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ARTICLE
Alpha lipoamide inhibits diabetic kidney fibrosis via improving

mitochondrial function and regulating RXRa expression and
activation

Hui-fang Zhang"??, Hui-ming Liu*?, Jia-yi Xiang'*?, Xing-cheng Zhou'?3, Dan Wang'*3, Rong-yu Chen'?3, Wan-lin Tan'?,
Lu-qun Liang™??, Ling-ling Liu"?*3, Ming-jun Shi"*3, Fan Zhang'*3, Ying Xiao"*?, Yu-xia Zhou'*?, Tian Zhang'*?, Lei Tang™®,
Bing Guo(@®'**® and Yuan-yuan Wang @>>*

Previous studies have shown mitochondrial dysfunction in various acute kidney injuries and chronic kidney diseases. Lipoic acid
exerts potent effects on oxidant stress and modulation of mitochondrial function in damaged organ. In this study we investigated
whether alpha lipoamide (ALM), a derivative of lipoic acid, exerted a renal protective effect in a type 2 diabetes mellitus mouse
model. 9-week-old db/db mice were treated with ALM (50 mg-kg™'-d~", i.g) for 8 weeks. We showed that ALM administration did
not affect blood glucose levels in db/db mice, but restored renal function and significantly improved fibrosis of kidneys. We
demonstrated that ALM administration significantly ameliorated mitochondrial dysfunction and tubulointerstitial fibrotic lesions,
along with increased expression of CDX2 and CFTR and decreased expression of -catenin and Snail in kidneys of db/db mice.
Similar protective effects were observed in rat renal tubular epithelial cell line NRK-52E cultured in high-glucose medium following
treatment with ALM (200 pM). The protective mechanisms of ALM in diabetic kidney disease (DKD) were further explored: Autodock
Vina software predicted that ALM could activate RXRa protein by forming stable hydrogen bonds. PROMO Database predicted that
RXRa could bind the promoter sequences of CDX2 gene. Knockdown of RXRa expression in NRK-52E cells under normal glucose
condition suppressed CDX2 expression and promoted phenotypic changes in renal tubular epithelial cells. However, RXRa
overexpression increased CDX2 expression which in turn inhibited high glucose-mediated renal tubular epithelial cell injury.
Therefore, we reveal the protective effect of ALM on DKD and its possible potential targets: ALM ameliorates mitochondrial
dysfunction and regulates the CDX2/CFTR/B-catenin signaling axis through upregulation and activation of RXRa.
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INTRODUCTION

As one of the most serious complications of diabetes mellitus
(DM), diabetic kidney disease (DKD) is a major cause of end-stage
renal disease [1]. The pathogenesis of DKD is complex and is often
closely related to abnormal glucose and lipid metabolism, as well
as mitochondrial dysfunction [2]. Currently, there are no effective
pharmaceutical treatments for DKD. Thus, exploring new drugs is
crucial.

Kidney is a high-energy demanding metabolic organ. Its normal
physiological function requires large amounts of ATP [3], which
are mainly produced by oxidative phosphorylation of nutrients in
renal mitochondria [4]. Mitochondria are energy-producing
organelles that maintain cellular redox and energy homeostasis
and are the main producers of reactive oxygen species (ROS) in
cells [5]. Once mitochondria are damaged, there is excessive

