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Abstract

Introduction: Diabetic kidney disease (DKD), one of the
leading causes of end-stage renal disease, has complex
pathogenic mechanisms and few effective clinical therapies.
DKD progression is accompanied by the loss of renal resi-
dent cells, followed by chronic inflammation and extracel-
lular matrix deposition. Necroptosis is a newly discovered
form of regulated cell death and is a major form of intrinsic
cell loss in certain diabetic complications such as cardio-
myopathy, intestinal disease, and retinal neuropathy;
however, its significance in DKD is largely unknown.
Methods: In this study, the expression of necroptosis marker
phosphorylated MLKL (p-MLKL) in renal biopsy tissues of

patients with DKD was detected using immunofluorescence
and semiquantified using immunohistochemistry. The ef-
fects of different disease-causing factors on necroptosis
activation in human HK-2 cells were evaluated using im-
munofluorescence and Western blotting. db/db diabetic
mice were fed a high-fat diet to establish an animal model of
DKD with significant renal tubule damage. Mice were
treated with the RIPK1 inhibitor RIPA-56 to evaluate its renal
protective effects. mRNA transcriptome sequencing was
used to explore the changes in signaling pathways after
RIPA-56 treatment. Qil red O staining and electron macro-
scopy were used to observe lipid droplet accumulation in
renal biopsy tissues and mouse kidney tissues. Results:
Immunostaining of phosphorylated RIPK1/RIPK3/MLKL ver-
ified the occurrence of necroptosis in renal tubular epithelial
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cells of patients with DKD. The level of the necroptosis
marker p-MLKL correlated positively with the severity of
renal functional, pathological damages, and lipid droplet
accumulation in patients with DKD. High glucose and fatty
acids were the main factors causing necroptosis in human
renal tubular HK-2 cells. Renal function deterioration and
renal pathological injury were accelerated, and the nec-
roptosis pathway was activated in db/db mice fed a high-fat
diet. Application of RIPA-56 effectively reduced the degree
of renal injury, inhibited the necroptosis pathway activation,
and reduced necroinflammation and lipid droplet accu-
mulation in the renal tissues of db/db mice fed a high-
fat diet. Conclusion: The present study revealed the role
of necroptosis in the progression of DKD and might provide
a new therapeutic target for the treatment of DKD.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

The global prevalence of diabetes mellitus, especially
type 2 diabetes mellitus secondary to obesity and met-
abolic syndromes, has increased dramatically in recent
decades [1]. Kidneys are one of the most commonly
affected organs in diabetes mellitus; approximately
30~40% of diabetic patients will progress to diabetic
kidney disease (DKD) [1]. DKD has become the leading
cause of chronic kidney disease, eventually progressing to
end-stage renal disease in some patients [2]. During DKD
progression, persistent metabolic disorders can cause
imbalances in cell signaling pathways and induce cyto-
toxic cytokine production, ultimately leading to renal cell
death [3].

Necroptosis is a newly discovered type of regulated cell
death that has similar morphological features (cell
swelling, rupture, and chromatin condensation) to those
of cell apoptosis but involves different molecular path-
ways [4, 5]. It is triggered by death receptors such as
tumor necrosis factor receptor 1 (TNFR1) or the FAS
receptor. Its mechanism of action involves inhibition of
caspase-8 activity and the formation of complexes I and II
and necrosomes by RIPK1-RIPK3-MLKL. Finally, MLKL
is phosphorylated and anchored in the cell membrane,
leading to membrane rupture and leakage of intracellular
contents and causing inflammatory responses [6-8].

In human kidney biopsy specimens, TdT-mediated
dUTP-biotin nick end-labeling (TUNEL)-positive sig-
nals were detected in podocytes, renal tubular epithelial
cells (RTECs), and interstitial cells [9-11], indicating the
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cell death of renal resident cells. Necroptosis is an im-
portant inflammatory cell death pathway that drives the
pathology of multiple degenerative diseases, including
Alzheimer’s disease and type 2 diabetes mellitus [12-16].
However, reports on the role of necroptosis in DKD are
limited. Therefore, we investigated the relationship be-
tween necroptosis and DKD in human patients, explored
the causal factors of necroptosis activation in human
renal epithelial cells, and evaluated the therapeutic po-
tential of the RIPK1 inhibitor RIPA-56 to treat diabetic-
related nephropathy in high-fat diet-fed db/db mice.

Materials and Methods

Clinical Samples

Patients with DKD were enrolled according to clinical and
pathological criteria at Peking University First Hospital from
January 2012 to December 2016. Patients who were diagnosed with
DKD with primary and secondary glomerular disease or DKD with
thrombotic microangiopathies and small vasculitis were excluded.
Thirty human DKD kidney tissues were obtained from renal
biopsy, and ten para-carcinoma normal kidney tissues from age-
and sex-matched patients were obtained as controls.

Renal Pathology of Patients with DKD

Formalin-fixed and paraffin-embedded (FFPE) human kidney
sections (2.5 pm) were stained with hematoxylin and eosin (H&E),
periodic acid-Schiff (PAS), Masson’s trichrome, and periodic-acid-
silver methermaine plus Masson’s trichrome (PASM-+Masson)
solutions for light microscopy evaluation. Kidney histopatholog-
ical lesions were evaluated in all components of the renal cortex,
including the glomeruli, arterioles, and tubulointerstitium, as
described previously [17]. Blinded semiquantitative scoring of the
percentage of the parenchyma affected by the lesions was per-
formed by two experienced renal pathologists. Ten to 15 randomly
selected nonoverlapping fields were scored for each patient. The
detailed scales for scoring the pathological lesions can be found in
online supplementary Table S1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000529995). The clinical and
pathological parameters of the 30 DKD patients are summarized in
online supplementary Table S2.

