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ABSTRACT

Renal tubular epithelial cells (TECs) are vulnerable to mitochondrial dysregulation, which is an
integral part of diabetic kidney disease (DKD). We found that CD36 knockout ameliorated
mitochondrial dysfunction and diabetic kidney injury in mice, improved renal function, glomerular
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hypertrophy, tubular injury, tubulointerstitial fibrosis, and kidney cell apoptosis. Furthermore, CD36 2023
knockout conferred protection against diabetes-induced mitochondrial dysfunction and restored

renal tubular cells and mitochondrial morphology. CD36 knockout also restored mitochondrial
fatty acid oxidation (FAO) and enhanced FAO-associated respiration in diabetic TECs. CD36 was
found to alter cellular metabolic pathways in diabetic kidneys partly via PDK4 the —~AMPK axis
inactivation. Because CD36 protects against DKD by improving mitochondrial function and
restoring FAQ, it can serve as a potential therapeutic target.

1. Introduction

Diabetic kidney disease (DKD) is the most common cause of
kidney failure worldwide, affecting approximately 40% of
patients with diabetes [1]. Much progress has been made
over the past few decades to understand the pathophysiol-
ogy of DKD. Nevertheless, current therapeutic regimens can
slow down but not stop or reverse disease progression, high-
lighting the urgency of exploring the underlying mechanisms
[1]. The primary pathological changes in DKD include glo-
merular lesions, particularly mesangial expansion, and glo-
merular basement membrane thickening [2]. Recent evidence
indicates that tubulointerstitial injury is a critical predictor of
the progression of DKD to end-stage renal disease [2,3]. In
fact, some studies have reported the extent of tubular injury
in DKD, also known as diabetic tubulopathy [3]. Therefore,
identifying novel molecular targets of diabetic tubular injury
appears to be a promising strategy for treating DKD.
Mitochondria, the powerhouses of the cell, produce ATP
via oxidative phosphorylation and fatty acid oxidation (FAO).
The kidney is a high-energy demand organ, and kidney and
mitochondrial ~ functions are closely associated [4].
Mitochondrial dysfunction plays a vital role in the pathogen-
esis and development of various kidney diseases [5-7]. In the
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last few years, studies involving animal models and patients
with diabetes have reported that improving mitochondrial
function is beneficial for recovery from kidney diseases [8].
Proximal tubules utilize the majority of oxygen for ATP gen-
eration to enable the reabsorption of metabolites and con-
tain the highest number of mitochondria in the kidney.
Mitochondrial FAO is the preferred source of ATP in renal
tubular epithelial cells (TECs). Defects in FAO play a key
pathogenic role in tubulointerstitial fibrosis. Restoring fatty
acid metabolism using genetic or pharmacological methods
has been found to prevent renal fibrosis progression [9,10].
Furthermore, recent omics studies have provided unbiased
evidence that both mitochondrial dysfunction and impaired
renal tubular FAO play pivotal roles in DKD development
[111. In our previous study, we found that high glucose-induced
HK-2 cells and mouse models with DKD displayed lower
expression of key enzymes and regulators of FAO and higher
levels of injured tubular cells [12,13]. However, the detailed
molecular mechanisms underlying impaired FAO in diabetic
TECs remain elusive.

CD36, a fatty acid transporter protein, is a single-chain
transmembrane surface glycoprotein that belongs to the
class B scavenger receptor family [14]. CD36 is highly
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abundant in proximal tubular cells [15], and antagonist
blockade or genetic knockout of CD36 contributes to allevi-
ate tubulointerstitial inflammation and fibrosis [16]. CD36
exerts these biological effects via a signaling receptor that
responds to innate immune reactions and a long-chain free
fatty acid transporter, leading to intracellular lipid accumula-
tion [15]. Recently, an association between CD36 and mito-
chondrial FAO has been reported. A study found that CD36
expression in cardiac myocytes inhibited AMPK activation,
consequently affecting AMPK-mediated FAO [17]. The signifi-
cance of CD36 in FAO is related to its function in the mito-
chondrial transfer of fatty acids, as previously demonstrated
in human skeletal muscle cells [18] and macrophages [16].
Furthermore, inhibition of CD36 palmitoylation enhances
hepatic FAO by interacting with long-chain acyl-CoA
synthetase-1 [19]. In our previous study, we confirmed that
the downregulation of CD36 expression contributes to the
upregulation of FAO-related enzymes and AMPK activity in
the kidneys of db/db mice [12]. We believe that CD36 dele-
tion regulates FAO activation and contributes to improved
mitochondrial function in diabetic TECs.

