Diabetes, Metabolic Syndrome and Obesity Dove

ORIGINAL RESEARCH

Pathological Characteristics of Ferroptosis in
Kidney Tissues in Type 2 Diabetic Patients with
Diabetic Kidney Disease

Min Li "2, Song Zhaoz, Yan Liu', Qian Wangz, Yongzhe Chenz, Yaru Zhou'

'Department of Endocrinology, The Third Hospital of Hebei Medical University, Shijiazhuang, Hebei, 050051, People’s Republic of China; 2Department
of Nephrology, The Third Hospital of Hebei Medical University, Shijiazhuang, Hebei, 050051, People’s Republic of China

Correspondence: Yaru Zhou, Department of Endocrinology, The Third Hospital of Hebei Medical University, Shijiazhuang, Ziqiang Road 139, Hebei,
050051, People’s Republic of China, Tel +86-0311-8860303 1, Email zyrydsy@hebmu.edu.cn

Background: Diabetes kidney disease (DKD) is a common complication of diabetes and is currently considered the primary cause of
end-stage renal disease. Ferroptosis has been found to participate in the development of DKD. However, no ferroptosis-related markers
have been evaluated in human DKD samples. This study aimed to examine the ferroptosis-related pathological alterations in DKD
samples.

Methods: This study enrolled patients with DKD at the Third Hospital of Hebei Medical University between January 2018 and
December 2022, of whom 30 were diagnosed with DKD and 10 with non-DKD (CON). Clinical data of patients were collected, and
hematoxylin-eosin staining (H&E), PASM, and immunohistochemical staining were performed to evaluate pathological changes and
the expression of ferroptosis-related proteins, including GPX4, ACSL4, Nrf2, TfR1, FTH, and FTL.

Results: Compared with the CON group, patients with DKD exhibited significantly elevated serum creatinine levels and reduced
eGFR (P < 0.05). Iron content and the expression of the ferroptosis-related protein ACSL4 were significantly increased, while the
expression of Nrf2 was significantly decreased in the renal tissues of patients with DKD (P all < 0.05). There were no differences in
the expression of GPX4, TfR1, FTH, or FTL between the two groups. Nrf2 and ACSL4 expression were influential factors in the
occurrence of DKD and both exhibited diagnostic value for DKD. Nrf2 was a protective factor (OR, < 1), whereas ACSL4 was a risk
factor (OR, > 1).

Conclusion: Ferroptosis-promoting gene profile was identified in DKD renal samples, indicating that ferroptosis may participate in
the pathogenesis of DKD. The expression levels of Nrf2 and ASCL4 in the kidneys are related to the severity and progression of
DKD.
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Background

Diabetic kidney disease(DKD), the most common microvascular complication of diabetes, is the main cause of end-stage
renal disease(ESRD). Approximately 30% of patients with type 1 diabetes and 40% of patients with type 2 diabetes
progress to DKD, a serious public health problem worldwide.' Data have indicated that in the last 20 years, most diabetic
complications, such as acute myocardial infarction, death caused by hyperglycemic crisis, stroke, and amputation, have
largely declined, except for ESRD,> which places a huge economic burden on patients and society. However, to date,
there are no effective interventions to delay the progression of DKD. Therefore, clarifying the pathogenesis of DKD is of
great significance for relative treatment strategies.

Ferroptosis is a type of non-apoptotic regulated cell death characterized by iron-dependent lipid peroxidation,® which
is characteristics by intracellular iron overload, and iron-dependent lipid peroxide accumulation. In recent years, the role
of ferroptosis in DKD have been investigated.*”” Iron overload were found in tubular epithelial cells and in DM animal
model.*> Ferroptosis promoting gene profile has also been observed in DKD models both in vivo and in vitro which
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indicating ferroptosis play important role in pathogenesis of DKD. However, very limited data are available regarding the
iron content and relative gene expression in human DKD samples.

In the present study, we aimed to investigate iron content and ferroptosis-related gene expression in human kidney
samples and explore their relationship with DKD.