production of ROS, which triggers oxidative stress, an important
factor triggering kidney injury [6]. At the same time, mitochondria
regulate their number and structure of mitochondria are
kinetically regulated to adapt to cellular energy demands, and
mitochondrial fusion and fission are key steps in repairing
damaged mitochondrial components [7]. The exchange of
materials between damaged and undamaged mitochondria is
realized through the fusion process mediated by Mitofusin 1
(MFN1) or the fission process mediated by dynamic-related
protein 1 (Drp1), thereby separating damaged components and
restoring mitochondrial number and structure to maintain their
function [3, 8]. Previous studies have reported mitochondrial
dysfunction in various acute kidney injuries and chronic kidney
diseases [3, 9]. Therefore, restoring mitochondrial function is
important for improving renal injury in DKD.
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Alpha lipoamide inhibits diabetic kidney fibrosis
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Lipoic acid (LA) is a powerful antioxidant that has been widely
used to treat a variety of oxidative stress-induced diseases, such as
cardio-cerebrovascular diseases and diabetes [10]. Moreover,
Alpha lipoamide (ALM), a derivative of lipoic acid, has shown
better efficacy than LA in reducing oxidative stress and improving
mitochondrial function [11, 12]. As a coenzyme of pyruvate
dehydrogenase complex (PDC), ALM is involved in enzymatically
catalyzed conversion of pyruvate to acetyl coenzyme A (CoA) in
mitochondria to fuel oxidative phosphorylation in the tricarboxylic
acid cycle (TCA) [13]. Therefore, ALM is considered to be an
important coenzyme required for mitochondrial energy produc-
tion. Studies have shown that ALM is more effective than LA in
alleviating hydrogen-peroxide or 6-hydroxydopamine-induced
PC12 cell injury [14], and inhibiting NF1 Deficiency-induced
epithelial-mesenchymal transition (EMT) in murine Schwann Cells
[15]. However, whether ALM can improve DKD is not fully clear.

In the present study, we found that ALM partially restored renal
function in db/db mice and improved tubulointerstitial fibrosis
lesions. We further explored the molecular mechanisms by which
ALM delayed the progression of diabetic kidney fibrosis. Recent
studies have revealed that the crosstalk between mitochondria
and nucleus known as mitochondrial-to-nuclear communication
including anterograde signaling (from nucleus to mitochondria)
and retrograde signaling (from mitochondria to nucleus), affected
multiple cellular events under physiological and pathological
conditions [3, 16]. Transcriptional factor Retinoid X receptor a
(RXRa) has been found to be an important messenger mediating
mitochondrial-to-nuclear communication [17, 18]. Meanwhile,
according to the prediction using the molecular docking software
Autodock Vina, ALM could form stable hydrogen bonds with RXRa
protein to strengthen and stabilize its structural domain, thus
activating RXRa protein. RXRa, as one of the RXR family receptor
isoforms, can regulate important intracellular physiological
activities through the interactions with many other receptors or
protein signaling molecules. For example, RXRa can regulate
inflammatory responses and cellular senescence [18, 19]. More-
over, PROMO Database predicted that RXRa could bind to Caudal-
type homeobox transcription factor 2 (CDX2) gene promoter
sequences, suggesting that RXRa may regulate the transcriptional
level of CDX2. We found that CDX2 was an essential transcriptional
factor in maintaining the phenotype of renal tubular epithelial
cells. CDX2 can upregulate cystic fibrosis transmembrane con-
ductance regulator (CFTR), thereby preventing activation of
fibrogenic cytokine B-catenin and nuclear translocation, and
suppressing DKD progression [20].

In the present study, we revealed that ALM might inhibit the
development of diabetic kidney fibrosis by improving mitochon-
drial function and regulating RXRa expression and activation.

MATERIALS AND METHODS

Reagents

ALM (purity 99.96%) for animal experiments was synthesized by
Guizhou Provincial Engineering Technology Research Center for
Chemical Drug R&D, Guizhou Medical University, China. ALM (HY-
B1142, Purity 99.91%) for cell experiments was purchased from
Medchemexpress (Medchemexpress, NJ, USA). Total-Superoxide
Dismutase (T-SOD) Assay Kit (A001-1-2), Lipid Peroxidation MDA
Assay Kit (A003-1-2), and ATP Assay Kit (A095-1-1) were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China).