Cell Culture

Human renal tubular epithelial cells (HK-2) were purchased
from Procell Life Science & Technology Company (CL-0109,
Wuhan, China). HK-2 cells were cultured in minimum essential
medium with 10% fetal bovine serum and 1% penicillin/strep-
tomycin at 37°C in a 5% CO, humidified incubator. After syn-
chronization by serum-free minimum essential medium for 12 h,
HK-2 cells were stimulated with high glucose (HG, 30 mmol/L),
palmitic acid (PA, 300 umol/L), high glucose plus palmitic acid
(HGPA, HG 30 mmol/L plus PA 300 pmol/L), advanced glycation
end products (100 pg/mL), and BSA (10 mg/mL). Necrostatin-1
(Nec-1, 10 pm, N9037, Sigma Aldrich) or RIPA-56 (100 nm,
Sironax, Beijing, China) were used to pretreat HK-2 cells for 1 h,
and then Nec-1 or RIPA-56 plus HGPA was used to stimulate HK-
2 cells for 24 h.
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Animal Experiments

CS7BLKS-Leprdb (db/db) mice (strain no. T002407) and
C57BLKS-Lepr** (wt/wt) mice (8 weeks old, all males) were
purchased from GemPharmatech Co., Ltd. (license number: SCXK
(Su) 2018-0008, Nanjing, China). The baseline levels of fasting
blood glucose, body weight, blood urea nitrogen (BUN), and al-
bumin-to-creatinine ratio (ACR) of mice on a regular diet were
measured routinely. High-fat mouse chow with 60 kcal% (D1292)
was purchased from Xietong Biotechnology Company (Nanjing,
China). For the high-fat-diet mouse model, 14-week-old mice were
randomly divided into four groups: wt/wt mice fed a regular diet
(wt-RD), wt/wt mice fed a high-fat diet (wt-HFD), db/db mice fed a
regular diet (db-RD), and db/db mice fed a high-fat diet (db-HFD),
and observed for 2 weeks.

RIPA-56 Feeding Experiment

RIPA-56 was mixed into mouse chow at a dose of 300 mg/kg as
previously described [18] and pre-fed to 13-week-old db/db mice
and wi/wt mice for 1 week. Then, the mice were randomly divided
into four groups: wt/wt mice fed a high-fat diet (wt-HED), wt/wt
mice fed a high-fat diet plus RIPA-56 (wt-HFD+R), db/db mice fed
a high-fat diet (db-HFD), and db/db mice fed a high-fat diet plus
RIPA-56 (db-HFD+R), and they were maintained on each diet for
36 days. Body weight, fasting blood glucose, BUN, and ACR were
measured weekly. At the end of each experiment, the animals were
euthanized using an overdose of pentobarbital sodium. The hearts
were perfused with 10 mL of ice-cold PBS before the kidneys were
collected for subsequent experiments.

Assessment of Renal Function

Mouse serum urea nitrogen was detected using the Urea Assay
Kit (DIUR-500, Bioassay System, Hayward, CA, USA), urinary
albumin was detected using the Mouse Albumin Elisa Kit (A90-
134A, Bethyl Laboratories, Montgomery, TX, USA), and urinary
creatinine was detected using the QuantiChrom™ Creatinine
Assay Kit (DICT-500, Bioassay System, Hayward, CA, USA). The
urinary ACR was calculated as urinary albumin divided by urinary
creatinine.

Renal Pathology of the db/db Mice

FFPE mouse kidney sections were stained with PAS solution.
To evaluate mesangial matrix hyperplasia, images of ten glomeruli
from each kidney section were taken under x400 magnification.
The mesangial matrix area was defined as the PAS-positive and
nucleus-free region and was measured using Image Pro Plus
(Media Cybernetics, Rockville, MD, USA). The mesangial matrix
expansion index was defined as the mesangial matrix area divided
by the total glomerular area. Glomerular size was calculated as the
average of the long and short glomerular diameters. Tubular
vacuolar degeneration scoring was based on a 0 to 4 scale (0, no
lesions, 0 < 0.5 < 10%, 10% < 1 < 25%, 25% < 2 < 50%, 50% <
3 <75%, 75% < 4 <100%) and observed by light microscopy (Leica
DM2500, Weltzlar, Germany) at a high-power field. Ten to 15
randomly selected nonoverlapping fields were scored for each
mouse, and the averages for each group were compared.

Immunofluorescence and Immunohistochemistry of

Kidney Tissues

FFPE kidney tissue sections were deparaffinized in xylene and
rehydrated in gradient ethanol. Antigen retrieval was performed
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by boiling the specimens in sodium citrate buffer (pH 6.0) with
0.5% Tween-20 for 3 min and then blocking them with 3% BSA
at room temperature for 1 h. The specimens were incubated
with phosphorylated MLKL (p-MLKL) primary antibody
(ab187091, Abcam, Cambridge, UK) at 4°C overnight, and then
incubated with HRP-conjugated secondary antibody (PV6001,
ORIGENE, Beijing, China), detected with diaminobenzene
(DAB) solution, and counterstained with hematoxylin to label
the nuclei. Digital images of p-MLKL staining in the tubu-
lointerstitium were acquired using a DM2500 light microscope
(Leica, Germany) under X400 magnification. Image Pro Plus 6.0
software was used to measure the integrated optical density
(IOD) of each image, and the mean IOD value of ten images was
calculated for each patient.

