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Background: Diabetic kidney disease (DKD) is closely associated with the death or survival of resident kidney cells.

Aim: The purpose of this study was to determine the changes in renal cell survival and death in DKD and their diagnostic values in
DKD progression.

Materials and Methods: This study analyzed a dataset of renal tissues from DKD patients to identify changes in genes associated
with renal cell death and survival. Our findings were subsequently validated in human kidney tissues. Differential indicators of DKD
patients’ clinicopathological data screened by stepwise regression and glomerular P62 protein expression were included in binary
logistic regression analysis to assess the impact of these parameters on DKD progression. A receiver operating characteristic (ROC)
curve analysis was employed to evaluate the diagnostic value of P62 protein in DKD progression.

Results: Bioinformatics analysis results revealed that glomerular autophagy in DKD was more significantly altered, which was
consistent with the semi-quantitative results of P62 in glomeruli. Further studies established that P62 expression was mainly increased
in podocytes. Stepwise regression analysis indicated that changes in the expressions of glomerular P62 and apolipoprotein Al
(ApoAl) might be involved in the progression of DKD. However, binary logistic regression analysis results suggested that only
P62 was significantly associated with DKD development. ROC curve analysis showed that the area under the curve (AUC) of P62 for
the detection of DKD was 0.905.

Conclusion: Autophagy inhibition occurred in both glomeruli and tubules, and was most pronounced in glomerular podocytes. The
levels of P62 protein in glomeruli, as an autophagy activity indicator, was one of the predictors of entering the stage of macro-
albuminuria in DKD.
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Plain Language Summary

Diabetic kidney disease (DKD) is closely associated with renal cell death and survival. Bioinformatics analysis results revealed more
significantly altered glomerular autophagy in DKD, which was consistent with the semi-quantitative results of P62 in glomeruli.
Further studies established that P62 was mainly increased in podocytes. Stepwise regression analysis showed that the changes in the
expressions of glomerulus P62 and apolipoprotein A1 (ApoAl) might be involved in the progression of DKD. However, binary
logistic regression analysis results indicated that only the level of P62 protein was significantly associated with DKD development.
ROC curve analysis showed that the AUC of P62 for the detection of DKD was 0.905. In conclusion, autophagy inhibition occurred in
both glomeruli and tubules, and was most pronounced in glomerular podocytes. The levels of P62 protein in glomeruli, as an
autophagy activity indicator, were one of the predictors of entering the stage of macroalbuminuria in DKD.

Introduction

Diabetic kidney disease (DKD) is one of the main complications of diabetes and has become the leading cause of chronic
kidney disease in hospitalized patients in China.! The mechanism underlying the occurrence and development of DKD is
complex, involving various cells and cytokines, and changes in systemic and local metabolic responses such as glucose
and fat metabolism, forming network effects and cascade reactions, eventually leading to kidney damage. It seems easier
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to find answers by focusing on the beginning or end of the disease. The ultimate fate of a cell is death or survival. Various
forms of programmed cell death exist, including podoptosis, pyroptosis and anoikis. In particular, autophagy is the
process by which cells clear their own damaged organelles and metabolic waste, and exhibits anti-cell death effects.” As
a form of cell survival, autophagy has been little explored in terms of its relation to the progression of DKD.

The purpose of this paper was to observe the main forms of renal cell survival and death in DKD based on the results
of bioinformatics analysis. By combining with clinicopathological indicators of DKD patients, the clinical values of cell
death and survival forms in the progression of proteinuria in DKD were further explored.

Materials and Methods
|dentification and Pathway Enrichment Analyses of Differentially Expressed Genes

(DEGs)
Gene expression profile of GSE30122 was acquired from NCBI-GEO (http://www.ncbi.nlm.nih.gov/geo/) based on the

GPL 571 platform and processed by R software package (R 3.6.3).° This dataset was characterized by sequencing
analysis on glomeruli and renal tubules isolated from renal tissues. Differential functions were analyzed using the
Wilcox-test between the two groups. DEGs were defined by p value <0.05 and FC (fold change) >1.2 or <0.833. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of DEGs were performed using the
online tool DAVID (https://david.nciferf.gov). Both GO and KEGG enrichment assay showed the top 26 pathways
related with DEGs.
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Calculation of Sample Size

Participants were divided into three groups: normal control group (NC), minimal change disease (MCD) group
(proteinuria control group), and DKD group. The DKD group was further divided into two subgroups based on urine
albuminuria excretion rate (ACR), including microalbuminuria group (DKD1, urinary ACR 30-299 mg/g) and macro-
albuminuria group (DKD2, urinary ACR > 300 mg/g). The sample size was calculated according to the mean value and
the standard deviation (SD) of P62 protein expression in glomeruli. We set the sample size ratio of NC:MCD:DKD1:
DKD2 to be 1:2:2:2, and defined the type I error a of the hypothesis test to be 0.05 and the type II error B to be 0.1. The
minimum sample size was calculated by comparing the quantitative expression of glomerular P62 protein in multiple
groups with a mean value of 0.4 = 0.1, 1.4 £ 0.4, 2.2 £ 0.9, and 3.0 + 0.7 for the NC, MCD, DKDI, and DKD2 group,
respectively. The minimum sample sizes of the four groups were 3, 6, 6, and 6, respectively. A total of 60 patients were
selected for inclusion in this study (NC: MCD: DKD1: DKD2 = 6:11:13:30).