Methods

Human Kidney Sample Collection
30 kidney tissue samples from paraffin blocks from percutaneous renal biopsies were obtained from patients with type 2
diabetes at the Third Hospital of Hebei Medical University between January 2018 and December 2022, who were
pathologically diagnosed with DKD. Control kidney samples were collected from adjacent renal cancer tissues, and their
pathological findings did not show specific abnormalities or only minimal glomerular changes (CON). The indication of
diabetes renal biopsy are following: T1DM patient (DM duration at least 5 years) with proteinuria or hematuria or tubular
urine; T2DM patients with unexplainable proteinuria, or tubular urine or hematuria and the filtration rate decreased more
than 30% in DM patients without diabetes retinopathy or neuropathy. Baseline patient data regarding sex, age, blood
pressure, hemoglobin, and biochemical data including albumin, blood lipids, blood glucose, uric acid were collected. 24-
hour urine protein and plasma ferritin levels were also recorded.

This study was approved by the Ethics Committee of the Third Hospital of Hebei Medical University (W2023-024-1),
and all participants provided written informed consent forms were signed by all subjects.

Morphological Analysis and Prussian Blue Staining

Kidney tissues were fixed in 4% neutral formaldehyde and embedded in paraffin blocks. Hematoxylin-eosin (H&E),
Masson’s trichrome, and periodic acid silver methenamine(PASM)staining was performed on 4pum kidney sections.
Diabetic glomerulopathy was classified as class I through IV by expert pathologists, according to the Diabetes Mellitus
staging criteria.

The iron content in the kidney tissue was measured using Prussian blue staining. The slices were immersed in 20%
aqueous hydrochloric acid (Iron Reagent A) for 4 min, followed by immersion in aqueous potassium ferrocyanide (Iron
Reagent B) for 4 min. The slices were then rinsed with distilled water, immersed in a 0.1% Nuclear Fast Red Solution for
4-5 minutes, and then rinsed. The tissue was then subjected to two changes of graded ethanol and xylene solutions before
being coverslipped.

Immunohistochemical (IHC) Staining

Slides were deparaffinized, hydrated, and incubated with primary antibodies against Nrf2 (1:50, ab62352, Abcam,
Cambridge, US), GPX4 (1:800, ab125066, Abcam), ACSL4 (1:100, ab155282, Abcam), transferrin receptor protein 1
(TfR1) (1:500, ab214039, Abcam), ferritin heavy chain(FTH) (1:200, ab65080, Abcam), ferritin light chain(FTL) (0.5ug/
mL, ab218400, Abcam). Subsequently, a DAB staining solution (polymer method) kit (P0203, Beyotime, Shanghai,
China) and horseradish peroxidase(HRP)-conjugated secondary antibody were used to detect immunoactivity. Image
analysis and quantification were performed using Image-Pro Plus v6.0 analysis software (Media Cybernetics).

Statistical Analysis

Semi-quantitative immunohistochemistry data were calculated using the GraphPad Prism software (GraphPad Software,
San Diego, CA, USA). Statistical analysis was performed using SPSS software (version 26.0). An independent sample
t-test was used for statistical analysis between the two groups. One-way analysis of variance (ANOVA) was used for
multiple group comparisons, Student Newman Keuls (SNK) g-test was used for pairwise comparison between groups,
and the chi-square test was used for count data comparison between two groups. The correlation between the two factors
was determined using Pearson or Spearman correlation. The influencing factors were analyzed using logistic regression
analysis. The receiver operating characteristic (ROC) curve was used to investigate the diagnostic value of each index in
DKD. All experimental data are expressed as mean + standard deviation (SD), and P < 0.05.
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Results

Baseline Characteristics of Subjects

Data from the present study indicated that, compared to the CON group, DKD patients exhibited significantly elevated
serum creatinine levels and reduced eGFR (P < 0.05). No differences were found in age, blood pressure, hemoglobin,
albumin, blood lipids, blood glucose, uric acid, 24-hour urine protein, or serum ferritin levels. As for the pathological
type, 0/30 (0%), 23/30 (76.6%), 6/30 (20.0%), and 1/30 (3.33%) patients were categorized as class I, class II, class III,
and class IV, respectively, according to diabetic glomerulopathy. (Table 1)