For immunofluorescence, after rehydration, antigen re-
trieval, and blockade of nonspecific binding, FFPE sections
were incubated with primary antibodies recognizing RIPK3
(10188, CST, Danvers, MA, USA), p-RIPK3 (abl195117,
Abcam, Cambridge, UK), MLKL (ab184718, Abcam), and
p-MLKL overnight at 4°C and then incubated with Cy3-labeled
goat anti-rabbit IgG (A0516, Beyotime, Shanghai, China), and
the nuclei were counterstained using 4',6-diamidino-2-phe-
nylindole (DAPI, ZLI-9557, ORIGENE). Staining was exam-
ined under a Zeiss LSM 780 confocal microscope (Carl Zeiss,
Berlin, Germany).

Immunocytochemistry and TUNEL Staining

After culturing on coverslips and stimulation for 24 h, HK-2
cells were fixed with 4% paraformaldehyde and permeabilized with
0.3% Triton X-100. After blocking with 3% BSA, the cells on
coverslips were incubated with anti-p-MLKL antibody (ab187091,
Abcam), followed by incubation with Cy3-labeled goat anti-rabbit
secondary antibody, counterstained with DAPI, and observed
under a Zeiss LSM 780 confocal microscope. For the TUNEL assay,
HK-2 cells were fixed and permeabilized as described above. A
mixture of fluorescein-dUTP and TdT enzyme solution was in-
cubated with the cells at 37°C for 1 h. All the coverslips were
counterstained with DAPI and observed under a Zeiss LSM 780
confocal microscope.

Transmission Electron Microscopy

Kidney tissues were fixed, dehydrated, and embedded as de-
scribed previously [19]. After staining with 2% uranyl acetate and
lead citrate, ultra-thin sections (50 nm) were acquired and ex-
amined using a transmission electron microscope (JEM-1230;
JEOL Ltd., Tokyo, Japan) under 6,000 x magnification.

Oil Red O Staining

Frozen kidney sections (6 pm) were soaked in 60% iso-
propanol for 20-30 s, then stained with modified oil red O
staining solution (G1261, Solarbio, Beijing, China) for 15 min,
followed by counterstaining of the nuclei using Mayer’s
hematoxylin.

Western Blotting

Total proteins from mouse kidneys or HK-2 cells were
extracted using RIPA buffer (P0013B, Beyotime, Shanghai,
China) supplemented with protease inhibitors (4693116001,
Roche, Basel, Switzerland) and phosphatase inhibitors
(4906845001, Roche). The denatured proteins were separated by

Kidney Dis 3
DOI: 10.1159/000529995


https://doi.org/10.1159/000529995

Glomeruli Tubulointerstitium
. Normalcontrd ~ ~ DKD__ Normal_cojntrol
w
I
2
o
c
[*]
I3
7]
©
=
&
3 2
©
as
+
a
Glomeruli Tubulointerstitium
Normal control Normal control
%)
X
o
©
X
o
x
o
Fig. 1. Detection of necroptosis in kidney
specimens from patients with DKD.
a Staining of kidney specimens including
hematoxylin-eosin staining (H&E), pe- 2'
riodic acid-Schiff staining (PAS), Mas- =
son’s trichrome staining (Masson), and =
periodic acid-silver methenamine plus
Masson’s trichrome staining (PASM+-
Masson). Blue arrows indicate sloughing
of the tubular epithelial cells; short black
arrows indicate karyopyknosis; long 2'
black arrows indicate karyorrhexis; red |
arrows indicate nearly naked tubular =
basement membrane. Scale bar, 50 pum. o
b Immunofluorescence staining of b
RIPK3, p-RIPK3, MLKL, p-MLKL in
kidney specimens. Scale bar, 10 um.
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a 4-12% gradient gel and then transferred onto a PVDF
membrane, blocked with 5% nonfat dry milk, and incubated
with primary antibodies overnight at 4°C. The primary anti-
bodies included: anti-mouse/human RIPK1 (3493, CST), anti-
human p-RIPK1 (65746, CST), anti-mouse p-RIPK1 (38662,
CST), anti-human MLKL (ab184718, Abcam), anti-mouse
MLKL (37705, CST), anti-human p-MLKL (ab187091,
Abcam), anti-mouse p-MLKL (ab196436, Abcam), anti-hu-
man/mouse caspase-3 (9662, CST), anti-human/mouse
cleaved caspase-3 (9661, CST), anti-mouse NGAL (sc-515876,
Santa Cruz). The membranes were incubated with HRP-
conjugated secondary antibodies, then developed with
Immobilon ECL Ultra Western HRP substrate (WBULS0500,
Millipore, USA). Images were captured with an ImageQuant
LAS 4000 Microsystem (GE, Healthcare). The relative inten-
sities of each protein band were quantified using Image]J
software. B-actin levels were used as internal controls.

RNA Sequencing

RNA was extracted from mouse kidney tissues and subjected
to first-strand cDNA synthesis for library preparation. Thirty
million paired-end, 100 bp reads for each sample were generated
using a NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA).
The sequences were aligned to the murine genome (10 mm) by
STAR (2.7.5¢), and StringTie (v2.1.7) was used to obtain the
standardized fragments per kilobase of exon model per million
mapped fragments (FPKM) value. DEseq2* (Bioconductor,
Boston, MA, USA) was used to analyze the difference in the gene
count matrix. edgeR* (Bioconductor) was used to perform dif-
ference analysis on the grouping of non-duplicate samples.
Significantly upregulated and downregulated genes (p < 0.01)
were analyzed separately for enrichment of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways using the DAVID
bioinformatics platform with a false discovery rate threshold of
<0.05 [20].

