surface of podocytes, resulting in abnor-

mal signaling inside and outside the affected podocytes, 

which in turn leads to dysregulation of cytoskeletal pro-

tein structure and disruption of normal podocyte struc-

ture, and ultimately leads to impaired glomerular filtra-

tion function [32-34]. A study [35] found that NOX2 and 

NOX4 were significantly elevated in the kidneys of spon-

taneously hypertensive rats with high homocysteine and 

higher than those of the hyperhomocysteine alone group, 

suggesting that hyperhomocysteine enhances localized 

oxidative stress in the kidneys, and this effect is enhanced 

in the presence of hypertension; there is a synergistic ef-

fect between hyperhomocysteine and hypertension in ex-

acerbating oxidative stress injury. Podocyte injury is one 

of the earliest signs of oxidative stress [36,37], and this 

study also found that the nephrin expression level was 

significantly reduced in the hyperhomocysteine group 

and the spontaneous hypertension + hyperhomocysteine 

group, which is consistent with enhanced oxidative 

stress; whereas, the reduction of nephrin expression was 

prevented when mice were deficient in either the NOX2 

or NOX4 genes, suggesting that hyperhomocysteine and 

hypertension can act on podocyte nephrin via NOX. 

These findings suggest that hyperhomocysteine can syn-

ergize with hypertension to induce proteinuria and aggra-

vate glomerular injury and that these processes are driven 

by a combination of enhanced oxidative stress and re-

duced nephrin expression in podocytes induced by HHcy 

and hypertension. 

Li et al. [38] found that Hcy downregulates the expres-

sion of the RNA-binding protein human antigen R 

(HuR), decreases the binding of HuR to the 3'-untrans-

lated region of heme oxygenase-1 (HO-1), and affects the 

renal tubular cells in the HO-1 mRNA stability, thus de-

creasing the expression levels of HO-1 itself and its 

downstream substances bilirubin and iron; whereas, after 

the addition of HO-1 inducer, HO-1 activity and protein 

levels increased, while the levels of reactive oxygen spe-

cies (ROS) in renal tissues were significantly reduced, 

and the morphological damage was alleviated in the 

mice, suggesting that Hcy mediates cisplatin-induced 

acute kidney injury in mice by disrupting the oxidative 

stress-antioxidant balance involving HO-1 itself and its 

downstream substances, while HO-1 agonists signifi-

cantly attenuate acute kidney injury and CKD progres-

sion. These findings suggest that lowering Hcy levels or 

inducing HO-1 expression may be a potential therapeutic 

strategy to improve the prognosis of acute kidney injury. 

Vascular endothelial damage 

The phosphoinositide 3-kinase/protein kinase B (PI3K/ 

Akt) pathway is widespread in cells and is a signaling 

pathway involved in the regulation of cell growth, prolif-

eration, and differentiation [39,40]. Studies have shown 

that the PI3K/Akt/endothelial nitric oxide synthase 

(eNOS) pathway plays an important role in the abnormal 

endothelial function due to HHcy [41].  HHcy was in-

duced via oral administration of L-methionine. Follow-

ing four consecutive weeks of L-methionine supplemen-

tation, vascular endothelium dysfunction was assessed 

through impaired acetylcholine-induced endothelium-

dependent relaxation, decreased serum nitrite levels, re-

duced eNOS mRNA expression, and compromised vas-

cular endothelial integrity. Injection of insulin and ator-

vastatin significantly improved acetylcholine-induced 

endothelium-dependent relaxation, serum nitrate/nitrite 

levels, eNOS mRNA expression, and vascular endothe-

lial integrity. This ameliorative effect of insulin was 

blocked by PI3K inhibitors, Akt inhibitors, and eNOS in-

hibitors. These findings suggest that activating PI3K and 

its downstream pathways may ameliorate HHcy-induced 

vascular endothelium dysfunction. Therapeutic interven-

tions targeting these pathways may offer potential thera-
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peutic strategies for managing vascular complications 

[42]. 

Inflammatory response 

Han et al. [43] found that nucleotide binding oligomeri-

zation domain 2 (NOD2) expression was significantly in-

creased in the renal cortex of hyperhomocysteine mice, 

and the levels of inflammatory factors and chemokines 

were increased, suggesting that the inflammatory re-

sponse was enhanced in the renal cortex of hyperhomo-

cysteine mice. When the NOD2 gene was knocked down, 

both hyperhomocysteinemia-induced glomerular podo-

cyte injury and renal dysfunction were attenuated, sug-

gesting that NOD2 was involved in hyperhomocysteine-

induced renal injury. It was also found that the high ex-

pression of transient receptor potential cation channel 

protein 6 (TRPC6) and the production of inflammatory 

factors and chemokines in podocytes caused by hyperho-

mocysteine were suppressed when NOD2 was knocked 

down, suggesting that hyperhomocysteinemia-induced 

podocyte TRPC6 expression was NOD2-dependent, and 

NOD2 was involved in regulating the hyperhomocyste-

inemia-induced TRPC6 channel-dependent calcium sig-

naling pathway, which resulted in increased calcium ion 

concentration in podocytes, and ultimately led to apopto-

sis induced by the remodeling of podocyte cytoskeleton 

proteins and the development of glomerular diseases. 