Compared with the CON group, samples from DKD patients exhibited magnificent pathological alterations, including
proliferation of glomerular mesangial cells and matrix (accompanied by the formation of Kimmelstiel Wilson nodules),
thickening of the basement membrane, and renal interstitial fibrosis. In the present study, 23 samples were in class II, six
samples were in class III, and only one sample was in class IV for DKD. (Figure 1)

Iron Content and the Expression of Ferroptosis-Related Genes in DKD Samples
Data from this study showed that, compared to the CON group, the iron content was significantly increased in the DKD
samples (P < 0.01), indicating that renal iron overload was involved in the pathogenesis of DKD.

The data indicated that compared to the CON group, the expression of ACSL4 was significantly increased in the renal
tissues of DKD patients, while Nrf2 expression was significantly decreased (P all < 0.01), indicating that ferroptosis
promotes the gene expression profile in DKD samples. The expression of GPX4 and TfR1 tended to increase, whereas

that of FTH and FTL tended to decrease, but the difference was not statistically significant (P > 0.05). (Figure 2)

Table | Demographical Characteristics of Subjects

Variables Control(n=10) DKD(n=30) tiZ/c2 P
Gender 0.000 1.000
male 6 19

female 4 Il

Age(years) 51.40+16.08 52.27+12.18 —-0.180 | 0.858
SBP(mmHg) 147.70+11.13 151.67+10.99 —0.986 | 0.331
DBP(mmHg) 88.80+12.15 94.80+12.41 -1.33 | 0.191
Hb(g/L) 133.5(127.5, 139.25) 130(121, 136) —1.204 | 0.229
AIB(g/L) 40.13+3.95 39.5845.73 0.282 | 0.779
TC(mmol/L) 3.17£0.96 3.20+1.56 —0.055 | 0.957
TG(mmol/L) 1.41(1.03,2.00) 1.54(1.12,2.53) —0.594 | 0.553
HDL(mmol/L) 1.40(1.03,1.86) 1.25(1.10,1.77) —-0.078 | 0.938
LDL(mmol/L) 3.05(2.88,5.12) 3.02(2.50,4.17) —0.500 | 0.617
LPa(mmol/L) 282.10(143.83, 480.50) | 312.05(147.70, 586.23) | —0.156 | 0.876
GLU(mmol/L) 5.53(4.86,6.14) 5.905(4.69,6.49) -0.781 | 0.435
CREA(umol/L) 73.19£12.51 84.45+18.37 —2.169 | 0.041
UA(umol/L) 310.00(225.50, 410.00) | 363.50(323.25, 471.75) | —1.515 | 0.130
eGFR(mL/min/1.73m?) 98.78+23.49 83.1716.70 2.307 | 0.027
Proteinuria (g/24 h) 0.90(0.52,1.15) 1.22(0.61,1.84) —1.687 | 0.092
Serum Ferritin(ng/mL) 193.4(163.7, 228.95) 157.8(125.58, 239.8) —-1.187 | 0.235
Pathological type, /II/II/IV - 0/23/6/1 - -

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; Hb, hemoglobin; AIB, Albumin; TC, total
cholesterol; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LPa, lipoprotein a; GLU,
glucose; CREA, creatinine; UA, uric acid; eGFR, estimated glomerular filtration rate; 24hpro, 24-hour urine protein
quantification; DKD, diabetic kidney disease.

Diabetes, Metabolic Syndrome and Obesity 2024:17 https: 4107

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

H&E H&E PAS Masson Iron

CON
10.im
DKD
100pm
e f g h
50 s 40 40 1.0
— § *% _ P _ 0 8 * %
— - - B .8
g 4 < 30- < 30+ &,
b ] =]
g 5 z = 0.6
& g < g™
= ‘= 20 = 20 s
= = = e
E 20_ s g‘) < 0.4"
£ = s 4
_I_ — —
= 10+ g 10 s 10 £ 0.2-
<
=
0 T 0- 0" 00_
CON DKD CON DKD CON DKD CON DKD

Figure | Pathological features of DKD patients and controls. H&E staining of kidney sections from the control and DKD groups (a). (b) PAS staining, (c) Masson staining,
and (d) Prussian blue staining of the kidney sections from each group. Semi-quantitative analysis of tubular damage and the degree of fibrosis (e and f), mesangial scores, and
Fe** area ratio (g and h). Data are expressed as mean * SD. *p < 0.01 vs CON group; DKD, diabetic kidney disease.