Quantitative Real-Time Reverse Transcription PCR

A total RNA extraction kit (DP419, Tiangen, Beijing, China)
was used to extract total RNA from mouse kidney tissues
according to the manufacturer’s operating procedures. 1 pg of
total RNA was reverse transcribed into ¢cDNA (R333-01,
Vazyme, Nanjing, China). SYBR Green Mix (A25742; Applied
Biosystems, Foster City, CA, USA) was used to prepare real-
time PCR reagents, and PCRs were performed on an ABI Vii7
System. The primers used are listed in online supplementary
Table S3.

Statistical Analysis

GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA,
USA) was used for statistical analysis. Normally distributed
data are presented as the mean + standard deviation and were
analyzed by t test or one-way ANOVA. Non-normally dis-
tributed data are presented as the median (maximum, mini-
mum) and analyzed by a rank sum test. Pearson correlation or
Spearman correlation was used for correlation analysis. Cat-
egorical variables are described by frequency (percentage),
using the x? test or Fisher’s exact test. All p values are two-
tailed, and differences were considered statistically significant
at p < 0.05.

Necroptosis in Diabetic Kidney Disease

Results

Necroptosis Occurred in Renal Tubular Epithelial Cells

from Patients with DKD

Thirty patients, 21 males and 9 females, aged 43.13 +
12.83 years, who were clinically and pathologically di-
agnosed with DKD at Peking University First Hospital
from January 2012 to December 2016 were enrolled
(online suppl. Table S1). Their mean serum creatinine
level at peak was 249.68 + 184.42 umol/L, and their mean
estimated glomerular filtration rate was 43.13 *
30.33 mL/min/1.73 m? Light microscopy evaluation of
renal biopsy specimens from patients with DKD showed a
diffuse increase in the mesangial matrix and some
Kimmelstiel-Wilson nodules in individual glomeruli and
marked periglomerular and tubulointerstitial fibrosis.
Lesions such as vacuolar degeneration, flattening and
sloughing of tubular epithelial cells, scattered cell death
manifested as karyopyknosis and karyorrhexis, and
nearly naked tubular basement membranes were also
observed (Fig. 1a). The control specimens appeared
normal (Fig. 1a).

Routine pathological tests usually fail to distinguish
necroptotic cells from apoptotic cells. To determine the
underlying cause of renal cell death, representative
molecules in necroptotic pathways in kidney tissues
from patients with DKD were evaluated. Positive
staining of RIPK3, p-RIPK3, and MLKL was observed
in glomeruli and tubules. However, the necroptosis
executor p-MLKL was mainly stained in renal tubules.
These results confirmed that renal tubular cells un-
derwent necroptosis during DKD (Fig. 1b).

Correlation of p-MLKL Expression with the Severity of

Renal Functional and Pathological Damage in Patients

with DKD

IHC staining of p-MLKL in kidney tissues was per-
formed, and the IOD of p-MLKL in the tubulointer-
stitium was used for semi-quantitative analysis (Fig. 2a).
The 30 patients were classified into class II (16 cases) and
class IIT (14 cases) DKD according to the Tervaert
pathological classification criteria for diabetic nephrop-
athy [21]. Positive expression of p-MLKL was found in
73.3% (22/30, p < 0.001) of all patients with DKD, in
62.5% (10/16, p =0.0532) of patients with class II DKD,
and in 85.7% (12/14, p < 0.001) of patients with class III
DKD (Fig. 2b). In the tubulointerstitium, p-MLKL levels
in class III DKD patients were significantly higher than
those in class II DKD patients (Fig. 2c).

Correlation analysis between tubulointerstitial levels
of p-MLKL and the clinicopathological parameters of
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Fig. 2. Tubulointerstitial p-MLKL levels correlated with the
severity of renal damage in DKD patients. a Immunohisto-
chemistry staining of p-MLKL in kidney specimens of DKD
patients. Black arrows indicate p-MLKL positive signals. Scale
bar, 50 pm. b Percentage of p-MLKL positive expression in DKD
patients. ¢ Comparison of tubulointerstitial p-MLKL levels in

the patients with DKD showed that p-MLKL IOD
correlated positively with peak serum creatinine (r =
0.4348, p = 0.0163), globulin (r = 0.7190, p < 0.0001),
and uric acid (r = 0.4147, p = 0.0253) but correlated
negatively with estimated glomerular filtration rate (r =
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class II and class III DKD patients. **p < 0.01 compared to
normal control, *p < 0.05 compared to Class II DKD.
d-i Correlation of tubulointerstitial p-MLKL levels with serum
creatinine (d), eGFR (e), globulin (f), uric acid (g), glomerular
injury score (h), and tubular injury score (i). eGFR, estimated
glomerular filtration rate.

—0.3845, p = 0.0359). Correlation analysis showed that
the p-MLKL IOD had a stronger association with the
tubular injury score (r = 0.4326, p = 0.0169) than with
the glomerular injury score (r = 0.3615, p = 0.0497)
(Fig. 2d-i).
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High Glucose and Fatty Acids Were the Main Factors

Causing Necroptosis in Renal Tubular Cells

To explore which factors activate necroptosis in
RTECs, we administered HG, PA, HGPA, advanced
glycation end products, and BSA to HK-2 cells for 24 h to
observe necroptotic pathway activation. All five treat-
ments induced TUNEL-positive signals (Fig. 3a); how-
ever, necroptosis-specific membrane translocation of
p-MLKL was detected only under HGPA stimulation,
indicating that high glucose combined with fatty acids
could be the main activators of necroptosis in RTECs
(Fig. 3a).