The abovementioned results suggest that NOD2 has the 

function of regulating TRPC6 ion channels, and the 

TRPC6-mediated calcium ion signaling pathway is an 

important signaling pathway connecting the intrinsic im-

mune receptor NOD2 and kidney injury. TRPC6 expres-

sion mediated by NOD2 may be the main cause of hyper-

homocysteinemia-induced kidney injury, and the intrin-

sic immune inflammatory response connected by the 

TRPC6 channel-dependent calcium signaling pathway is 

involved in hyperhomocysteinemia-induced kidney in-

jury. 

Progranulin (PGRN) is an autocrine growth factor found 

in a wide range of tissues and is involved in a variety of 

physiological and pathological processes such as tissue 

development, host defense response, insulin resistance, 

and inflammatory regulation [44-46], and it is particular-

ly protective of the body in chronic inflammation. In 

acute kidney injury, PGRN negatively regulates the im-

mune response [47]; however, the role of PGRN in the 

pathogenesis of hyperhomocysteine is unclear. Fu et al. 

[48] found that PGRN levels were reduced in the renal 

cortex, isolated glomeruli, and tubules of hyperhomocys-

teine mice, with glomeruli being the most markedly re-

duced, suggesting that hyperhomocysteine can cause a 

reduction of renal PGRN in mice. Compared with con-

trols, PGRN-deficient mice fed a folate-free diet for 10 

weeks had an elevated urinary protein/urinary creatinine 

ratio, aggravated glomerulosclerosis, thickening of the 

glomerular basement membrane, and loss of pedunculat-

ed cell peduncles; at the molecular level, expression of 

the pedunculated cell markers nephrin, podocin, and syn-

aptopodin was reduced, and tight junction protein ZO-1 

and occludin loss was exacerbated; PGRN deficiency 

also exacerbated the levels of proinflammatory factors in 

the renal cortex, suggesting that PGRN deficiency exac-

erbates renal insufficiency in hyperhomocysteine mice. 

In contrast, 6 hours after administration of recombinant 

human PGRN (rPGRN), the increase in proteinuria was 

slowed, and renal proinflammatory factors were de-

creased, suggesting that rPGRN has a protective effect 

against renal insufficiency in hyperhomocysteine mice. 

Subsequent analysis by mRNA and Western Blot reveal-

ed that Wnt1 gene expression was upregulated in the kid-

neys of hyperhomocysteine mice, which in turn led to an 

increase in β-catenin levels, which correlated with an in-

crease in the level of phosphorylation of glycogen syn-

thase kinase 3 beta (GSK-3β), and it revealed that the 

lack of PGRN further augmented these changes, suggest-

ing that PGRN negatively regulates Wnt/β-catenin sig-

naling pathway. In in vitro experiments, when podocytes 

were treated with rPGRN or an inhibitor of the Wnt sig-

naling pathway, β-catenin levels were reduced, podocyte 

nephrin and podocin expression was increased, and po-

docyte apoptosis was reduced, suggesting that PGRN 

ameliorates hyperhomocysteinemia-induced podocyte 

dysfunction by inhibiting the Wnt/β-catenin signaling 

pathway. The administration of rPGRN attenuates dis-

ease progression and ameliorates hyperhomocysteine-

mia-induced renal injury and may be a novel therapeutic 

strategy for hyperhomocysteine patients. 

It has been reported that nucleotide-binding oligomeriza-

tion domain-like receptor containing pyrin domain 3 

(NLRP3) inflammasome activation plays an important 

role in the pathogenesis of hyperhomocysteinemia-in-

duced glomerular disease and end-stage renal disease 

[49-51]. Zhang et al. [23] found that L-homocysteine (L-

Hcy) stimulation resulted in a significant increase in the 

expression of junctional proteins, the marker of podocyte 

injury, and a decrease in the markers of podocyte func-

tion and vascular endothelial growth factor (VEGF) se-

cretion; F-actin alignment was disturbed, and caspase-1 

activity and interleukin-1β (IL-1β) production were en-

hanced. Whereas pretreatment of podocytes with RAS-

related C3 botulinum toxin substrate 1 (Rac1) inhibitor 

reduced the L-Hcy-induced increase in junctional protein 

expression and decrease in podocin levels and also at-

tenuated the reduction and rearrangement of F-actin, cas-

pase-1 activity, and IL-1β production. In contrast, in L-

Hcy-treated podocytes, inhibition of Rac1 activity atten-

uated the formation of NLRP3 inflammasome, decreased 

caspase-1 activation, and consequently reduced IL-1β 

production. Conversely, Rac1 activation enhanced the 

formation and activation of NLRP3 inflammasome in 

these cells. The Rac1 inhibitors may inhibit the activation 

of NLRP3 inflammasome in podocytes, thereby reducing 

hyperhomocysteinemia-induced podocyte injury and 

glomerulosclerosis. It was also found that hyperhomo-

cysteine triggers NLRP3 inflammasome activation, po-

docyte dysfunction, and glomerular injury through the 

activation of vav guanine nucleotide exchange factor 2 

(Vav2), which increases Rac1 activity and NOX activity, 

leading to an increase in ROS production [22].  How, 
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then, is the NLRP3 inflammasome released into the ex-

tracellular space? This process may be related to the re-

lease of exosomes of NLRP3 inflammasome [52-57]. 