In this study, we found that CD36 deletion reduced the
progression of diabetic nephropathy, improved mitochondrial
dysfunction, and enhanced FAO-associated mitochondrial res-
piration in diabetic TECs. Furthermore, we observed that the
pyruvate dehydrogenase kinase-4 (PDK4)-AMPK axis plays an
essential role in downregulating the expression of functional
genes involved in fatty acid metabolism. Taken together, our
data indicate that CD36 inhibition can serve as a potential
therapeutic strategy to improve mitochondrial function and
restore FAO in patients with DKD.

2. Materials and methods
2.1. Experimental animals

Eight-week-old CD36 knockout (CD36KO, C57BLKS/J back-
ground, n=12) mice were obtained from GemPharmatech
Co. Ltd. The results of the identification of the CD36 knock-
out were provided by GemPharmatech Co. Ltd. and vali-
dated in this study (Supplementary Figure 1A). Wild-type
(WT, n=12) littermates were used as controls. All the animals
had the same genetic background. Half of the WT and
CD36KO mice were injected with streptozotocin (STZ) and a
high-fat diet(establishment of a diabetic model), as previ-
ously described [13];the other half of the WT and CD36KO
mice were administered citrate buffer and used as controls
.Mice in the diabetic model group (DM) had ad libitum access
to a high-fat diet (#D12492), whereas those in the WT group
(n=6) and CD36KO group(n=6) were fed standard rodent
chow. After 4weeks, mice in the diabetic model group were
intraperitoneally injected with STZ (50mg/kg STZ in fresh
0.1 M sodium citrate buffer, pH 4.5) daily for 5days, and those
in the WT group were administered citrate buffer. One week
later, mice with blood glucose levels >11.1mmol/L were
identified and used for further analyses (i.e., successful mod-
els). All animals were housed in a temperature-controlled

room at the Animal Center of Shanxi Medical University with
a 12-h light/dark cycle and had ad libitum access to food and
water. At the end of the experiment, all animals were anes-
thetized and sacrificed after 12h of fasting at 24weeks of
age. Blood samples, 24-h urine samples, and kidney tissues
were collected from each animal for further analysis. All
experimental protocols were conducted in accordance with
the Ethics Review Committee for Animal Experimentation of
Shanxi Medical University.

2.2. Biochemical analyses

Blood samples were collected from the retroorbital plexus
and centrifuged at 3000rpm for 15min to obtain serum sam-
ples. Blood glucose, blood creatinine, and blood urea nitro-
gen concentrations were determined in serum samples using
a biochemical autoanalyzer (Lanyun, Shenzhen, China), as to
standard laboratory procedures. All procedures were per-
formed in accordance with the manufacturer’s instructions.
Urine was collected over a 24-h period, during which each
animal was placed in an individual metabolic cage. Urinary
albumin levels were measured using reagent kits (BioSino
Bio-Technology and Science Inc., Beijing, China), according to
the manufacturer’s instructions. The 24-h urinary albumin
excretion rate was determined using the following formula:
urinary albumin (ug/mL) x 24-h urine volume (mL).