Correlation Analysis of Serum Creatinine, eGFR and Ferroptosis Related Genes in

Renal Tissue of DKD Patients

Data from the present study showed that CREA was negatively correlated with the gene expression of Nrf2 (r = —0.556,
P = 0.001) and positively correlated with ACSL4 (r = 0.422, P = 0.020); eGFR was positively correlated with Nrf2
expression (r = 0.378, P = 0.039) and negatively correlated with ACSL4 (r = —0.456, P = 0.011) (Figure 3).

Risk Factors and Diagnostic Efficacy Analysis for the Occurrence and Development of
DKD
The data indicated that the gene expression of Nrf2 and ACSL4 was an influencing factor for DKD; Nrf2 was
a protective factor (OR < 1), while ACSL4 was a risk factor (OR > 1) (Table 2).

ROC analysis showed that both Nrf2 and ACSL4 expression possessed diagnostic value for DKD, with areas under
the curve of 0.817 and 0.890, respectively. Sensitivity and specificity were 73.33%, 90.00%, 76.67%, and 90.00%,
respectively. The diagnostic cut-off values were 0.0864 and 0.1495, respectively (Table 3 and Figure 4).

Discussion

DKD is a severe microvascular complication of diabetes mellitus. The World Health Organization (WHO) predicts that
by 2040, the number of diabetic patients worldwide will increase to 600 million, of which approximately 1/3 will develop
DKD.® Ferroptosis, a new form of controlled cell death associated with lipid peroxidation in an iron-dependent manner,’
has been found previously participates in the pathogenesis of many renal diseases, including DKD, acute kidney injury,
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Figure 2 Expression of ferroptosis-related genes in the human’s kidneys. The expression of Nrf2, ACSL4, TfRI, FTL, FTH, and GPX4 proteins was determined by
immunohistochemical staining of the human kidney tissues. Magnification = 40 X; scale bar = 50 pm. Data are presented as the mean * SD. **P < 0.01, compared with CON.
Nrf2, nuclear factor erythroid-2-related factor 2; ACSL4, acyl-CoA synthetase long-chain family member 4; TfR1, transferrin receptor |; FTL, ferritin light chain; FTH,
ferritin heavy chain; GPX4, glutathione peroxidase 4.
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Figure 3 Correlation analysis of serum creatinine, eGFR and ferroptosis related proteins in renal tissue of DKD patients. Nrf2, nuclear factor erythroid-2-related factor 2;
ACSLA4, acyl-CoA synthetase long-chain family member 4; CREA, creatinine; eGFR, estimated glomerular filtration rate.

renal fibrosis, and renal cell carcinoma.’'* However, to the best of our knowledge, only few studies have investigated
ferroptosis in human kidney samples.

Iron overload in the kidney tissue, in addition to triggering ferroptosis, has also been found to cause proteinuria and
renal tubular injury in patients and streptozotocin (STZ)-induced diabetic rat models.'>'” In the present study, we found
iron overload in kidney samples from patients with DKD, and similar results have been described in studies performed in
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Table 2 Binary Multiple Logistic Regression Analysis

B S.E, | Wals P OR 95% CI
Lower | Upper
CREA 0.002 | 0.044 | 0.003 | 0.956 | 1.002 | 0.920 1.092
eGFR —0.023 | 0.034 | 0.472 | 0.492 | 0.977 | 0914 1.044
Nrf2 —0.055 | 0.024 | 5.098 | 0.024 | 0.947 | 0.903 0.993
ACSL4 | 0.071 | 0.033 | 4.690 | 0.030 | 1.073 | 1.007 1.144

Abbreviations: Nrf2, nuclear factor erythroid-2-related factor 2; ACSL4, acyl-CoA
synthetase long-chain family member 4; CREA, creatinine; eGFR, estimated glomerular
filtration rate.