Without exosome release, NLRP3 inflammasome activa-

tion in podocytes may not trigger the development of glo-

merular inflammation and sclerosis during hyperhomo-

cysteine, whereas blocking exosome secretion and pre-

venting hyperhomocysteinemia-induced immune cell in-

filtration may eliminate glomerular injury [58]. Thus, 

modulation targeting exosome release from podocytes 

may be a novel therapeutic strategy for hyperhomocyste-

inemia-induced glomerular inflammation and injury. 

Mechanisms of cellular autophagy 

Autophagy has become an important mechanism re-

quired to ensure life extension and maintain homeostasis 

in the body [59,60]. Autophagic insufficiency in podo-

cytes leads to oxidized protein accumulation, endoplas-

mic reticulum stress, and proteinuria, and Hcy can direct-

ly lead to podocyte injury and glomerulosclerosis [23, 

61]. To investigate the role of autophagy in hyperhomo-

cysteinemia-induced renal aging, Zhang et al. [62] found 

that the levels of aging-related proteins p53, p21, and p16 

were increased in the kidneys of hyperhomocysteine rats, 

suggesting that renal aging occurs in hyperhomocysteine 

rats. Hyperhomocysteine inhibited the mRNA of auto-

phagosome lysosome-associated marker protein in renal 

tissues and the production of protein light chain 3 (LC3), 

thereby reducing autophagy, suggesting that hyperhomo-

cysteine induces the downregulation of renal autophagy. 

By using Hcy to stimulate the podocytes of mice given 

drugs to upregulate autophagy, a decrease in the levels of 

aging-related proteins was detected, suggesting that auto-

phagic insufficiency participates in hyperhomocysteine-

mia-induced renal aging. Compared to Hcy, the expres-

sion of autophagosome lysosome-associated marker pro-

tein and LC3 was increased by the treatment of the drug 

that upregulated autophagy, suggesting that Hcy can di-

rectly lead to podocyte aging by downregulating auto-

phagy. 

Helical transcription factor EB (TFEB) controls the ex-

pression of autophagosome lysosome-associated genes, 

and TFEB-mediated transcriptional regulation is a key 

regulatory mechanism of autophagy system [63-65]. 

Zhang et al. [62] found that hyperhomocysteine resulted 

in a significant decrease in TFEB expression in renal tis-

sues, which was significantly increased after treatment 

with autophagy upregulating drugs, suggesting that the 

expression of TFEB, a key regulator of autophagy, was 

decreased in hyperhomocysteinemia-induced renal 

aging, and the nitrative stress was involved in this pro-

cess. The abovementioned findings suggest that nitrative 

stress-related autophagy insufficiency is involved in hy-

perhomocysteinemia-induced renal aging, providing new 

ideas for the mechanism and therapeutic strategy of renal 

aging. 

Mechanisms of fibrillation 

Cellular damage and accumulation of glomerular inter-

stitial extracellular matrix (ECM) proteins are character-

istics of CKD [66], and Akt regulates the transcription 

factor forkhead box O (FOXO) under normal conditions 

[67]; however, the role of the Akt/FOXO1 pathway in 

hyperhomocysteinemia-induced thylakoid membrane 

cell injury remains unclear, and whether hydrogen sul-

fide (H2S) plays a protective role remains to be clarified. 

Suravi Majumder et al. [68] found that Hcy inactivates 

Akt by inhibiting Akt phosphorylation, and inactivated 

Akt in turn dephosphorylates FOXO1. After dephosphor-

ylation, FOXO1 becomes active and translocates to the 

nucleus to activate its target genes. Upon treatment with 

H2S donors or FOXO1 inhibitors, FOXO1 nuclear trans-

location was blocked, suggesting that H2S can modulate 

the Akt/FOXO1 cascade reaction. It was also found that 

Hcy increased the expression of matrix metallopeptidase 

2 (MMP-2), matrix metallopeptidase 9 (MMP-9), and 

matrix metallopeptidase 14 (MMP-14) and increased the 

expression of thylakoid matrix proteins collagen type I 

(Col I), collagen type IV (Col IV), and fibrillin 1 (Fbn-1) 

in thylakoid cells compared to control cells, which were 

normalized after treatment by H2S donors or FOXO1 in-

hibitors, suggesting that FOXO1 signaling is involved in 

this process. In addition, Hcy also significantly increased 

apoptosis and reactive oxygen species production, and 

the levels of apoptosis and reactive oxygen species were 

reduced in thylakoid cells after treatment by H2S donors 

or FOXO1 inhibitors, suggesting that the Akt/FOXO1 

signaling pathway is involved in hyperhomocysteinemia-

induced apoptosis and reactive oxygen species. These 

findings suggest that Akt/FOXO1 signaling pathway par-

ticipates in hyperhomocysteinemia-induced thylakoid 

apoptosis and matrix remodeling, and H2S donors can 

alleviate the Akt/FOXO1 cascade response by reducing 

excess ROS production, ameliorating the loss of mito-

chondrial membrane potential, maintaining the intracel-

lular adenosine triphosphate (ATP) concentration, and 

decreasing the activation of caspases, which in turn atten-

uates the hyperhomocysteinemia-induced apoptosis and 

ECM remodeling. 