2.3. Renal pathology and immunohistochemistry

Renal tissues were fixed in 4% paraformaldehyde overnight
at 4°C, dehydrated, embedded in paraffin, 4 um-thick tissue
sections were prepared for histopathological analysis. Periodic
acid-Schiff (PAS) staining was performed, as previously
described [8], to evaluate tubular injury. Briefly, 30 glomeruli
and approximately 80+100 proximal tubules from each
mouse (8 mice/group) were semiquantitatively analyzed
using the Image) image processing and analysis system.
Quantification of the glomerular volume and proximal tubu-
lar area was conducted by a pathologist in a blinded manner.
The percentage of damaged tubules (interstitial inflammation
and fibrosis, tubular dilation, and cast formation) was graded
from 0 to 3 as follows: —0, normal; 1, tubular lesion < 25%;
2, 25%-50% tubular lesion; and 3, tubular lesion > 50%.
Immunohistochemistry of renal sections was performed
using the SP kit, according to the manufacturer’s instructions
[11]. Labeling was visualized with 3,3'-diaminobenzidine to
produce a brown color, and the sections were counterstained
with hematoxylin. All corresponding antibodies are listed in
Supplementary Table 1. The staining results were analyzed
using light microscopy by two independent, blinded observ-
ers. The images thus obtained were assessed using Image)J
software (National Institutes of Health). Mitochondrial mor-
phology was assessed by transmission electron microscopy.
Briefly, small cubes of renal cortex tissues were fixed in 2.5%
glutaraldehyde for 24h at 4°C, and mitochondria were
assessed by the Kingmed Medical Test Center (Taiyuan,
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China). Sections were examined and photographed using a
transmission electron microscope (Hitachi, Tokyo, Japan).
Imagel) was used to measure the peripheral glomerular base-
ment membrane length, as previously described [12].

2.4. Terminal deoxynucleotidyl TUNEL staining

Kidney cell apoptosis was evaluated using the TUNEL FITC
Apoptosis Detection Kit (Promega Corp., Madison, WI, USA),
according to the manufacturer’s instructions. To quantify
apoptotic cells, at least 500 cells were counted per well, and
the percentage of positively labeled cells was calculated.

2.5. Measurement of mitochondrial DNA (mtDNA) content

The mtDNA copy number was quantified by RT-PCR using a
Mouse mtDNA Copy Number Assay Kit (MCN3; Detroit R&D,
Detroit, MI, USA), according to the manufacturer’s instructions.
Total DNA was extracted from renal cortical tissue. Reactions
were performed using 10ng of DNA. The relative mtDNA copy
number was presented as the ratio of mtDNA to nuclear DNA.

2.6. Mouse primary renal tubular cell culture and
measurement of viability

Mouse primary renal tubular cells were isolated from WT,
WT+DM, CD36KO, and CD36KO + DM mice using a previously
reported method [12]. Briefly, renal cortex tissue was dis-
sected, placed in ice-cold Dulbecco’s PBS (DPBS) and minced
into pieces. Fragments were transferred to a 50mL tube con-
taining 10mL of DMEM medium with 100 pl of Collagenase
| and digested for 30min at 37°C in a 160/170rpm shaker.
Thereafter, 100 pl of FBS (Thermo Fisher Scientific) was added
to stop the Collagenase | reaction. Cells were further sieved
through a 100 um nylon mesh, followed by 70um and 40 um
nylon meshes. Cells were centrifuged for 10min at 3000g.
The pellet was resuspended in 1mL of sterile RBC lysis buffer
and incubated for 2-3min on ice. DPBS was added, followed
by centrifugation for 10min at 3000g. The cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum
(Gibco, 16000-044) and 1% penicillin and streptomycin
(Gibco, 15140-122) at 37°C and 5% CO,. TECs were identified
by immunofluorescence staining for  cytokeratin-18
(Supplementary Figure 1B). Images were obtained using an
Olympus CKX41 inverted microscope (Tokyo, Japan).

2.7. Measurement of oxygen consumption rate (OCR)

Mouse primary renal TECs were seeded in a specialized
XF24 cell culture microplate (Seahorse Bioscience) at a den-
sity of 50,000-80,000 cells/well. These cells were exposed to
different experimental conditions, and OCR was measured
using a Seahorse Bioscience Extracellular Flux Analyzer
(Agilent). After cell lysis in radioimmunoprecipitation assay
(RIPA)buffer, a protein assay was performed. OCR values
were normalized to the protein content of each well.
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2.8. In situ enzyme staining of cytochrome c oxidase

In situ enzyme staining for cytochrome c oxidase was per-
formed as previously described [6,7]. Briefly, mouse kidneys
were immediately frozen in isopentane (JUNSEI, Japan)
cooled with liquid nitrogen, cryosected (12um), and incu-
bated with cytochrome «c oxidase reaction solution
(Sigma-Aldrich) for 30 min at room temperature. Images were
obtained using an Olympus BX53 upright microscope and
quantified using the ImagelJ software.