To further confirm the necroptotic mechanisms in
RTECs in response to HGPA, we first compared the
activation of apoptosis and necroptosis pathways in HK-2
cells after prolonged stimulation by HG, PA, and HGPA
for 72 h. The expression of the apoptosis marker cleaved
caspase-3 increased gradually with a concomitant de-
crease in total caspase-3 after 72 h of stimulation;
however, the levels of the necroptosis marker p-MLKL
increased only after HGPA stimulation (Fig. 3b—c). TNFa
directly induces cell necroptosis. Therefore, TNFa levels
were detected in HK-2 cells stimulated with HG, PA, and
HGPA for 24 h. HG hardly induced TNFa expression,
whereas PA stimulation increased TNFa expression
compared with that in the control. HGPA further in-
creased the expression of TNFa (Fig. 3d-e). TNFR1
expression also increased under HGPA stimulation
(Fig. 3d-e). Next, HGPA-induced HK-2 cells were treated
with the necroptosis inhibitor Nec-1 and the novel RIPK-
1 inhibitor RIPA-56. HGPA treatment induced increased
levels of p-RIPK1/p-RIPK3/p-MLKL and inhibited
caspase-8 (Fig. 3f-g). This necroptosis activation was
suppressed by Nec-1 (10 um) or lower dose of RIPA-56
(100 nMm).

We further performed oil-red O staining. There was
almost no oil red O staining in the normal control kidney
tissues (Fig. 4a). In the DKD samples with little oil red O
staining, p-MLKL levels were also lower in the renal
tubules, whereas in DKD samples with marked oil red O

Fig. 3. HGPA stimulated necroptosis in RTECs. a TUNEL (green)
and p-MLKL (red) staining in different factors-stimulated HK2
cells. Scale bar, 10 um. b, ¢ Caspase-3, cleaved caspase-3,
p-MLKL, MLKL levels in HG, PA, or HGPA stimulated HK2
cells for 24 h, 48 h or 72 h treatment. *p < 0.05, **p < 0.01, ***p <
0.001 compared to control (n = 3). d, e TNFa, TNFRI levels in
HG, PA or HGPA stimulated HK2 cells for 24 h treatment. *p <
0.05, **p < 0.01, ***p < 0.001 compared to control; *p < 0.05,
compared to PA stimulation (n = 3). f, g HK2 cells were
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positive lipid droplet deposition, higher p-MLKL levels
were observed in the tubulointerstitial region (Fig. 4a).
Eight patients with DKD were selected and their samples
were subjected to both oil red O staining and p-MLKL
immunofluorescence staining. There was a significant
positive correlation between the intensity of oil red O
staining and p-MLKL levels (r = 0.8014, p = 0.0168),
suggesting the amount of lipid deposition is accompanied
by necroptosis activation in the renal tubular epithelium
of patients with DKD (Fig. 4b).

Nephropathy Was Aggravated and Necroptosis Was

Activated by High-Fat Diet in Diabetic db/db Mice

To verify the clinical and in vitro findings, we used a
classic type 2 diabetes mouse model, the C57BLKS-Leprd®
(db/db) mice, and checked their DKD symptoms. Under
an RD, the body weight and blood glucose level of the db/
db mice were higher than those of the wt/wt mice
(Fig. 5a). Although BUN and ACR were higher in the db/
db mice than in the wt/wt mice, kidney pathological
changes were mainly observed in the glomeruli with mild
mesangial matrix hyperplasia; however, there were no
obvious pathological changes in the renal tubulointer-
stitium in the db/db mice (Fig. 5b, c).

Since there was only mild nephropathy and no obvious
tubule injury in the RD-fed db/db mice, the db/db mice
were fed with an HFD to observe renal damage. The body
weight and blood glucose level were greatly increased in
db/db mice after HFD feeding (Fig. 5d). Renal function
also decreased rapidly, which was manifested by in-
creased BUN and ACR after HFD feeding (Fig. 5d). The
pathological damage to renal tissue was significantly
aggravated in HFD-fed db/db mice. The mesangial matrix
area was further increased in db/db mice fed an HFD for
2 weeks (Fig. 5e, f). In the tubulointerstitial region,
swelling of RTECs, brush border shedding, and vacuolar
degeneration were observed in HFD-fed db/db mice,
which was not observed in RD-fed db/db mice (Fig. 5e, f).

The levels of the key necroptosis pathway proteins,
p-RIPK1, RIPK1, p-MLKL, and MLKL, in mouse kidney

stimulated with HGPA, HGPA plus Nec-1 (10 um), HGPA plus
RIPA-56 (100 nMm) and detected for p-RIPK1/RIPK1, p-RIPK3/
RIPK3, p-MLKL/MLKL and caspase-8 expression. **p < 0.01,
#*¥p < 0.001, ****p < 0.0001 compared to control; **p < 0.01,
###p < 0.001, *#***p < 0.0001 compared to HGPA stimulation (n =
3). Statistical significance was analyzed by two-sided Student’s
t test. HG: high glucose; PA: palmitic acid; HGPA: high glucose
plus palmitic acid; AGE: advanced glycation end products; BSA:
bovine serum albumin.
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Fig. 4. Correlation between lipid deposition and p-MLKL expression in tubulointerstitium of DKD patients.
a Representative images of oil red O staining (scale bar, 50 um) and p-MLKL immunofluorescence staining (scale
bar, 10 pm) in Normal control and DKD patients. b Correlation analysis of oil red O staining intensity and
p-MLKL IOD in tubulointerstitium of DKD patients (n = 8).

tissues were assessed. The changes of necroptosis markers
p-RIPK1 and p-MLKL were not detected in the kidney
tissues of 22-week-old RD-fed db/db mice compared to
age-matched wt/wt mice (Fig. 5g, h). However, p-RIPK1
or p-MLKL levels were significantly upregulated in the
db-HFD group compared to wt-HFD group (Fig. 5i, j) as
well as db-RD group (Fig. 5k, 1), suggesting that nec-
roptosis was activated by an HFD in the db/db mice.