Abnormalities in epigenetic regulation 

miR-30a-5p is shown to be a biomarker in the urine of 

patients with focal segmental glomerulosclerosis and is 

specifically expressed in cells of the collecting ducts and 

podocytes [69,70]. Ding et al. [71] explored the role of 

miR-30a-5p and its potential mechanism in hyperhomo-

cysteinemia-induced apoptosis of glomerulopodial podo-

cytes. The results showed that elevated Hcy downregu-

lated miR-30a-5p expression in Cbs+/- mice and Hcy-

treated podocytes, and the level of DNA methylation of 

the miR-30a-5p promoter was increased by quantitative 

methylation analysis, indicating that the level of miR-

30a-5p transcripts was regulated by DNA methylation. 

Meanwhile, dual luciferase reporter analysis indicated 

that the region between -1,400 and -921 bp of the miR-

30a-5p promoter might be a regulatory element for its 

transcription. Mechanistic studies showed that DNA 

methyltransferase 1-mediated DNA hypermethylation 

downregulated miR30a-5p expression, and downregulat-

ed expression of miR-30a-5p promoted Hcy-induced 

glomerular podocyte injury by targeting FOXA1, sug-
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gesting that epigenetic modification of miR-30a-5p may 

be involved in hyperhomocysteinemia-induced glomeru-

lar podocyte injury and there may be a new pathogenic 

pathway in hyperhomocysteinemia-induced CKD. 

Apoptosis 

Liu et al. [72] found that the expression of apoptosis-

related proteins (Bax, caspase12) was upregulated in 

mouse kidney podocytes with hcy intervention, suggest-

ing that podocytes apoptosis and kidney injury was 

caused by HHcy, which is consistent with the findings of 

Cao et al. [73]. After feeding methionine to CBS-defi-

cient mice (Cbs+/-), Wu et al. [74] found that serum Hcy 

levels and podocytes apoptosis were significantly in-

creased in the Cbs+/- group of mice, which exacerbated 

kidney injury. Conversely, the reduction of renal func-

tion led to further accumulation of Hcy, which aggravat-

ed renal injury and caused the occurrence and develop-

ment of a series of nephropathies. Zhang et al. [9] found 

that in the cisplatin-induced acute kidney injury model, 

the expression of γH2AX-positive cells in the kidneys of 

HHcy mice increased, suggesting that HHcy aggravated 

DNA damage in the kidney. And DNA damage will in-

duce the activation of mitochondrial damage pathway. 

On the basis of this theory, the study found that the ex-

pression of mitochondrial damage markers (ATP β and 

Cyt c) was increased, the number of TUNEL-positive 

cells in renal tissues was significantly increased, and the 

expression levels of caspase 3 and caspase 12 proteins 

were markedly elevated in the mouse model of cisplatin-

induced acute kidney injury with HHcy, which indicated 

that HHcy could aggravate mitochondrial damage in the 

kidneys of mice and exacerbated apoptosis of renal tubu-

lar epithelial cells through the mitochondrial damage 

pathway. In vitro, Zhang et al. [9] used Hcy and mito-

chondrial inhibitors to intervene in rat renal tubular epi-

thelial cells (NRK-52E) and found that HHcy promotes 

apoptosis in NRK-52E cells through the mitochondrial 

damage signaling pathway, whereas mitochondrial in-

hibitors effectively ameliorate mitochondrial damage. 

These findings suggest that activation of the mitochon-

drial damage pathway due to DNA damage may be one 

of the major pathways causing apoptosis in renal tubular 

epithelial cells. 

In summary, HHcy is closely related to the progression 

of renal diseases. HHcy acts synergistically through mul-

tiple pathways, including oxidative stress, vascular endo-

thelial damage, inflammatory response, fibrosis, and epi-

genetic regulation, leading to glomerulosclerosis, tubular 

atrophy, and interstitial fibrosis, and ultimately accelerat-

ing renal failure. These mechanisms are complex and in-

terrelated, suggesting that a comprehensive intervention 

strategy may achieve the ultimate goal of reducing renal 

injury. 

 

 

Source of Funds:  

This study was supported by a grant from the Scientific 

Research Project of Education Department of Liaoning 

Province (No. LJ232410159113). 

Declaration of Interest: 

The authors have no conflicts of interest to declare. 