2.9. Intracellular ATP level measurement

Intracellular ATP content in primary renal epithelial cells was
measured using the ATP Colorimetric/Fluorometric Assay Kit
(BioVision Inc., Milpitas, CA, USA), according to the manufac-
turer’s instructions. The data was normalized to the total pro-
tein content.

2.10. Intracellular cAMP level measurement

Intracellular cAMP levels in primary tubular cells were deter-
mined using an ABI (T1500), according to the manufacturer’s
instructions.

2.11. Western blotting

Proteins were extracted from renal cortex tissues using RIPA
buffer, separated by SDS-PAGE, and transferred to a polyvi-
nylidene difluoride membrane (Millipore, Billerica, MA, USA).
The membrane was then incubated with specific primary
antibodies (Supplementary Table 1) overnight at 4°C, fol-
lowed by incubation with goat anti-rabbit or mouse IgG
horseradish peroxidase conjugate (1:10,000 dilution, Santa
Cruz, CA, USA). Immunoblots were visualized using the ECL
detection system and scanned using the ChemiDocTM
Imaging System (Bio-Rad, USA).

2.12. Quantitative RT-PCR

Total RNA and cDNA were obtained from frozen renal cortex
tissues using TRIzol (Invitrogen) and RT-qPCR kits (Thermo
Fisher Scientific), according to the manufacturer’s instruc-
tions. Quantitative RT-PCR was performed using SYBR Premix
Ex Taq (Takara Bio Inc.) on an Agilent Mx3000P gPCR System
(Agilent, Palo Alto, CA, USA). Normalization was performed
using 18S rRNA. Primer sequences used for mRNA quantifica-
tion are listed in Supplemental Table 2.

2.13. Statistical analysis

Values represent the mean+SD. Differences between groups
were analyzed for statistical significance using one-way anal-
ysis of variance (ANOVA), followed by a post-hoc test using
the Tukey-Kramer method. All experiments were performed
at least thrice. Statistical significance was set at p<0.05.
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3. Results

3.1. CD36 deletion ameliorates renal injury in diabetic
mice

To investigate the role of CD36 in the pathogenesis of renal
injury in diabetic nephropathy, we induced type 2 diabetes
in CD36+/+ (WT) and CD36—/— (KO) mice for 24weeks. The
level of CD36 expression were significantly inhibited in
CD36—/— (KO) mice (Figure 1(A) and Figure 4(E)). CD36—/—
(KO) mice showed no significant phenotypic changes com-
pared with the CD36+/+ (WT) mice. Then, we assessed
biochemical indices of renal function. Compared with WT
mice, diabetic mice showed a significant increase in blood
creatinine and blood urea nitrogen levels. CD36 deletion sig-
nificantly ameliorated this abnormal increase in blood creati-
nine and urea nitrogen levels in diabetic mice, implying that
CD36 aggravates renal function (Table 1). Diabetic mice also
showed a significant increase in blood glucose and 24-h uri-
nary albumin levels and kidney weight-to-body weight ratio;
CD36 deletion restored these changes (Table 1). Periodic
acid-Schiff staining revealed renal glomerular basement
membrane thickening and mesangial matrix proliferation
(Figure 1(A)). Transmission electron microscopy revealed sig-
nificant ultrastructural changes in diabetic mice, including
fusion of foot processes and thickening of the glomerular
basement membrane (Figure 1(A,B)). These changes were
alleviated in CD36KO mice with diabetes, as indicated by the
glomerular damage and tubulointerstitial damage scores
(Figure 1(C,D)). We also examined extracellular matrix expres-
sion and renal fibrotic lesions. Compared to the WT group,
collagen | and fibronectin expression levels were significantly
upregulated in the diabetic WT group, and these changes
were significantly reduced in CD36KO mice (Figure 1(AE)).
Moreover, the number of TUNEL-positive cells in the kidneys
of diabetic CD36KO mice was lower than that in the kidneys
of WT mice (Figure 1(F,G)). Western blotting was used to
determine the expression levels of apoptosis-associated pro-
teins. Relative to the WT group, the Bax/Bcl-2 ratio and
cleaved caspase-3 expression showed a considerable increase
in the diabetic group; these values were lower in the CD36KO
mice with diabetes (Figure 1(H)). Collectively, these data sug-
gest that CD36 plays a vital role in inducing renal injury in
diabetic mice.