Animals and treatments

Adult male (6-8 weeks old, n=6) db/db mice (BKS. Cg-Dock7™
HLepr®MY) and lean wild-type (db/m) littermates were
provided by the Model Animal Research Center of Nanjing
University (Nanjing, China) (SCXK(Su)2015-0001). All animals were
housed in an environment with a temperature of 22+2°C, a
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relative humidity of 50% + 1%, and a 12/12 h light/dark cycle, and
had free access to water and food. All animal experiments
(including the mice euthanasia procedure) were carried out in
compliance with Guizhou Medical University institutional animal
care regulations and guidelines, AAALAC and IACUC guide-
lines.And the protocol was approved by Animal Experimental
Ethical Inspection of Guizhou Medical University.

Db/db mice were assessed as type 2 diabetes mellitus (T2DM)
model mice. After reaching 9 weeks of age, the db/db mice were
treated with ALM (50 mg/kg, dissolved in 5% sodium carbox-
ymethylcellulose) by gavage for 8 weeks (6 days a week). Mice
were euthanized after 8 weeks of intervention. Age-matched male
db/m mice were used as a control group (db/m). Mouse in both
groups were subjected to euthanasia at 16 weeks of age.

Before euthanasia, 24 h-urine samples were collected from all
mice. Briefly, mice were fasted for 3-4 h prior to anesthesia with
pentobarbital sodium. After euthanasia, a femoral artery puncture
was performed to collect blood samples. Mice urine and serum
samples were kept at —20 °C, both kidneys from each animal were
harvested. One part of tissue was fixed in 4% formalin for
histological analysis, while other parts were snap-frozen in liquid
nitrogen and kept at —80°C for subsequent molecular biology
studies.

Biochemical analysis

Blood glucose, urine microalbuminuria, serum triglycerides and
cholesterol levels were measured on an automated biochemical
analyzer (Beckman Instruments 1650, CA, USA). Urine protein
excretion (mg/24 h) was determined using the following formula:
Urine protein excretion (mg/24 h) = urine protein (mg/mL) x urine
volume (mL/24 h).

Renal histological staining and immunohistochemistry

Paraffin sections (3 um) of kidneys were subjected to hematoxylin-
eosin (H&E, G1120, Solarbio, Beijing, China), periodic acid-Schiff
(G1281, Solarbio, Beijing, China), and Sirius Red staining
(GH6044plus, Beijing, China) according to the manufacturer’s
instructions. Immunohistochemical staining was carried out using
a Two Step Immunoassay assay kit (SAP-9100, ZSBIO, Beijing,
China), as directed by the manufacturer. The antibodies used
included rabbit monoclonal anti-CD3 (1:100 dilution, Proteintech,
Rosemont, IL, USA), and rabbit monoclonal anti-p-catenin (1:1000
dilution, Bioss, Beijing, China). Diaminobenzidine (DAB) color
developing kit (ZLI-9018, ZSBIO, Beijing, China) and hematoxylin
were used for immunohistochemical staining. The degree of renal
tubular interstitial injury in the cortex region was assessed using
the following scale based on grading of tubular necrosis, loss of
brush border, cast formation, and tubular dilatation in 10
randomly chosen, non-overlapping fields (x200): 0 (none), 1
(£10%), 2 (11%-25%), 3 (26%-45%), 4 (46%-75%), and 5 (=76%).
Mesangial matrix expansion was measured by Periodic Acid Schiff
(PAS) staining, which was scored by determining the percentage
of mesangial matrix occupying each glomerulus was rated as 1,
0-24%; 2, 25%-49%; 3, 50%-74%; and 4, >75%. Kidneys from 6
mice per group with a total of 60 glomeruli were analyzed [21].
Sirius Red staining was analyzed by calculating the collagen
volume fraction (CVF), which was the percentage of positive
collagen red area in total tissue area in 10 randomly chosen fields.
The interstitial fibrosis area fraction was quantified using Image J,
as described in one previous study [20].