The RIPK-1 Inhibitor RIPA-56 Reduced the Degree of

Renal Injury and Inhibited the Necroptosis Pathway in

db/db Mice Fed a High-Fat Diet

Next, an animal model was constructed by orally
feeding HFD db/db mice with RIPA-56 to chronically
inhibit the necroptosis pathway (Fig. 6a). Interestingly,
after administration of RIPA-56 with HFD for 14 days,
the increase in body weight and blood glucose level and
the deterioration of kidney function indicated by BUN
and urine ACR were attenuated compared with the db-
HFD group (Fig. 6b). Pathological analysis of mouse
kidney tissues showed glomerular hypertrophy,
mesangial matrix expansion, tubule dilation, and tu-
bule cell vacuolar degeneration in the db-HFD mice
(Fig. 6¢). RIPA-56 treatment for 36 days significantly
improved the above-mentioned pathological changes
(Fig. 6¢, d). Meanwhile, the levels of the kidney injury
indicator NGAL decreased significantly in the db-
HFD+R group (Fig. 6e). The necroptosis marker
p-MLKL was expressed in the renal tubules of the db-
HFD mice; whereas, RIPA-56 treatment reduced the

Necroptosis in Diabetic Kidney Disease

levels of p-MLKL (Fig. 6f). Enhanced necroptosis
pathway activity represented by increased levels of
p-RIPK1, p-RIPK3, and p-MLKL was markedly de-
creased by RIPA-56 treatment in db-HFD+R mice
(Fig. 6g, h). These findings suggested that RIPA-56
treatment could prevent HFD-induced necroptosis of
RTECs and alleviated renal damage.

RIPA-56 Reduced Necroinflammation and Lipid

Accumulation in Renal Tissue of HFD-Fed db/db Mice

To clarify the protective effects of RIPA-56 against
nephropathy in db-HFD mice, RNA from wt-HFD and
db-HFD mouse kidneys treated with or without RIPA-56
for 36 days was extracted and subjected to RNA-
sequencing to identify differentially expressed genes
and markedly changed pathways. Signal pathway en-
richment analysis was performed on the differentially
expressed genes of the db-HFD versus wt-HFD groups
using the KEGG database. A total of 39 pathways were
upregulated in the kidneys from db-HFD mice compared
with kidneys from wt-HFD mice, including metabolic
pathways and inflammation-related signaling pathways
(Fig. 7a). Compared with the gene expression profile of
the kidneys of the db-HFD group, a total of 55 pathways
were downregulated in the db-HFD+R group. The
diabetes-related entries such as “T'ype I diabetes mellitus”
and “Type II diabetes mellitus,” and metabolic pathways
were greatly suppressed. More importantly, major in-
flammatory pathways including the TNF, IL17, NF-kB,
and Toll-like receptor signaling pathways were
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downregulated. “Necroptosis” was also enriched in the
downregulated pathways (Fig. 7b). Changes in the ex-
pression of the inflammatory genes such as Tnf, I11b, Ccl2,
and Cxcl2 were confirmed by quantitative real-time re-
verse transcription PCR (Fig. 7c). Consequently, mac-
rophage infiltration in the tubulointerstitium was
decreased after RIPA-56 treatment (Fig. 7d). Expres-
sion level of genes that promote lipid metabolism
(Ppara, Ppargcla, Acoxl, Cptla, Cd36, and Rxra) were
suppressed in db-HFD mice but were upregulated after
RIPA-56 treatment (Fig. 7f). Lipid metabolism was also
observed using oil red O staining and electron mi-
croscopy. There was very strong oil red O staining in
the tubules of db-HFD mice but almost no staining in
RIPA-56 treated mice (Fig. 7g). Electron microscopy
revealed typical lipid droplets as ring-shaped dots in
the tubules of db-HFD mice; whereas RIPA-56 treat-
ment greatly decreased the number of lipid droplets in
the tubules of db-HFD mice (Fig. 7g). These data in-
dicated that RIPA-56 might alleviate renal damage in
DKD by inhibiting necroinflammation and reducing
lipid accumulation.

Discussion

The incidence of DKD has increased significantly with
the worldwide epidemic of diabetes. Renal parenchymal
cell death was observed during the progression of DKD
[3,22, 23]. Necroptosis is a form of pro-inflammatory cell
death regulated by phosphorylation of the kinase RIPK1/
RIPK3/MLKL cascade [4]. In recent years, researchers
have begun to focus on the possible role of necroptosis in
DKD. For example, Xu et al. [24] observed elevated
expression of RIPK1, RIPK3, and MLKL in renal biopsies
from patients with DKD, mainly localized in podocytes.