 

 

References: 

 
1. Hannibal L, Blom HJ. Homocysteine and disease: causal associa-

tions or epiphenomenons? Mol Aspects Med 2017;53:36-42. 

(PMID: 27876556) 
 

2. Kim J, Kim H, Roh H, Kwon Y. Causes of hyperhomocysteinemia 

and its pathological significance. Arch Pharm Res 2018;41(4):372-
83. (PMID: 29552692) 

 

3. Kumar A, Palfrey HA, Pathak R, Kadowitz PJ, Gettys TW, Murthy 
SN. The metabolism and significance of homocysteine in nutrition 

and health. Nutr Metab (Lond) 2017;14:78. (PMID: 29299040) 

 
4. Xie D, Yuan Y, Guo J, et al. Hyperhomocysteinemia predicts renal 

function decline: a prospective study in hypertensive adults. Sci 

Rep 2015;5:16268. (PMID: 26553372) 
 

5. Long Y, Nie J. Homocysteine in Renal Injury. Kidney Dis (Basel) 

2016;2(2):80-7. (PMID: 27536696) 
 

6. Badri S, Vahdat S, Seirafian S, Pourfarzam M, Gholipur-Shahraki 

T, Ataei S. Homocysteine-Lowering Interventions in Chronic Kid-
ney Disease. J Res Pharm Pract 2021;10(3):114-24.  

(PMID: 35198504) 

 
7. Portillo F, Vázquez J, Pajares MA. Protein-protein interactions in-

volving enzymes of the mammalian methionine and homocysteine 

metabolism. Biochimie 2020;173:33-47. (PMID: 32105812) 
 

8. Sbodio JI, Snyder SH, Paul BD. Regulators of the transsulfuration 

pathway. Br J Pharmacol 2019;176(4):583-93. (PMID: 30007014) 
 

9. Zhang M, Yuan J, Dong R, et al. Hyperhomocysteinemia exacer-

bates ischemia-reperfusion injury-induced acute kidney injury by 
mediating oxidative stress, DNA damage, JNK pathway, and apo-

ptosis. Open Life Sci 2021;16(1):537-43. (PMID: 34124373) 

 
10. Kang S-S, Rosenson RS. Analytic Approaches for the Treatment 

of Hyperhomocysteinemia and Its Impact on Vascular Disease. 

Cardiovasc Drugs Ther 2018;32(2):233-40. (PMID: 29679304) 
 

11. Karmin O, Siow YL. Metabolic Imbalance of Homocysteine and 

Hydrogen Sulfide in Kidney Disease. Curr Med Chem 2018;25(3): 
367-77. (PMID: 28486919) 

 
12. Figueroa-Soto CG, Valenzuela-Soto EM. Glycine betaine rather 

than acting only as an osmolyte also plays a role as regulator in cel-

lular metabolism. Biochimie 2018;147:89-97. (PMID: 29366935) 
 

13. Salvi F, Gadda G. Human choline dehydrogenase: medical pro-

mises and biochemical challenges. Arch Biochem Biophys 2013; 
537(2):243-52. (PMID: 23906661) 

 

14. Izaguirre G, Kikonyogo A, Pietruszko R. Tissue distribution of hu-
man aldehyde dehydrogenase E3 (ALDH9): comparison of en-

zyme activity with E3 protein and mRNA distribution. Comp Bio-

chem Physiol B Biochem Mol Biol 1997;118(1):59-64.  
(PMID: 9417993) 

 

15. Rosas-Rodríguez JA, Valenzuela-Soto EM. The glycine betaine 
role in neurodegenerative, cardiovascular, hepatic, and renal dis-

eases: insights into disease and dysfunction networks. Life Sci 

2021;285:119943. (PMID: 34516992) 
 

16. Lin Y-H, Pao K-Y, Wu V-C, et al. The influence of estimated crea-

tinine clearance on plasma homocysteine in hypertensive patients 
with normal serum creatinine. Clin Biochem 2007;40(3-4):230-4. 

(PMID: 17222811) 



Hyperhomocysteinemia-Associated Renal Injury 

Clin. Lab. 12/2025 7 

17. Jamison RL, Hartigan P, Kaufman JS, et al. Effect of homocysteine 

lowering on mortality and vascular disease in advanced chronic 

kidney disease and end-stage renal disease: a randomized con-
trolled trial. JAMA 2007;298(10):1163-70. (PMID: 17848650) 

 

18. Kong X, Ma X, Zhang C, Su H, Xu D. Hyperhomocysteinemia in-
creases the risk of chronic kidney disease in a Chinese middle-aged 

and elderly population- based cohort. Int Urol Nephrol 2017; 

49(4):661-7. (PMID: 27822673) 
 

19. Pushpakumar S, Kundu S, Sen U. Hydrogen Sulfide Protects Hy-

perhomocysteinemia-Induced Renal Damage by Modulation of 
Caveolin and eNOS Interaction. Sci Rep 2019;9(1):2223.  