3.2. CD36 deletion improves mitochondrial injury and
dysfunction in the kidney of diabetic mice

Mitochondrial dysfunction, associated with changes in mito-
chondrial morphology, is an important feature of diabetic
renal injury [5]. Oxidized LDL/CD36 signaling in macrophages
contributes to mitochondrial metabolic reprogramming [8].
Thus, we evaluated the morphological alterations of mito-
chondria in renal cortical tissue using transmission electron
microscopy. Cells from tubular segments within the kidneys
of WT mice showed regular apical microvilli, intact basement
membranes, and basal infoldings (Figure 2(A)). Mitochondria
in these cells were abundant, appeared elongated, and

showed a good cisterna in the inner matrix. In contrast, most
diabetic kidney cells seemed to have lost mitochondrial cris-
tae, with fragmented, small, and round mitochondria. CD36
deletion significantly improved most of these morphological
alterations in mitochondria (Figure 2(B)), and the reduction in
mitochondrial mass induced by diabetes was almost abro-
gated in the renal TECs of diabetic mice (Figure 2(C)).
Furthermore, to investigate the effects of CD36 on mitochon-
drial function in diabetic kidneys, we examined the OCR of
isolated primary renal tubular cells from WT, WT+DM,
CD36KO, and CD36KO +DM mice using an XF24 Flux Analyzer.
OCR showed a considerable decrease in diabetic primary
renal tubular cells, which was partially restored in diabetic
CD36KO mice (Figure 2(D)). The decrease in ATP levels in dia-
betic primary renal tubular cells was also preserved in
CD36KO mice (Figure 2(E)). Western blotting indicated that
the proteins levels of mitochondrial electron transport chain
complexes, most notably |, Ill, and IV, were upregulated in
the kidneys of diabetic CD36KO mice compared to those of
diabetic WT mice (Figure 2(F)). Moreover, we observed a
reduction in cytochrome c oxidase activity in the kidneys of
diabetic WT mice, a hallmark of mitochondrial damage,
which was preserved in the kidneys of diabetic CD36KO mice
(Figure 2(GH)). Collectively, these findings suggest that
increased mitochondrial dysfunction in the kidney of diabetic
mice was markedly reversed by CD36 deletion.