Table 3 Diagnostic Efficacy Analysis of Nrf2 and ACSL4 in DKD

Variables | Cut-off | AUC 95% CI Se,% | Sp,% | PPV,% | NPV,% P

Nrf2 0.0864 | 0.817 | 0.663~0.921 | 73.33 90 95.7 529 <0.0001
ACSL4 0.1495 | 0.890 | 0.751~0.967 | 76.67 90 95.8 56.3 <0.0001

Abbreviations: Nrf2, nuclear factor erythroid-2-related factor 2; ACSL4, acyl-CoA synthetase long-chain family
member 4; Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value.

DN models and in vitro studies performed in high-glucose-treated human renal proximal tubular (HK-2) cells.®'®'? The
application of iron chelators in DN rats was found to be renoprotective by improving renal structure and alleviating
inflammation and fibrosis.?® Reducing iron-rich food intake can reduce the urinary albumin excretion rate and improve
renal function in patients.zl

Several key genes are involved in ferroptosis. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription
factor that regulates cellular antioxidant gene expression,**> and the upregulation of Nrf2 expression can alleviate
ferroptosis in DKD models in vitro and in vivo.'®**?> Acyl-CoA synthetase long-chain family member 4 (ACSL4) is
a known promoter of ferroptosis, which regulates lipid biosynthesis.?®*” Wang et al found increased renal expression of
ACSL4 has been found in diabetic nephropathy (DN) models.® In the present study, we observed a ferroptosis-promoting
gene expression profile in DKD renal samples, with decreased Nrf2 and increased ACSL4 expression. Similar gene
expression patterns have been previously described in DN models both in vivo and in vitro.'®**% In the present study,
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Figure 4 Receiver operator characteristic curve of Nrf2 and ACSL4 in the diagnosis of DKD. Nrf2, nuclear factor erythroid-2-related factor 2; ACSL4, acyl-CoA synthetase
long-chain family member 4.
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we found that renal Nrf2 and ACSL4 expression correlated with serum creatinine and eGFR, both of which showed
diagnostic efficiency for DKD. It has also been previously found that ACSL4 has good predictive value for DKD.*!
Moreover, compared to healthy controls, patients with lupus nephritis (LN) expressed higher levels of ACSL4. Decreased
renal expression of Nrf2 was found in patients with DN and has been found to be correlated with the severity of renal
damage in patients with LN**** no predictive value has been checked until this study. Therefore, Nrf2 and ACSL4 may
provide potential strategies for assessing the prognosis assessment.

Glutathione peroxidase 4 (GPX4) is an antioxidant enzyme that can reduce lipid hydroperoxides in lipid membranes,
thereby inhibiting ferroptosis,*® inactivation or absence of GPX4 lead to the accumulation of lipid peroxides, which is
considered a fatal signal of ferroptosis.'*>>>7 Decreased GPX4 expression was previously reported by Wang et al in
kidney samples from patients.***° However, no alterations in GPX4 expression were observed in our study. Inconsistent
results were also observed for FTH, FTL, and TfR1 expression, all of which are involved in iron accumulation. We
assume that in the present study, most patients with DKD were at relatively early stages of DKD, in which compensatory
responses might have occurred. However, the detailed mechanisms underlying this phenomenon require further
investigation.

This study has some limitations. First, the sample size was relatively small, which might have led to data bias and the
inability to obtain data stratified by different DKD stages. Second, this was a cross-sectional study, and the causal
relationship between DKD and ferroptosis or iron metabolism could not be explained in detail.

Conclusion

Iron overload and a pro-ferroptotic gene expression profile have been observed in human DKD renal tissues, indicating
that ferroptosis participates in the pathogenesis of DKD. Both ACSL4 and Nrf2 expression are associated with renal
function. These results provide important new insights into the pathogenesis of DKD.
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