(PMID: 30778103) 

 
20. Jakubowski H. Homocysteine Modification in Protein Structure/ 

Function and Human Disease. Physiol Rev 2019;99(1):555-604. 

(PMID: 30427275) 
 

21. Angelini A, Cappuccilli ML, Magnoni G, et al. The link between 

homocysteine, folic acid and vitamin B12 in chronic kidney dis-
ease. G Ital Nefrol 2021;38(4):2021-vol4. (PMID: 34469084) 

 

22. Conley SM, Abais-Battad JM, Yuan X, Zhang Q, Boini KM, Li P-
L. Contribution of guanine nucleotide exchange factor Vav2 to 

NLRP3 inflammasome activation in mouse podocytes during 

hyperhomocysteinemia. Free Radic Biol Med 2017;106:236-44. 
(PMID: 28193546) 

 

23. Zhang Q, Conley SM, Li G, Yuan X, Li P-L. Rac1 GTPase inhibi-
tion blocked podocyte injury and glomerular sclerosis during 

hyperhomocysteinemia via suppression of nucleotide-binding 

oligomerization domain-like receptor containing pyrin domain 3 
inflammasome activation. Kidney Blood Press Res 2019;44(4): 

513-32. (PMID: 31266025) 

 
24. Liu X-D, Zhang L-Y, Zhu T-C, Zhang R-F, Wang S-L, Bao Y. 

Overexpression of miR-34c inhibits high glucose-induced apopto-

sis in podocytes by targeting Notch signaling pathways. Int J Clin 
Exp Pathol 2015;8(5):4525-34. (PMID: 26191142) 

 

25. Long Y, Zhen X, Zhu F, et al. Hyperhomocysteinemia Exacerbates 
Cisplatin-induced Acute Kidney Injury. Int J Biol Sci 2017;13(2): 

219-31. (PMID: 28255274) 

 
26. Bostom AG, Shemin D, Lapane KL, et al. Hyperhomocysteinemia, 

hyperfibrinogenemia, and lipoprotein (a) excess in maintenance 

dialysis patients: a matched case-control study. Atherosclerosis 
1996;125(1):91-101. (PMID: 8831931) 

 

27. Wu C-C, Zheng C-M, Lin Y-F, Lo L, Liao M-T, Lu K-C. Role of 
homocysteine in end-stage renal disease. Clin Biochem 2012; 

45(16-17):1286-94. (PMID: 22683753) 
 

28. Baber U, Toto RD, de Lemos JA. Statins and cardiovascular risk 

reduction in patients with chronic kidney disease and end-stage re-
nal failure. Am Heart J 2007;153(4):471-7. (PMID: 17383281) 

 

29. Herrmann W, Obeid R. Hyperhomocysteinemia and response of 

methionine cycle intermediates to vitamin treatment in renal pa-

tients. Clin Chem Lab Med 2005;43(10):1039-47.  

(PMID: 16197295) 
 

30. Xu X, Qin X, Li Y, et al. Efficacy of Folic Acid Therapy on the 

Progression of Chronic Kidney Disease: The Renal Substudy of 
the China Stroke Primary Prevention Trial. JAMA Intern Med 

2016;176(10):1443-50. (PMID: 27548766) 

 
31. Takehara T, Otaki Y, Matsuo K, et al. Combined effect of hyperho-

mocysteinemia and mild-to-moderate chronic kidney disease on 

mortality and cardiovascular events in the Japanese general popu-
lation: the Yamagata (Takahata) study. Clin Exp Nephrol 2025; 

29(10):1456-64. (PMID: 40906326) 

 

32. Deen WM. What determines glomerular capillary permeability? J 

Clin Invest 2004;114(10):1412-4. (PMID: 15545991) 

 
33. Perysinaki GS, Moysiadis DK, Bertsias G, et al. Podocyte main slit 

diaphragm proteins, nephrin and podocin, are affected at early 

stages of lupus nephritis and correlate with disease histology. 
Lupus 2011;20(8):781-91. (PMID: 21478284) 

 

34. Verma R, Wharram B, Kovari I, et al. Fyn binds to and phosphory-
lates the kidney slit diaphragm component Nephrin. J Biol Chem 

2003;278(23):20716-23. (PMID: 12668668) 

 
35. Gao N, Zhang Y, Li L, et al. Hyperhomocysteinemia-Induced Oxi-

dative Stress Aggravates Renal Damage in Hypertensive Rats. Am 

J Hypertens 2020;33(12):1127-35. (PMID: 32484231) 
 

36. Wartiovaara J, Ofverstedt L-G, Khoshnoodi J, et al. Nephrin 

strands contribute to a porous slit diaphragm scaffold as revealed 
by electron tomography. J Clin Invest 2004;114(10):1475-83. 

(PMID: 15545998) 

 
37. Tryggvason K, Wartiovaara J. Molecular basis of glomerular 

permselectivity. Curr Opin Nephrol Hypertens 2001;10(4):543-9. 