Inclusion and Exclusion Criteria of Patients

This study complied with the declaration of Helsinki and was approved by the medical ethics committee of the First
Affiliated Hospital of Anhui Medical University (Hefei, China) (approval no.: 20190454), and performed from
January 2019 to June 2021. The participants in this study provided their written informed consent to participate and
underwent renal biopsy during hospitalization.

Inclusion criteria were as follows: (1) aged 18—80 years; (2) diagnosis of diabetes mellitus, including fasting plasma
glucose >7.0 mmol/L, or 2 h postprandial blood glucose >11.1 mmol/L during an oral glucose tolerance test;* and (3)
diagnosis of DKD by renal biopsy.” Exclusion criteria were as follows: (1) patients with another specific form of
diabetes, including secondary to autoimmune diseases (AID), chronic pancreatitis, surgery or medicine; (2) accompanied
by acute myocardial infarction, heart failure, or cerebrovascular disease; liver failure with alanine aminotransferase level
exceedingly twice the upper normal limit; urinary system disease induced by urolithiasis, cancer, infection; acute diabetic
complications; other severe circulatory, respiratory or digestive system diseases; (3) specific medication administration:
antineoplastic drugs, autoimmune suppressants, and redox preparations; (4) pregnant and lactating women; (5) cancer;
and (6) those lost for other reasons.

The renal tissues were acquired from MCD patients diagnosed by renal biopsy and with no obvious pathological
changes under a light microscope. In NC group, the renal tissues adjacent to the tumor were collected during the removal
of tumor tissue from patients with renal cancer. All patients in NC and MCD control groups were free of diabetes (fasting
plasma glucose <6.1 mmol/L, or 2 h postprandial blood glucose <7.8 mmol/L during an oral glucose tolerance test).
Exclusion criteria were as follows: (1) hypertension; (2) suffering from secondary nephropathies, heart failure, malignant
hypertension, myocardial infarction, cerebrovascular accident, infect, liver dysfunction with alanine aminotransferase

level exceedingly twice the upper normal limit; (3) pregnant and lactating women; (4) those lost for other reasons.

Data and Sample Collection of Patients

Clinical characteristics of participants in each group were collected, including age, gender and ACR. In addition, we
further collected other clinical and pathological data of participants in the DKD group, such as diabetic duration, blood
pressure, body weight, smoking, and biochemical and pathological indicators. Blood pressure and weight of participants
were measured on admission. Blood and urine biochemical tests were performed after fasting for 6-8 hours the next
morning after admission, including blood lipids, fasting blood glucose (FBG), plasma albumin, hemoglobin, serum
creatinine (Scr), blood urea nitrogen (BUN), uric acid (UA), 24-h urine protein (24-hUTP), 24-h urinary albumin
excretion (24-hUAER), urinary transferrin (U-TRF), N-acetyl B-glucosaminidase (U-NAG), urinary IgG (U-IgG), urinary
albumin (U-ALB), urinary fibrinogen (U-FDP), urinary cystatin C (U-cyc), urinary 2 microglobulin (U-2-MG), and
urinary al-microglobulin (U-al-MG). The degree of glomerular damage, interstitial fibrosis and tubular atrophy (IFTA),
arteriosclerosis and arterial hyalinosis were graded following the DKD pathological diagnostic criteria.®
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Immunohistochemistry (IHC) and Immunofluorescence (IF) Double Staining of Kidney

Tissues

Fresh renal tissues from patients were immediately fixed in 4% paraformaldehyde at room temperature for at least 24 h,
routinely dehydrated, transparently embedded in paraffin, and then cut into 3-pum-thick slices. After deparaffinization, the
renal tissue sections were subjected to high-pressure antigen retrieval. For IHC staining, endogenous peroxidase-blocking
agent and 10% goat serum blocked non-specific antigens were mixed with the samples, followed by overnight incubation
at 4°C with anti-P62/SQSTMI1 antibody. Then the renal tissue samples were incubated with the secondary antibody at
37°C for 30 min, followed by staining with DAB chromogenic solution at room temperature. Nuclei were stained with
hematoxylin. The sections were observed and photographed under a microscope, and the immunohistochemical staining
intensity of P62 protein in glomeruli was measured by Image J software. For IF staining, anti-P62/SQSTMI1 was,
respectively, incubated with markers of glomerular resident cells (anti-WT-1, anti-CD31, anti-PDFGR-f) overnight at
4°C, followed by incubation with fluorescently labeled secondary antibodies at 37°C for 1 h in the dark. Nuclei were
stained with DAPI, and the sections were observed and photographed under a fluorescence microscope.