3.3. CD36 deletion prevents impairment of FAO-associated
respiration in diabetic TECs

Considering that kidney tubule segments are enriched with
mitochondria and that mitochondrial FAO is a major contrib-
utor to intracellular ATP production in TECs [5], we investi-
gated whether the protective effects of CD36 deletion on
diabetic kidney are related to preventing FAO impairment.
First, we determined the gene expression levels of PPARq, a
key transcription factor that regulates mitochondrial FAO
pathways, in the kidneys of each study group. The mRNA
level of PPARa was markedly downregulated in diabetic
mice; compared to that in WT mice, and was upregulated in
diabetic CD36KO mice (Figure 3(A)). We also evaluated the
expression levels of well-known PPARa target genes by
RT-PCR. The expression levels of most PPARa target genes
(Cptla, Acox1, Lcad, Mcad, Acad10, and Hadh) tended to be
downregulated in diabetic WT mice, and this effect was
reversed in diabetic CD36KO mice (Figure 3(A)). We further
examined the protein expression levels of CPT1a and ACOX1,
which are the key rate-limiting enzymes in FAO. Relative to
the kidneys of non-diabetic WT mice, diabetic WT mice
showed significantly downregulated CPT1a and ACOX1 pro-
tein expression levels; CD36 deletion upregulated these lev-
els (Figure 3(B)). The decreased levels of PPARa and its target
protein ACOX1 were further verified by immunohistochemis-
try (Figure 3(C)). PPARa and ACOX1 are primarily localized in
tubular epithelial regions. Taken together, these findings sug-
gest that CD36 deletion prevents the impairment of
FAO-associated respiration in diabetic TECs.
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Figure 1. Deletion of CD36 ameliorates renal injury in diabetic mice. (A) Kidney sections were stained with periodic acid Schiff, transmission electron
microscopy and immunohistochemical staining images (Bar 50 um). The GBM thickness (B), proximal tubular area (C) and tubular interstitial damage scores
(D) were measured. (E) Semi-quantitative analysis of Fibronectin and Collagen | from immunohistochemical staining data (8-10 sections per mouse were
analyzed). (F) Apoptosis was assessed by TUNEL (Bar = 50 um). (G) Apoptotic cells per field. (H) The expression levels of cleaved caspase-3, Bax, and Bcl-2
were detected by Western blot analysis. Data are expressed as mean+SD. (n=6). **p < .01 vs WT group, *p < .05 vs WT+DM group.
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Table 1. Change of basic parameters in each group.

Group BG (mmol-L™") Scr (umol-L™") BUN (mmol-L™") UAE (ug-24h7") KW/BW (mg/g)
WT 5.62+0.32 11.29+3.45 11.22+£2.23 512+1.12 4.01+0.98
WT+DM 19.76 £3.91* 28.32+4.01* 23.98+8.57 291.65+11.23* 6.01+1.03*
CD36KO 4.91+1,02¢ 6.15+4.07* 7.52+3.89 4.89+2.53* 4.01+0.21*
CD36KO + DM 7.91+4.32% 17.21+2.54* 15.32+4.52 211.46+16.23% 5.23+0.84%

Date are presented as the mean+SD (n=6). BG: blood glucose; Scr: serum creatinine; BUN: blood urea nitrogen; UAE: urine albumin excretion; KW/BW:
kidney weight/body weight.

*p <.05 versus WT; p<.05 versus WT+DM.

Figure 2. Deletion of CD36 improves mitochondrial injury and dysfunction in kidney of diabetic mice. (A) Representative transmission electron microscopy
micrographs for mitochondria. Quantification analysis of average damaged mitochondria (B) and mDNA copy number (C). (D) Oxygen consumption rate
(OCR) of TECs measured with a Seahorse XF24 Extracellular Flux Analyzer. (E) ATP levels of TECs from each group. (F) Representative Western blot and
analysis for the expression of Complex I, Complex IV, and Complex V in kidney tissues. (G) Representative images and analysis (H) of Cytochrome c oxidase
in kidney sections. Data are expressed as mean+SD. (n=6). **p < .01 vs WT group, *p < .05 vs WT+DM group.
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Figure 3. Deletion of CD36 prevents impairment of FAO-associated respiration in diabetic TECs. (A) The mRNA levels of ppara, cptla, acox1, Icad, mcad,
acacd10, and hadh was analyzed by RT-qPCR. (B). Representative Western blot and analysis for the expression of PPARa, Cpt1A, and ACOX1. (C).
Representative images of immunohistochemical staining of PPARa, and ACOX1. (Bar = 50um). Data are expressed as mean+SD. (n=6). **p < .01 vs WT

group, *p < .05 vs WT+DM group.