(PMID: 11458036) 
 

38. Li S, Qiu B, Lu H, et al. Hyperhomocysteinemia Accelerates Acute 

Kidney Injury to Chronic Kidney Disease Progression by Down-
regulating Heme Oxygenase-1 Expression. Antioxid Redox Signal 

2019;30(13):1635-50. (PMID: 30084650) 

 
39. Arab HH, Salama SA, Maghrabi IA. Camel milk attenuates metho-

trexate-induced kidney injury via activation of PI3K/Akt/eNOS 

signaling and intervention with oxidative aberrations. Food Funct 
2018;9(5):2661-72. (PMID: 29667662) 

 

40. Li X, Li J, Li Z, et al. Fucoidan from Undaria pinnatifida prevents 
vascular dysfunction through PI3K/Akt/eNOS-dependent mecha-

nisms in the l-NAME-induced hypertensive rat model. Food Funct 

2016;7(5):2398-408. (PMID: 27153123) 
 

41. Liu S, Sun Z, Chu P, et al. EGCG protects against homocysteine-

induced human umbilical vein endothelial cells apoptosis by mod-
ulating mitochondrial- dependent apoptotic signaling and PI3K/ 

Akt/eNOS signaling pathways. Apoptosis 2017;22(5):672-80. 

(PMID: 28317089) 
 

42. Sharma S, Singh M, Sharma PL. Mechanism of hyperhomocystei-

nemia-induced vascular endothelium dysfunction-possible dysreg-
ulation of phosphatidylinositol-3-kinase and its downstream phos-

phoinositide dependent kinase and protein kinase B. Eur J Phar-

macol 2013;721(1-3):365-72. (PMID: 24021535) 
 

43. Han H, Wang Y, Li X, et al. Novel role of NOD2 in mediating 
Ca2+ signaling: evidence from NOD2-regulated podocyte TRPC6 

channels in hyperhomocysteinemia. Hypertension 2013;62(3): 

506-11. (PMID: 23856489) 
 

44. Du P, Fan B, Han H, et al. NOD2 promotes renal injury by exacer-

bating inflammation and podocyte insulin resistance in diabetic 

nephropathy. Kidney Int 2013;84(2):265-76. (PMID: 23594678) 

 

45. Whaley-Connell A, Habibi J, Nistala R, et al. Attenuation of 
NADPH oxidase activation and glomerular filtration barrier re-

modeling with statin treatment. Hypertension 2008;51(2):474-80. 

(PMID: 18172055) 
 

46. Lenoir O, Jasiek M, Hénique C, et al. Endothelial cell and podocyte 

autophagy synergistically protect from diabetes-induced glomeru-
losclerosis. Autophagy 2015;11(7):1130-45. (PMID: 26039325) 

 

47. Kojima K, Nosaka H, Kishimoto Y, et al. Defective glycosylation 
of alpha-dystroglycan contributes to podocyte flattening. Kidney 

Int 2011;79(3):311-6. (PMID: 20944549) 

 



J. Zhang et al. 

  Clin. Lab. 12/2025 8 

48. Fu Y, Sun Y, Zhou M, et al. Therapeutic Potential of Progranulin 

in Hyperhomocysteinemia-Induced Cardiorenal Dysfunction. Hy-

pertension 2017;69(2):259-66. (PMID: 27872232) 
 

49. Martinon F, Mayor A, Tschopp J. The inflammasomes: guardians 

of the body. Annu Rev Immunol 2009;27:229-65.  
(PMID: 19302040) 

 

50. Yi F, Zhang AY, Li N, et al. Inhibition of ceramide-redox signaling 
pathway blocks glomerular injury in hyperhomocysteinemic rats. 

Kidney Int 2006;70(1):88-96. (PMID: 16688115) 

 
51. Wan C, Su H, Zhang C. Role of NADPH Oxidase in Metabolic 

Disease-Related Renal Injury: an Update. Oxid Med Cell Longev 

2016;2016:7813072. (PMID: 27597884) 
 

52. Eitan E, Suire C, Zhang S, Mattson MP. Impact of lysosome status 

on extracellular vesicle content and release. Ageing Res Rev 2016; 
32: 65-74. (PMID: 27238186) 

 

53. van Balkom BWM, Pisitkun T, Verhaar MC, Knepper MA. Exo-
somes and the kidney: prospects for diagnosis and therapy of renal 

diseases. Kidney Int 2011;80(11):1138-45. (PMID: 21881557) 

 
54. Huang D, Li G, Zhang Q, et al. Contribution of podocyte inflam-

matory exosome release to glomerular inflammation and sclerosis 

during hyperhomocysteinemia. Biochim Biophys Acta Mol Basis 
Dis 2021;1867(7):166146. (PMID: 33862145) 

 

55. Li G, Chen Z, Bhat OM, et al. NLRP3 inflammasome as a novel 
target for docosahexaenoic acid metabolites to abrogate glomerular 

injury. J Lipid Res 2017;58(6):1080-90. (PMID: 28404641) 