Statistical Analysis
R3.6.3 (https://www.r-project.org/) was used for the analysis and visualization of the dataset. PASS15.0 was employed to

calculate the sample size. ImageJ] was used to analyze image data. SPSS 22.0 was utilized for statistical analysis. Data
with normal distribution were analyzed by Shapiro—Wilk test. Categorical and non-normally distributed data between
groups were compared with chi-square test, or rank sum test. Quantitative data were presented as mean + standard
deviation (SD)/ mean + standard error of the mean (SEM). Statistical significance of normally distributed data between
groups was calculated by independent sample #-test and one-way analysis of variance (ANOVA). Statistical significance
of non-normally distributed data was calculated by Mann—Whitney U-test. Linear correlation analysis was performed
using Spearman’s test. Stepwise regression was performed for the selection of the influencing factors, and their
associations with the progression of DKD were evaluated via binary logistic regression analysis. Furthermore, ROC
curve analysis evaluated the clinical diagnostic value of the influencing factors related to DKD. P < 0.05 was considered
statistically significant difference.

Results

Gene Bioinformatics Analysis in DKD Kidney Tissues

The glomerular dataset contained the information of the NC group (n = 13) and DKD group (n = 9), in which a total
number of 12,823 genes were detected and 3358 DEGs were screened. GO and KEGG analysis showed that DEGs were
enriched mainly in the processes of immune cells, oxidative stress, complement and lectins, extracellular matrix
secretion, and multiple signaling pathways (such as Ras, PI3K-AKT, and Wnt signaling pathways). Notably, BP
enrichment analysis found that a large number of genes were enriched in autophagy pathway, suggesting that glomerular
autophagy activity was altered (Figure 1).

The renal tubulointerstitial dataset included data from the NC group (n = 12) and the DKD group (n = 10), where we
detected a total number of 12,823 genes, among which 2242 DEGs were screened. The genes analyzed by GO and
KEGG were enriched mainly in the extracellular matrix structure, secretion-related pathways and the activation and
chemotactic regulation pathways of various immune cells, especially T cells (Figure 2).

P62 Protein Expression in Human Renal Tissues

IHC staining of the renal tissues showed that P62 protein was expressed in both glomeruli and tubules, with the highest
level of expression in DKD patients with macroalbuminuria. In glomerulus, P62 semi-quantitative results of MCD group
and DKDI1 group were higher than normal group, but there was no statistical significance (p>0.05). In tubulointerstitium,
P62 semi-quantitative results of NC group were lower than the other three groups, while the highest level of P62 protein
expression was in DKD2 group. However, there was no statistical significance between DKDI1 and DKD2 group
(»>0.05) (Table 1 and Figure 3A). Renal tissues of patients in the DKD2 group were selected for immunofluorescence
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Figure | Identification and GO analysis of DEGs in glomeruli. (A) Sample normalization; (B) PCA of glomerular genes; (C) UMAP of glomerular genes; (D) volcanic map of
DEGs in glomeruli; (E) GO analysis of DEGs in glomeruli (top 26).
Abbreviations: DKD group, group |; NC group, group 2; DEGs, differential expression genes; DKD, diabetic kidney disease.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2022:15 heeps: 1949

Dove:


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

Wang et al Dove

A B 100
I
I
=
k7
§ 5 4 . 4 50
< —
é i Group 3\: (iroup
5 B3 groupl 0+ - group1
» 04 B3 goupz & [O] group2
'8 N
N £
© =50 -
£ ] 50
o
z
T T T T T T T T T T ) T T T T T T T T T T T _100 N 1
B (0 1D\ (2 62 o 0N o D o o0 WX 1010 KA 1R 1D O N (L > T t T T
RN RO
B A A A A A A A NN 50 0 s 100
R I ORI PC1 (26.2%)
IccRcdcreogeregdogecgedegdogercgderegegertege
o B
4 —~
o *
® I
I
- I —~
; a
~ e o Group a
a 1 o group1 °
é OfF=-=======- N e T S S ® group2 =3
o
> | 2
I |
L}
2 4
1
1
: T T T
-4 T T T T T ~2.5 0.0 25
-1.0 -0.5 0.0 0.5 1.0 Lo Fold Change
UMAP1 92 ( ge)
E Extracellular structure organization A
Extracellular matrix organization o -log10 ()
T cellactivation -
Actin filament organization - 175
. Cell-substrate adhesion A k
B Positive regulation of cell adhesion - 15.0
Positive regulat_lon of leukocyte cell-cell adhesion - @ :
ositive regulation of cell-cell adhesion - [ ) 125
_Integrin-mediated signaling pathway - ° .
Regulation of actin cytoskeleton organization - 10.0
Regulation of cell-cell adhesion o c
= Substrate adhesion-dependent cell spreading -
o Positive regulation of T cell activation 7.5
- Cell chemotaxis -

L
L
Positive regulation of response to external stimulus - ‘
Positive regulation of cell activation - Count
Peptidyl-tyrosine phosthP/Iatjon .
Pepti yI-tKrosme modification - ® 40
eukocyte migration - O

~ Urogenital system development - @ 60
Regulation of actin filament-based process
Viral entry into host cell - ° . 80