Fig. 5. Nephropathy was developed in db/db mice fed an RD and
was aggravated in db/db mice fed an HFD. a Body weight, fasting
blood glucose, BUN and ACR were compared in wt/wt and db/db
mice of 11 weeks old and 22 weeks old (n = 6). *p < 0.05, **p <
0.01, ****p < 0.0001 compared to wt/wt mice; *p < 0.01
compared to db/db mice at 11 weeks old. b PAS staining of
different groups of mice. Glomeruli and tubulointerstitium are
displayed separately. Scale bar, 50 pum. c Statistic analysis of
mesangial matrix expansion and tubular vacuolar degeneration
score in different groups of mice (n = 3). **p < 0.01 compared to
wt/wt mice. d Body weight, fasting blood glucose, BUN and ACR
were compared in different groups of mice (n = 6). *p < 0.05,
**p < 0.01 compared to db-HFD mice (DO0). e PAS staining of
different groups of mice. Glomeruli and tubulointerstitium are

Necroptosis in Diabetic Kidney Disease

Meanwhile, Imamura et al. found positive RIPK3 staining
in the tubulointerstitial region in allograft biopsies of
patients with diabetic nephropathy and tubulointerstitial
fibrosis [25]. Recently, Wang et al. found positive staining
of p-MLKL in glomerular cells and some tubular cells in
kidney tissues from patients with DKD [26]. These
studies suggested that DKD involves necroptosis of
glomerular and tubular cells. However, the limited
number of study cases and the fact that previous studies
on necroptosis mainly focused on podocytes both indi-
cate that the role of tubular epithelial cell necroptosis in
the occurrence and progression of renal injury in DKD
requires further investigation.

In the present study, the role of necroptosis in DKD
was clarified initially by staining for the necroptosis
pathway executor p-MLKL in renal biopsies, which
showed that p-MLKL was most significantly expressed
in RTECs, but barely in the glomeruli. p-MLKL levels
in the tubulointerstitium correlated positively with the
degree of renal function reduction, systemic inflam-
mation, and the degree of pathological damage to the
glomeruli and tubules of patients with DKD. Next,
stimulation of HK-2 cells with high glucose, PA, al-
bumin, and glycosylation end products to mimic DKD-
related pathogenic factors showed that only high
glucose combined with fatty acid (PA) increased
p-MLKL levels and its cell membrane translocation,
indicating necroptosis pathway activation. Oil red O
and p-MLKL staining in the kidney tissues of patients
with DKD showed that lipid deposition correlated
positively with the p-MLKL levels in the tubules. These
results suggested that necroptosis of renal tubular cells
exists in human DKD and is involved in the pro-
gression of renal injury. Synergistic stimulation by
fatty acids and high glucose might induce necroptosis
in RTECs in DKD.

displayed separately. Black arrows indicate tubular vacuolar
degeneration. Scale bar, 50 um. f Statistic analysis of mesangial
matrix expansion and tubular vacuolar degeneration score in
different groups of mice. ***p < 0.001, ****p < 0.0001 compared
to db-RD group. g-h Representative Western blots and statis-
tical analysis of expression levels of p-RIPK1/RIPK1, p-MLKL/
MLKL in wt/wt and db/db mouse kidneys. n = 3. ns: not sig-
nificant. i-j Representative Western blots and statistical analysis
of expression levels of p-RIPK1/RIPK1, p-MLKL/MLKL in wt-
HFD and db-HFD mouse kidneys. n = 3. *p < 0.05, **p < 0.01
compared to wt-HFD. k-l Representative Western blots and
statistical analysis of expression levels of p-RIPK1/RIPKI,
p-MLKL/MLKL in db-RD and db-HFD mouse kidneys. n = 3.
*p < 0.05 compared to db-RD.
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The classical diabetic mouse model (db/db mice) has
minimal renal pathological damages despite the
presence of proteinuria. Therefore, previous studies
have used different interventions, such as unilateral
nephrectomy [27] or knockout of specific genes (e.g.,
eNOS) [28] in db/db mice, as well as feeding them high
protein [29] or high-fat diets [30] to accelerate the
progression of DKD. To validate the observations in
patients with DKD and on HK-2 cells, an HFD pro-
tocol was developed for the db/db mouse model. The
db/db mice fed with RD showed early clinical mani-
festations of DKD with only mild mesangial matrix
expansion, no significant pathological changes in the
renal tubulointerstitium, and no activation of nec-
roptosis pathways. The renal injury in the HFD-fed
db/db mice was aggravated by the increase of BUN
and ACR levels, the further expansion of the mesangial
matrix, and the increase of tubular injury. In addition,
the levels of p-RIPK1, p-RIPK3, and p-MLKL increased
significantly in the renal tissues of the db-HFD mice.
The histochemical staining of p-MLKL showed that
RTECs were the main activation site of necroptosis. The
accelerating effect of lipid damage on DKD was also
observed by Kotake et al. [31] in a unilateral nephrec-
tomized DKD model of Torii obese rats. In that model,
ectopic accumulation of lysolecithin in the tubu-
lointerstitial region and significant upregulation of
perilipin, a major component of lipid droplets in
RTECs, were observed. Lipotoxicity in RTECs increased
the production of mitochondrial reactive oxygen species,
accelerating cell death, which suggested that lipid
metabolism perturbation might be one mechanism that
promotes the rapid decline in renal function in patients
with DKD [32].