 
56. Abais JM, Xia M, Li G, Gehr TWB, Boini KM, Li P-L. Contribu-

tion of endogenously produced reactive oxygen species to the acti-

vation of podocyte NLRP3 inflammasomes in hyperhomocysteine-
mia. Free Radic Biol Med 2014;67:211-20. (PMID: 24140862) 

 

57. Li G, Xia M, Abais JM, Boini K, Li P-L, Ritter JK. Protective 
action of anandamide and its COX-2 metabolite against l-homo-

cysteine-induced NLRP3 inflammasome activation and injury in 

podocytes. J Pharmacol Exp Ther 2016;358(1):61-70.  
(PMID: 27189966) 

 

58. Huang D, Li G, Bhat OM, et al. Exosome Biogenesis and Lyso-
some Function Determine Podocyte Exosome Release and Glo-

merular Inflammatory Response during Hyperhomocysteinemia. 

Am J Pathol 2022;192(1):43-55. (PMID: 34717894) 
 

59. Nakamura S, Yoshimori T. Autophagy and Longevity. Mol Cells 

2018;41(1):65-72. 
https://pmc.ncbi.nlm.nih.gov/articles/PMC5792715/ 

 
60. Wong SQ, Kumar AV, Mills J, Lapierre LR. Autophagy in aging 

and longevity. Hum Genet 2020;139(3):277-90.  

(PMID: 31144030) 
 

61. Hartleben B, Gödel M, Meyer-Schwesinger C, et al. Autophagy in-

fluences glomerular disease susceptibility and maintains podocyte 

homeostasis in aging mice. J Clin Invest 2010;120(4):1084-96. 

(PMID: 20200449) 

 
62. Zhang S, Zhang Y, Zhang X, et al. Nitrative Stress-Related Auto-

phagic Insufficiency Participates in Hyperhomocysteinemia-In-

duced Renal Aging. Oxid Med Cell Longev 2020;2020:4252047. 
(PMID: 32047576) 

 

63. Di Malta C, Cinque L, Settembre C. Transcriptional Regulation of 
Autophagy: Mechanisms and Diseases. Front Cell Dev Biol 2019; 

7:114. (PMID: 31312633) 

 
64. Lapierre LR, Kumsta C, Sandri M, Ballabio A, Hansen M. Tran-

scriptional and epigenetic regulation of autophagy in aging. Auto-

phagy 2015;11(6):867-80. (PMID: 25836756) 

65. Antikainen H, Driscoll M, Haspel G, Dobrowolski R. TOR-medi-

ated regulation of metabolism in aging. Aging Cell 2017;16(6): 

1219-33. (PMID: 28971552) 
 

66. Liu L-L, Zhu L-B, Zheng J-N, et al. Development and assessment 

of a predictive nomogram for the progression of IgA nephropathy. 
Sci Rep 2018;8(1):7309. (PMID: 29743598) 

 

67. Wang Y, Zhou Y, Graves DT. FOXO transcription factors: their 
clinical significance and regulation. Biomed Res Int 2014;2014: 

925350. (PMID: 24864265) 

 
68. Majumder S, Ren L, Pushpakumar S, Sen U. Hydrogen sulphide 

mitigates homocysteine-induced apoptosis and matrix remodelling 

in mesangial cells through Akt/FOXO1 signalling cascade. Cell 
Signal 2019;61:66-77. (PMID: 31085234) 

 

69. Wu J, Zheng C, Fan Y, et al. Downregulation of microRNA-30 
facilitates podocyte injury and is prevented by glucocorticoids. J 

Am Soc Nephrol 2014;25(1):92-104. (PMID: 24029422) 

 
70. Yang R, Hong H, Wang M, Ma Z. Correlation between single-nuc-

leotide polymorphisms within miR-30a and related target genes 

and risk or prognosis of nephrotic syndrome. DNA Cell Biol 2018; 
37(3):233-43. (PMID: 29356585) 

 

71. Ding N, Xie L, Ma F, et al. miR-30a-5p promotes glomerular podo-
cyte apoptosis via DNMT1-mediated hypermethylation under hy-

perhomocysteinemia. Acta Biochim Biophys Sin (Shanghai) 2022; 

54(1):126-36. (PMID: 35130620) 
 

72. Liu Kun, Xie Lin, Cao Jun, et al. Increased FoxO1 DNA methyla-

tion level in homocysteine-induced podocyte apoptosis. Chin J 
Tissue Engin Res 2021;25(2):269-73. 

https://doi.org/10.3969/j.issn.2095-4344.2980 

 
73. Cao J, Liu K, Xie L, et al. Effect of fatty acid binding protein 4 on 

the apoptosis of podocytes in mice with hyperhomocysteinemia. J 

Med Postgra 2020;33(1):25-31. 
https://pesquisa.bvsalud.org/portal/resource/pt/wpr-818369 

 

74. Wu, Liu K, Xie L, et al. Mechanism of action of hyperhomocyste-
inemia-induced renal injury in Cbs+/- mice. Chinese Tissue Engin 

Res 2021;25(11):1728-32.  

https://doi.org/10.3969/j.issn.2095-4344.3084 
 

 