Regulation of T cell activation 4
= Kidney development : . 100
T cell proliferation 4 [ ]
0.00 0.02 0.04 0.06
GeneRatio

Figure 2 Identification and GO analysis of DEGs in renal tubular interstitium. (A) Sample normalization; (B) PCA of genes in renal tubulointerstitium; (C) UMAP of genes in
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Abbreviations: DKD group, group |; NC group, group 2; DEGs, differential expression genes; DKD, diabetic kidney disease.
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Table | Baseline Demographic Data of Patients and p62 Protein Expression of Renal Tissue

Parameter | NC (n=6) MCD (n=11) DKD(n=43) P
DKDI(n=13) DKD2(n=30)

Age (year) | 50.83+2.27 48.36+12.83 45.00+10.46 48.00+11.92 0214

M/F 412 6/5 8/5 24/6 0.376

ACR (mglg) | - 1349.00(1102.00,2921.00) *+ | 89.24(52.00, 216.15) | 1363.75(750.98,3560.50) **+

P62 0.33(0.31,0.47) | 1.48(1.95,1.77) 1.87(1.75,2.83) 3.87(3.29,8.70) IS

Notes: |: MCD group: minimal change disease group without diabetic kidney disease; DKD: diabetic kidney disease group, divided into DKD | and DKD2; NC:
non-diabetic renal cancer group. 2: The overall analysis of age was one-way ANOVA. Pairwise comparisons between groups were performed using the LSD-
t test. Other indicators were calculated by Mann-Whitney U-test vs DKDI *%p < 0.01, *¥p < 0.001; vs NC ##p < 0.001; vs MCD ***p < 0.001.

double staining of P62 and cellular markers of glomerular resident cells. There were many P62"/WT-1" positive cells in
the glomerulus, while endothelial cell marker (CD31) and mesangial cell marker (PDGFR-B) overlapped less with P62
staining, suggesting that autophagy inhibition had occurred in podocytes during DKD progression (Figure 3B-D).

Clinical and Pathological Data of DKD Patients

Comparison of the Clinical Data of DKD Patients

Clinical data of patients are presented in Table 2. There were no statistically significant differences were present in age
and gender among groups. The analysis results suggested main differences in lipid metabolism biochemical indicators
such as total cholesterol (CHO), low-density lipoprotein (LDL), apolipoprotein B (ApoB), and apolipoprotein Al
(ApoAl) in DKD patients with massive proteinuria. In the DKD2 group, the levels of serum albumin (ALB) and urinary
creatinine (U-Cr) were decreased, while those of multiple urinary proteins, including U-TRF, U-IgG, U-NAG, U-ALB/
Cr, U-TP/Cr, 24-h UTP, 24-h UTP/Cr, U-ALB, and 24-h UAER, were significantly increased. All differences were
statistically significant (p < 0.05).

Comparison of Pathological Data of DKD Patients

Next, this study compared the pathological data of DKD patients (Table 3). The results showed that in DKD patients with
massive proteinuria, the grades of glomerular lesions, IFTA, inflammatory infiltration, and arteriosclerosis were sig-
nificantly increased. However, no significant difference was found in the changes of arterial hyalinization and arterio-
sclerosis among the groups (p > 0.05).

Correlation Analysis of Glomerular P62 Protein with Clinicopathological Data of DKD

Patients

To evaluate the clinical significance of P62 protein in glomeruli, we conducted a correlation analysis between semi-
quantitative THC results of P62 protein in human glomeruli and clinicopathological indicators with significant statistical
differences in each group (Table 4). The results established that the level of P62 protein in glomeruli had a positive
correlation with serum CHO, LDL, HDL, and ApoB levels and urine U-TRF, U-NAG, U-IgG, U-ALB/Cr, U-TP/Cr,
U-ALB, U-ALB/Cr, 24-h UAER, 24-h UTP/Cr, and 24-h UTP levels. P62 protein level was also positively correlated
with glomerular lesions, interstitial inflammation (p < 0.05), but negatively correlated with the changes in ALB and U-Cr
levels (p < 0.05).

Stepwise Regression Screening of Possible Influencing Factors for DKD Progression

Due to the limitation of the sample size, this study could not include all statistically significant indicators into the subsequent
logistic regression analysis. Therefore, stepwise regression was applied for the preliminary screening of the variables. The
specific method employed for the regression model included one variable at a time, which meant that the variable was
retained if there was significant significance; otherwise, it was excluded. The remaining variables were then successively
included into the regression model. The following detailed steps were implemented: (1) analysis of the model fitting (R2) and
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Table 2 Clinical Data of Patients with DKD