3.4. CD36 regulates mitochondrial energy metabolism
through PDK4-AMPK axis inactivation in diabetic TECs

PDK4 is an important mitochondrial matrix enzyme involved
in cellular energy regulation in tissues with high energy
demands [5]. PDK4 mRNA is a sensitive marker of FAO [5].
Therefore, we verified the association between CD36 and the
PDK4-AMPK signaling pathways in diabetic TECs. We
observed an approximately 63% decrease in PDK4 mRNA lev-
els (Figure 4(A)) and an approximately 89% decrease in PDK4
protein expression levels (Figure 4(E)) in diabetic mice com-
pared to those in WT mice. CD36 deletion restored the
reduction in PDK4 mRNA and protein expression levels
(approximately 98% increase). Immunofluorescent staining
and quantitative data showed that CD36 levels increased in
the areas with high levels of KIM1, a marker of tubular injury
(Figure 4(B)). Negative correlations were observed between
tubular interstitial damage and PDK4 (r=-0.75) (Figure 4(C))
and between PDK4 and KIM1 levels (r=-0.69) (Figure 4(D)) in

the kidney tissues of diabetic mice. PDK4 plays a critical role
in regulating cAMP levels. Consistent with the increase in
PDK4 expression levels upon CD36 deletion, primary renal
tubular cells from CD36KO mice showed a decrease in cAMP
levels (Figure 4(F)) and an increase in AMPK phosphorylation
(Figure 4(E)), consistent with the results of our previous study
[5]. These data suggest that CD36 alters mitochondrial meta-
bolic pathways improve diabetic renal tubular injury, partly
through the inactivation of the PDK4-AMPK axis at the tran-
scriptional level.

4. Discussion

The transmembrane protein CD36 plays an important role in
various forms of kidney diseases. The main mechanisms
reported so far have focused on the effects of CD36 on intra-
cellular lipid deposition and CD36-mediated innate immunity.
Our findings demonstrated that CD36 contributes to
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Figure 4. CD36 regulates mitochondrial energy metabolism through inactivated PDK4-AMPK axis in diabetic kidney. (A) The mRNA levels of Pdk1, Pdk2,
Pdk3, and Pdk4 was analyzed by RT-qPCR. (B) Kidney sections were stained with periodic acid Schiff (Bar 50 um). Representative images of CD36/KIM1
immunofluorescence Co-staining labeling in kidney tissue. Positive staining is yellow. Representative images of PDK4 immunofluorescence labeling in kid-
ney tissue. Positive staining is green. Tubular interstitial damage scores (C) and KIM1 expression were measured (D). (E) Representative Western blot and
analysis for the expression of CD36, PDK4, P-AMPK, and AMPK. (F) cAMP levels in total kidney tissue. Data are expressed as mean+SD. (n=6). **p < .01
vs WT group, *p < .05 vs WT+DM group.



diabetes- induced-mitochondrial damage and FAO impair-
ment in TECs. Mechanistically, we found that the relationship
between CD36 and mitochondrial function seemed to be
partially related to the activity of the PDK4-AMPK axis. Thus,
our results highlight a novel mechanism underlying mito-
chondrial dysfunction in diabetic kidney.

In recent years, with the emergence of the ‘tubular centric
view of DKD’ [20], FAO impairment in TECs and mitochondrial
damage in the pathogenesis of DKD have received increased
attention [2,20]. In DKD, both pharmaceutical mitochondrial
protection and genetic intervention to improve mitochon-
drial function have strong renoprotective effects [16].
Furthermore, diabetic kidney drugs improve mitochondrial
function and energy supply in renal tubular cells [21]. Renal
tubular cells are the most abundant in the mitochondria, and
mitochondrial FAO is the preferred source of energy for these
cells. Mitochondrial FAO impairment is an important mecha-
nism underlying tubular injury in chronic kidney diseases,
including diabetes mellitus. Further studies are warranted to
explore these underlying mechanisms.