Several inhibitors have been developed for RIPK1,
the key kinase of the necroptosis pathway, including
Nec-1, necrostatin-1s, compound-71, and RIPA-56

Fig. 6. RIPA-56 alleviated nephropathy in db/db mice fed an
HED. a Flow chart of RIPA-56 treatment in db/db HFD animal
model. RIPA-56 was used to pre-treat the wt/wt and db/db RD
mice at 13 weeks old for 7 days. Then mice were fed an HFD
mixed with RIPA-56 for 36 consecutive days. b Body weight,
fasting blood glucose, BUN and ACR were compared in db-HFD
mice treated with or without RIPA-56 at day 0 and after 14 days
(n=6). *p <0.05, ***p < 0.001, and ****p < 0.0001 compared to
db-HEFD group (D14). ¢ PAS staining of different groups of mice.
Glomeruli and tubulointerstitium are displayed separately. Black
arrows indicate tubular vacuolar degeneration. Scale bar, 50 pm.
d Statistic analysis of mesangial matrix expansion and tubular

Necroptosis in Diabetic Kidney Disease

[33-36], and some of them are in phase I and phase II
clinical trails. RIPA-56 is a highly selective and met-
abolically stable RIPK1 inhibitor with an IC50 of 13 nwm,
which was initially developed for anti-aging and sperm
degeneration studies [37, 38]. Subsequently, RIPA-56
was proven to improve steatosis, inflammation and
fibrosis in nonalcoholic steatohepatitis in HFD-fed
mice [18]. In the present study, 5 weeks of chronic
oral administration of RIPA-56 to db-HFD mice
suppressed the increased body weight, blood glucose
level, and decreased renal function caused by the HFD.
After 36 days of oral treatment, the pathological
damage to renal tissues was alleviated, and both glo-
merular lesions and tubulointerstitial damage were
relieved. RIPA-56 treatment also significantly inhibited
the activation of RIPK1 kinase and decreased the levels
of downstream p-MLKL in mouse kidney tissues, ef-
fectively inhibiting the necroptosis pathway. Conse-
quently, RIPA-56 treatment significantly decreased the
inflammatory gene expression and macrophage infil-
tration. Transcriptome analysis showed significant
upregulation of genes related to fatty acid metabolism
after RIPA-56 treatment, and the lipid accumulation in
the kidney tissue was significantly decreased. There-
fore, the results of current study provide evidence that
RIPK1 inhibition and subsequent downstream
necrosome inactivation improve the histological fea-
tures of DKD, relieve inflammation, and maintain lipid
homeostasis, supporting the hypothesis that RIPK1
inhibitors may serve as potential therapeutic agents to
treat DKD.

The current study still has some limitations. First,
although necroptosis of tubular cells correlated with
the severity of kidney injury in patients with DKD, the
retrospective nature of their recruitment meant that
we could not analyze the relationship between nec-
roptosis and renal prognosis in these patients. Future

vacuolar degeneration score in different groups of mice. *p <
0.05, **p < 0.01 compared to db-HFD group; **p < 0.01 com-
pared to wt-HFD group. e Representative Western blots showing
protein expression of NGAL in db-HFD and db-HFD+R mouse
kidneys. *p < 0.05 compared to db-HFD. f Immunohisto-
chemistry staining of p-MLKL in mouse kidney specimens from
indicated groups. Scale bar, 50 um. g Representative Western
blots showing protein expression of p-RIPK1/RIPK1, p-MLKL/
MLKL in db-HFD and db-HFD+R mouse kidneys. h The relative
protein levels of p-RIPK1/RIPK1, p-MLKL/MLKL to B-actin in
different groups (n = 3). *p < 0.05 **p < 0.01 compared to
db-HFD.
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Fig. 7. Changes of nec-
roinflammation and lipid
accumulation in db-HFD
mice treated with RIPA-56
for 36 days. a The represen-
tative KEGG pathways of the
upregulated DEGs in db-HFD
versus wt-HFD groups. b The
representative KEGG  path-
ways of the downregulated
DEGs in db-HFD+R versus
db-HFD groups. ¢ The mRNA
expression of inflammatory
mediators in the kidneys of the
indicated groups (n = 3). *p <
005, **p < 001, ****p <
0.0001 compared to wt-HFD
group; *p < 0.05, ¥p < 001
compared to db-HFD. d Im-
munohistochemical staining of
F4/80 in mouse kidney speci-
mens from indicated groups.
Scale bar, 50 um. e Statistic
analysis of F4/80 positive cells
per x400 field (n = 3). *p <
0.05 compared to wt-HFD
group; *p < 0.05 compared to
db-HFD group. f The mRNA
expression of lipid metabolism
related-genes in the kidneys of
indicated groups (1 = 3). *p <
0.05, **p < 0.01, ***p < 0.001,
HEExD < 0.0001 compared to
wt-HFD group; **p < 0.0001
compared to db-HFD group.
g Oil red O (scale bar, 50 pm)
and electron microscope (scale
bar, 2 um) images from the
four indicated groups. Black
arrows indicate lipid droplet
accumulation. ORO: oil red O;
TEM: transmission electron
microscope.

prospective cohort studies with large sample sizes are
needed. The differences in tissue sample preparation
for oil-red O staining (frozen tissue) and p-MLKL
staining (paraffin tissue) meant that we could not
co-localize the two indicators in DKD samples. In
subsequent work, the co-localization of other lipid
droplet markers, such as perilipin, with p-MLKL will
be performed to further clarify the correlation between
disordered lipid metabolism and necroptosis in
RTECs. In addition, cellular assays and mouse ex-
periments showed that the combination of high glu-
cose and fatty acid stimulation led to necroptosis in
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RTECs. However, the specific intracellular signaling
pathway remains unknown and requires further in-
vestigation. Nevertheless, our findings revealed the
role of necroptosis in DKD progression, providing a
new therapeutic target for the treatment of DKD.
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