Parameter DKDI(n=13) DKD2(n=30) t (Z) [x2] P value
DM duration (m) 48.00(1.00, 96.00) 78.00(36.00, 168.00) (2.053) 0.041
Smoking [n (%)] 53.85 50.00 [0.023] 0.879
Weight 66.69+11.97 71.62+14.99 1.347 0.301
SBP (mmHg) 129.67£28.09 148.40+20.00 2436 0.019
DBP (mmHg) 82.8311.15 89.43+13.39 1.508 0.139
Scr (umol/L) 85.55(55.25, 136.88) 111.40(82.98, 146.30) (1.072) 0.284
BUN (mmol/L) 7.23(6.46, 9.75) 6.86(5.91, 10.78) (0.014) 0.989
UA (umol/L) 314.00(274.00, 373.00) 358.00(308.50, 427.50) (1.629) 0.103
eGFR [mL/min-1.73 m?] 86.42+38.33 73.70+31.22 1117 0.271
FBG (mmol/L) 5.90(4.51, 6.50) 7.24(6.001, 8.26) (2.395) 0.017
HbAcI (%) 7.15(6.73, 7.70) 7.50(6.70, 8.20) (0.809) 0419
CHO (mmol/L) 3.95+0.89 5.24%1.37 3.003 0.005
TG (mmol/L) 1.95(1.55, 2.34) 1.51(1.03, 2.32) (0.849) 0.396
LDL (mmol/L) 2.21+0.99 3.23x1.21 2.560 0.014
VLDL (mmol/L) 0.72(0.58, 0.84) 0.56(0.38, 0.85) (0.794) 0.427
HDL (mmol/L) 0.93+0.21 1.22+0.35 2.648 0.012
ALB (g/L) 42.89+3.57 36.28+7.52 3.852 0.000
Hb (g/L) 125.42£19.56 124.47+23.43 0.124 0.902
ApoAl (mmol/L) 1.03(0.98, 1.18) 1.23(1.04, 1.40) (6.048) 0.014
ApoB (mmol/L) 0.80+0.17 1.04+0.28 2.687 0.011
ApoB/ApoAl 0.79+0.23 0.84+0.26 0.624 0.537
Lipoprotein a(mmol/L) 112.00(65.50, 244.50) 229.00(130.00, 487.00) (1.727) 0.084
CRP (g/L) 0.89(0.60, 1.34) 1.44(0.91, 2.00) (1.499) 0.134
U-TRF (mg/L) 6.43(5.07, 17.15) 59.90(31.60, 134.43) (4.211) 0.000
U-RBP (mg/L) 0.54(0.17, 1.21) 1.60(0.55, 3.89) (1.727) 0.084
U-NAG (U/L) 8.40(7.50, 9.75) 13.84(8.86, 18.70) (1.985) 0.047
U-IgG (mg/L) 9.10(4.85, 18.03) 100.94(38.12, 228.57) (4.242) 0.000
U-FDP (ug/mL) 0.15(0.10, 0.38) 0.19(0.09, 0.51) (0.349) 0.727
U-cyc (mg/L) 0.15(0.11, 0.21) 0.26(0.15, 0.40) (1.697) 0.090
U-Cr (mmol/L) 9.94(7.41, 13.30) 6.95(5.11, 9.44) (2.060) 0.039
U-p2-MG (mg/L) 0.31(0.16, 1.09) 0.98(0.40, 2.15) (1.727) 0.084
U-al-MG (mg/L) 12.02(6.31, 18.15) 21.34(13.15, 30.61) (1.848) 0.065
U-ALB/Cr 80.24(44.25, 192.91) 1324.85(503.39, 3202.47) (4.696) 0.000
U-TP/Cr 358.41(142.98, 504.35) 1899.81(891.33, 3900.79) (4.575) 0.000
U-ALB/B2-MG 428.05(45.53, 1048.60) 760.78(433.37, 2201.54) (1.878) 0.06
24-h UTP (g) 80.24(44.25, 192.91) 1324.85(503.39, 3202.47) (4.749) 0.000
24-h UTP/Cr (g/g) 0.39(0.34, 0.53) 2.77(1.54, 6.09) (4.637) 0.000
U-ALB (g) 0.11(0.05, 0.20) 0.92(0.46, 2.27) (4.720) 0.000
24-h UAER (g) 0.18(0.08, 0.27) 1.60(0.97, 4.09) (4.657) 0.000

Notes: Data presented as means + SD, medians (IQR), or n (%); t-tests for continuous data, Mann—Whitney U-tests for abnormally distributed
variables, and 2 tests for categorical data.

Abbreviations: DM, diabetic mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; BUN, blood urea nitrogen; UA, uric acid; eGFR,
estimated glomerular filtration rate; FBG, fasting blood glucose; CHO, cholesterol; LDL, low-density lipoprotein; VLDL, very low density lipoprotein;
HDL, high density lipoprotein; ALB, albumin; ApoB, apolipoprotein B; ApoAl, apolipoprotein Al; CRP, c-reactive protein; U-TRF, urinary transferrin;
U-NAG, N-acetyl B-glucosaminidase; U-IgG, urinary IgG; U-FDP, urinary fibrinogen; U-cyc, urinary cystatin C; U-B2-MG, urinary 2 microglobulin;
U-al-MG, urinary al-microglobulin; U-Cr, urinary creatinine; 24-hUTP, 24-h urine protein quantification; U-ALB, urinary albumin; 24-hUAER, 24-h
urinary albumin excretion.