CD36 is a cell membrane transporter that is expressed on
the surface of many cell types [15]. It serves as a receptor for
many endogenous ligands, and plays various roles in the reg-
ulation of physiological and pathological functions. The role
of CD36 in the kidney has been extensively investigated [15].
In experimental models, antagonist blockade or genetic
knockout of CD36 was found to prevent kidney injury,
demonstrating its potential as a therapeutic target for chronic
kidney disease [15], In addition, Suszak et al. first reported in
2016 that CD36 is expressed in diabetic renal tubules and
mediates TEC apoptosis [22]. Follow-up studies suggest that
CD36 serves as a signaling hub for lipid homeostasis and
immunological responses [8]. CD36 also regulates mitochon-
drial FAO and promotes macrophage activation [8]. It local-
izes to the mitochondria and regulates lipid metabolism in
skeletal muscle cells and cardiomyocytes [23]. However, no
direct evidence has highlighted the effects of CD36 on mito-
chondrial damage in DKD patients. In this study, we found
that CD36 deletion improved renal function and morpho-
pathological changes in diabetic mice, which is consistent
with the results of a previous study. We also observed a sig-
nificant improvement in the mitochondrial morphology of
the renal tubular cells. Thus, we investigated the effects of
CD36 on the protein levels of mitochondrial electron trans-
port chain complexes and on the synthesis of ATP in mouse
primary renal tubular cells and found that mice with DKD
showed a decrease in the expression levels of oxidative
phosphorylation proteins and synthesis of ATP; CD36 knock-
out reversed this effect. Because fatty acids are the preferred
energy source for proximal tubular cells, a reduction in FAO
in DKD plays an important role in the pathogenesis of kidney
fibrosis. Furthermore, we found that CD36 knockout upregu-
lated the expression of key FAO enzymes. These data indicate
that CD36 knockout promotes mitochondrial energy metab-
olism and that diabetes-induced CD36 expression is involved
in renal tubular energy disturbance.
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In terms of the mechanisms by which CD36 mediates
mitochondrial energy metabolism, we focused on elucidating
its effects on PDK4 expression. PDKs act as tissue homeostats
to support adequate context-dependent regulation of energy-
fueling pathways [5]. PDK4 is a key mitochondrial matrix
enzyme involved in cellular energy regulation in tissues with
high energy demands. In the kidney, it is the main isoform
of PDKs and is involved in lipid-related metabolic adaptations
under various disease conditions [24]. The upregulation of
PDK4 expression indicates a metabolic shift toward the
increased utilization of fatty acids as an energy fuel [5].
Therefore, PDK4 is considered a sensitive marker for increased
FAO [5]. We found that the mRNA and protein expression lev-
els of PDK2/4 were markedly downregulated in the renal cor-
tex tissues of diabetic mice, whereas those of other PDK
isoforms (PDK1/3) remained unchanged. Increased CD36
expression could reduce the expression of PDK4 in diabetes
induced muscle cells [19]. We also found that the CD36
knockout upregulated PDK4 expression. CD36 thus seems to
mediate PDK4 inactivation in DKD patients. Zhou et al. [25]
found that PDK4 was main expressed in proximal TECs and
that its expression was downregulated in chronic kidney dis-
ease, with decreased energy metabolism. Oh et al. [25]
demonstrated the involvement of PDK4 in cisplatin-induced
acute kidney injury, intervention with a PDK inhibitor, and
knockout of PDKA4. Increased levels of PDK4 have been previ-
ously found to inhibit the pyruvate dehydrogenase complex
(PDH), and phosphorylation of PDHE1a, a target protein of
PDK4, thereby leading to an influential metabolic shift from
glycolysis to FAO [26]. Our results indicate that PDK4 activa-
tion was significantly inhibited in diabetic kidneys, but
PDHE1a mRNA expression levels did not show a significant
change. Compared with the normal group, the diabetic renal
cortex showed an approximately 89% decrease in PDHE1
phosphorylation at the protein expression level; CD36 knock-
out did not affect this. Altered ATP production by FAO in
response to PDK4 expression is responsible for changes in
AMP levels [27], with CD36 being a negative regulator of
AMPK activation [17]. Our data confirmed that CD36 deletion
increases AMPK. However, further studies are warranted to
determine how PDK4 directly responds to changes in CD36
in DKD. Our results suggest that CD36 alters cellular meta-
bolic pathways in diabetic kidneys partly through inactiva-
tion of the PDK4-AMPK axis at the transcriptional level.

In summary, we report key evidence indicating that
diabetes-induced upregulation of CD36 in TECs contributes to
the pathogenesis of DKD by restoring FAO and improving
mitochondrial function. This study highlights CD36 as a regu-
lator of cellular energy metabolism and a potential target for
the future development of promising therapeutic strategies.
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