the VIF value (multicollinearity judging); (2) calculation of the model formula; and (3) evaluation of the significance of
independent variables. Any significance established meant that the independent variables influenced the dependent variable;
then, we specifically analyzed the direction of this influencing relationship; and (4) comparison and assessment of the degree

of influence of independent variables on dependent variable, followed by summarizing the results.
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Table 3 Comparison of Pathological Data of DKD Patients

Parameter DKDI DKD2 z P
Glomerular lesions [n (%)] 2.854 0.004
| 0 (0) 0 (0)
I

lla 10 (76.92) 9 (30.00)

1) 2 (15.38) 8 (26.67)
1] I (7.69) 13 (43.33)
v 0 (0) 0 (0)
IFTA (0/1/2/3) 3/713/0 1/10/1712 2.395 0.028
Interstitial inflammation (0/1/2) 3/10/0 0/21/9 3.032 0.002
Arteriolar hyalinosis (0/1/2) 1/10/2 1117112 1.607 0.108
Arteriosclerosis (0/1/2) 2/10/1 2/18/10 1.965 0.049

Abbreviations: IFTA, interstitial fibrosis and tubular atrophy; DKD, diabetic kidney disease.

Table 4 Correlation Analysis of P62 Protein Level on Glomerulus and Clinicopathological

Data of DKD Group

Parameter Correlation Coefficient (r) P

DM duration 0.198 0.202
SBP 0.199 0.207
CHO 0.545 0.000
HDL 0.335 0.030
LDL 0.547 0.000
FBG 0.123 0.437
ApoB 0.460 0.003
ApoAl 0.272 0.089
ALB —0.590 0.000
U-TRF 0.713 0.000
U-lgG 0.772 0.000
U-NAG 0.371 0.018
U-Cr —0.345 0.029
U-TP/Cr 0.755 0.000
U-ALB/Cr 0.761 0.000
U-ALB 0.784 0.000
24-h UAER 0.799 0.000
24-h UTP/Cr 0.700 0.000
24-h UTP 0.752 0.000
Glomerular lesions 0.544 0.000
Interstitial inflammation 0310 0.043
IFTA 0.253 0.101
Arteriosclerosis 0.279 0.070

Note: Spearman’s test.

Abbreviations: DM, diabetic mellitus; SBP, systolic blood pressure; CHO, cholesterol; LDL, low-density
lipoprotein; HDL, high density lipoprotein; FBG, fasting blood glucose; ApoB, apolipoprotein B; ApoAl,
apolipoprotein Al; ALB, albumin; U-TRF, urinary transferrin; U-IgG, urinary IgG; U-NAG, N-acetyl -
glucosaminidase; U-Cr, urinary creatinine; U-ALB, urinary albumin; 24-hUAER, 24-h urinary albumin excre-

tion; 24-hUTP, 24-h urine protein quantification; IFTA, interstitial fibrosis and tubular atrophy.

The DKDI1 group was set to group 0, and the DKD2 group was set to group 1. The data of the two groups were used as
dependent variables, because the staging of clinical diagnosis of DKD was mainly based on urine ACR. Independent variables
included P62, DM duration, SBP, FBG, LDL, HDL, ApoAl, ALB, ApoB, U-ALB, CHO, 24-h UTP, 24-h UTP/Cr, 24-h
UAER, U-IgG, U-ALB/Cr, U-TP/Cr, U-NAG, U-Cr, IFTA, interstitial inflammation, and glomerular lesions. P62 and ApoA1

1954 o
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Table 5 Stepwise Regression Analysis

Parameter Regression Coefficients 95% CI VIF
Constant —0.269 (t = —0.968) —0.813 ~ 0.276 -
P62 0.077** (t = 3.911) 0.038 ~ 0.116 1.020
ApoAl 0.520% (t = 2.329) 0.082 ~ 0.957 1.020
Sample size 39

R? 0.397

Adjust R 2 0.364

F value F (2, 36) =11.859, p=0.000

Notes: D-W value: 0.476; *p < 0.05, **p < 0.01.
Abbreviation: ApoAl, apolipoprotein Al.

were included in the model after they were automatically recognized (Table 5). The model formula was as follows: group =
—0.269 + 0.077 x P62 + 0.520 x ApoAl, and R2 was 0.397, which meant that changes in P62 and ApoA1 levels could explain
39.7% of the changes in the group. The model passed the F-test (F' = 11.859, p = 0.000 < 0.05), indicating that the model was
valid. The regression coefficient value of P62 was 0.077 (¢ = 3.911, p = 0.000 < 0.01), meaning that P62 had a significant
positive effect on the influencing relationship among groups. The regression coefficient value of ApoA1l was 0.520 (£ =2.329,
p = 0.026 < 0.05), which indicated that ApoA1 would have a significant positive effect on the group (Table 5). Hence, the
results suggested that P62 and ApoA1 had significant positive effects on the progression of DKD, and could thus be used as
independent variables in the regression model described later.

Diagnostic Value of Glomerular P62 for the Progression of DKD

Establishment of a Regression Prediction Model

An unconditional binary logistic regression model was established, with DKD progression as the dependent variable,
assigning 1 = progression (sample: DKD2 group) and 0 = no progression (sample: DKD1 group). P62 and ApoAl were
assigned as independent variables. The formula of the regression prediction model was as follows: In (p/1-p) = —3.519 +
1.268 x P62 + 0.209 x ApoAl, where p represented the probability of the group was 1 and 1-p represented that the
probability of the influence in the group was 0. The OR value of P62 was 3.554 (p = 0.027), suggesting that it had
a significant positive/hazardous effect, while the OR of ApoAl was 1.232 (p = 0.891). In summary, P62 was an
independent risk factor for the progression of DKD (Table 6).

ROC Analysis of the Diagnostic Value

To further explore the diagnostic value of glomerular P62 protein for DKD, we considered the kidneys from the DKD2
group as positive samples (n = 30), and those from the DKD1 group as negative samples (n = 13) to establish the ROC
diagnostic model. The maximum point of the Youden index was determined from the ROC curve fitted by the software,
and the theoretical threshold and the parameters of sensitivity, specificity, and accuracy were calculated accordingly
based on sample measurements. The results showed that the AUC (0.95CI) was 0.905 (0.800—1.000). The ROC curve is
displayed in Table 7 and Figure 4.

Table 6 Binary Logistic Regression Analysis

B Se Wald 32 P OR 95% ClI
ApoAl 0.209 1518 0.019 0.891 1.232 0.063-24.156
P62 1.268 0.575 4.871 0.027 3.554 1.152-10.962
Constant -3.519 2.134 2719 0.099 0.030

Abbreviation: ApoAl, apolipoprotein Al.
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Table 7 ROC Curve Analysis of P62 Protein on Glomerulus of DKD Patients

Cut-off AUC (95% CI) P Sensitivity (n/N) Specificity (n/N) Youden Index

P62 2.857 0.905 (0.800-1.000) 0.000 0.967 (29/30) 0.769 (10/13) 0.736

Discussion

The clinical character of DKD is proteinuria, which is closely related to glomerular injury. However, the pathogenesis of
DKD is complicated due to the participation of many factors. The death or survival is often the glomerular resident cell’s
main outcome, which has been reported more frequently in animal and cell experiments, but less systematically in human
tissues. Therefore, this study looked for the most significant signaling pathways in DKD related to cell survival or death
in renal tissue by analyzing genomics, and further investigated the clinical value by observing the changes of
corresponding markers in human renal tissue and combining with clinicopathological data.

In this study, we initially selected GSE30122 as the research subject for gene bioinformatics analysis. The advantage
of this dataset included the available genetic sequencing results of isolated glomeruli, which more accurately reflected the
glomerular genetic changes in DKD patients. The analysis of the data showed that a large number of glomerular
autophagy-related genes were differentially expressed, suggesting that autophagy changes might be closely related to
the occurrence and development of glomerular injury in DKD.

Autophagy was first detected by transmission electron microscopy (TEM) in the 1950s and was described as the
process of maintaining intracellular homeostasis by degrading cytoplasmic components and organelles.® Later, autophagy
has been found to prevent further deterioration of human diseases by clearing damaged and senescent cells.” For instance,
cells can abolish redox damage by activating autophagy under oxidative stress,® and reduced or excessively elevated
autophagy activity may lead to autophagy inhibition, which is associated with aging and the development of degenerative
and acute/chronic diseases.’

Autophagy has multiple steps,'® including initiation, nucleation, expansion, fusion, and degradation. Autophagy-
related proteins (ATGs), which are composed of different complexes, coordinate their activities with membrane transport
components in different processes of autophagosomes. Autophagy is established to be initiated by serine/threonine
protein kinases ULK1 and ULK2 to form complexes with chaperones.''"'? Class III phosphoinositide 3-kinase (PI3K)

1.0
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o
o
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>
>
2 04
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Figure 4 ROC curve analysis of glomerular P62 protein in DKD patients.
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complex regulates vesicle nucleation and phagocytic vesicle formation. On the other hand, the microtubule-associated
protein 1 light chain 3 (MAP1LC3/LC3) system controls autophagosome expansion and final assembly.'® The analysis of
changes in substrates degraded by autophagy, such as those involved in P62/Sequestosome 1 (SQSTMI) protein
expression, can be used as markers for autophagic flux changes.'* Therefore, P62 protein expression changes in
glomeruli were used to detect the changes in autophagy activity in this study.

DKD progression is closely related to metabolic changes in diabetes, including persistent hyperglycemia, damage caused
by advanced glycation products, micro-inflammatory state, and fat and protein metabolism disorders, resulting in abnormal
protein accumulation and organelle damage. Recent study evidence has confirmed that autophagy activity in podocytes and
renal tubular epithelial cells is significantly inhibited in diabetes.'>'® Therefore, autophagy may be implicated in the unique
pathogenesis of DKD and may thus serve as an important target for the treatment of diabetic nephropathy in the future. In this
study, IHC staining of P62 showed that the P62 protein was expressed in both tubulointerstitium and glomeruli, and was most
abundant in podocytes, indicating that inhibition of podocyte autophagy might be one of the main causes of podocyte damage
in DKD with macroalbuminuria. Interestingly, autophagy inhibition in the DKD2 group was also statistically different from
that in the MCD group, suggesting that glomerular autophagy inhibition of the MCD group was weaker than that of the DKD
group with macroalbuminuria. This finding partly supported the hypothesis that alterations in glomerular autophagy in DKD
might be disease-specific. However, it should be noted that further investigation is required to determine whether autophagy
dynamics in MCD are the same as in DKD. In addition, the level of P62 protein in renal tubules was upregulated in both
patients with DKD and MCD, suggesting the inhibition of autophagy activity in renal tubule epithelial cells might be not
synchronized with those in glomerulus. The possible reasons for this phenomenon included long-term ischemia and hypoxia
in renal tissues due to vascular lesions, increased proteinuria and inflammatory cytokines secreted by the activation of
interstitial inflammatory cells. Since there was no difference between the DKD subgroups, this study focused on the
evaluation of the change of glomerular autophagy activity in the progress of urinary protein.

A comparative analysis of the clinicopathological data of patients in the two subgroups of DKD (DKD1 group and DKD2
group) was performed. We found that the pathological blood, urine, and renal tissue changes were statistically different between
the two DKD subgroups. The differences in blood biochemical indexes were predominantly related to lipid metabolism, which
suggested that lipid metabolism disorders were accompanied by DKD. The urine excretion of various proteins was increased,
including U-ALB, 24-h UTP, 24-h UTP/Cr, 24-h UAER, U-IgG, U-ALB/Cr, U-TP/Cr, and U-NAG, whereas the level of U-Cr
was decreased, which also confirmed that the glomerular filtration barrier and renal tubular reabsorption were impaired. These
results were consistent with the pathological findings of aggravated glomerular and tubulointerstitial damages. The aforemen-
tioned indicators with statistical differences may serve as markers for DKD progression.

The analysis of the correlation between P62 and the indicators with statistical differences also showed that P62 was
positively correlated with multiple indicators, including CHO, LDL, ApoAl, ApoB, U-TRF, U-IgG, U-ALB/Cr, TP/Cr,
glomerular lesions, and interstitial inflammation, but was negatively correlated with serum ALB and U-Cr in urine. These
results suggested that autophagy in glomeruli might be an influencing factor for DKD progression. Then, the results of
stepwise regression analysis revealed that the regression model only adopted P62 and apolipoprotein Al, which were
then incorporated into the subsequent binary logistic regression equation to further analyze their impact on the
progression of DKD. Binary logistic regression analysis showed that autophagy in glomeruli might be an independent
risk factor for DKD. The AUC of P62 was calculated using ROC curve analysis, and the results suggested that the
expression of P62 protein in glomeruli was the predictor of entering the stage of macroalbuminuria in DKD.

Admittedly, the study has limitations. It is necessary to further expand the sample size and conduct survival analysis
to further evaluate the clinical value of autophagy in DKD. In addition, the further study is needed to explore the specific
reasons why the inhibition of autophagy activity is not synchronized on the renal tubule and glomerulus in the
progression of DKD.

Conclusions

In conclusion, autophagy inhibition occurred in both glomeruli and tubules, and was most pronounced in glomerular
podocytes. The levels of P62 protein in glomeruli, as an autophagy activity indicator, were one of the predictors of
entering the stage of macroalbuminuria in DKD.
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DKD, diabetic kidney disease; DEGs, differentially expressed genes; NC, normal control group; MCD, minimal change
disease; ACR, albuminuria excretion rate; SD, standard deviation; AID, autoimmune disease; GO, gene ontology; KEGG,
Kyoto Encyclopedia of Genes and Genomes; DM, diabetic mellitus; SBP, systolic blood pressure; DBP, diastolic blood
pressure; BUN, blood urea nitrogen; UA, uric acid; eGFR, estimated glomerular filtration rate; FBG, fasting blood glucose;
24-hUTP, 24-h urine protein quantification; 24-hUAER, 24-h urinary albumin excretion; U-TRF, urinary transferrin;
U-NAG, N-acetyl pB-glucosaminidase; U-IgG, urinary IgG; U-ALB, urinary albumin; U-FDP, urinary fibrinogen; U-cyc,
urinary cystatin C; U-B2-MG, urinary f2 microglobulin; U-a1-MG, urinary al-microglobulin; IFTA, interstitial fibrosis and
tubular atrophy; ANOVA, one-way analysis of variance; CHO, cholesterol; LDL, low-density lipoprotein; VLDL, very low
density lipoprotein; HDL, high density lipoprotein; ApoB, apolipoprotein B; ApoAl, apolipoprotein Al; ALB, albumin;
U-Cr, urinary creatinine; ROC, receiver operating characteristic; TEM, transmission electron microscopy; ATGs, autop-
hagy-related proteins; PI3K, class III phosphoinositide 3-kinase; Ub, ubiquitiny MAP1LC3/LC3, microtubule-associated
protein 1 light chain 3; SQSTMI, sequestosome 1.
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