Immunoblotting

Protein concentrations were assessed using the BCA protein assay
kit (P0012S, Beyotime, Shanghai, China). Equal amounts of protein
were then separated by SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane (Merck Millipore, Darmstadt,
Germany). Then, the membrane was incubated with antibodies
against RXRa (1:1000 dilution, Proteintech, Rosemont, IL 60018,
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USA), CDX2 (1:500 dilution, Proteintech, Proteintech, Rosemont, IL,
USA), CFTR (1:500 dilution, Proteintech, Rosemont, IL, USA), Active-
[-catenin (1:1000, Cell Signaling Technology, Danvers, MA, USA),
Snail (1:1000, Cell Signaling Technology, Danvers, MA, USA),
E-cadherin (1:5000 dilution, Proteintech, Rosemont, IL, USA),
Collagen Il (1:500 dilution, Proteintech, Rosemont, IL, USA),
Vimentin (1:1000, Proteintech, Rosemont, IL, USA), 4-HNE (1:1000
dilution, Proteintech, Rosemont, IL, USA), MFN1 (1:1000 dilution,
Proteintech, Rosemont, IL, USA), Drp1 (1:1000, Abcam, Cambridge,
UK), Bax (1:1000 dilution, Proteintech, Rosemont, IL, USA), Bcl-2
(1:500 dilution, Proteintech, Rosemont, IL, USA), and p-actin
(1:10000 dilution, Pumei, Shanghai, China) at 4 °C overnight. Then
appropriate secondary antibodies were added and incubated at
room temperature for 1 h, followed by detection with the Clarity™
Western ECL substrate (1705061, Bio-Rad, Hercules, CA, USA).
Protein quantification was carried out on a Bio-Rad chemidoc
touch imaging system (Bio-Rad, Hercules, CA, USA).

Cell culture and transfection

Rat renal tubular epithelial cell line NRK-52E was purchased from
Kunming Cell Bank, Chinese Academy of Science (Kunming,
China). Cells were cultured in Gibco™ Dulbecco’s modified Eagle’s
medium (DMEM; Thermo Fisher Scientificc, Waltham, MA, USA)
containing 10% Gibco™ fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA) and 5.5 mM glucose in an incubator
at 37 °C containing 5% CO,.

When reaching 40%-50% confluency, cells were grown in
normal (NG; 5.5 mM) and high (HG; 35 mM) glucose media. Cells
were then transiently transfected with siRNA and plasmids using
Invittogen™  Lipofectamine 2000 (11668030, Thermo Fisher
Scientific, Waltham, MA, USA) according to the kit instructions.
All siRNA and plasmids were purchased from Longgian Biotech
(Shanghai, China), and all information was presented in Supple-
mentary Fig. S1 and Table S2.

Assessment of mitochondrial membrane potential, ATP level, ROS
production, MDA and T-SOD content, and active mitochondria
Mitochondrial membrane potential in NRK-52E cells was examined
with the mitochondrial membrane potential sensitive dye JC-1
(HY-15534, Medchemexpress, NJ, USA). ATP concentration was
measured using an ATP Assay kit (S0026B, Beyotime Biotechnol-
ogy, China) according to the manufacturer’s instructions. Using a
cell-permeable probe (H2DCFDA) to detect intracellular ROS (HY-
D0940,Medchemexpress, NJ, USA), flow cytometry was performed
to evaluate mitochondrial ROS levels in NRK-52E cells. The total
Superoxide Dismutase (T-SOD) assay kit and the Malondialdehyde
(MDA) assay kit for mice were purchased from Nanjing Jiancheng
Bioengineering Institute (E004-1-1 and A003-1-2, Nanjing, China).
The assays were performed following the manufacturer’s instruc-
tions. The mitochondria in the cells were labeled with MitoTracker
Red CMXRos probe (C1035, Beyotime, Shanghai, China) and
imaged under Carl Zeis LSM900 confocal laser-scanning micro-
scope (Carl Zeis, Germany). The fluorescence intensity of
mitochondrial contents were quantified using Imagel.

Flow cytometry

For flow cytometry analysis, cells in each group were stained with
200 pL of 1x binding buffer containing 2.5 uL of Annexin V-FITC
and then with 2.5puL of propidium iodide (KGA107, KeyGen
Biotech, Nanjing, China). The cells were subjected to flow
cytometry analysis using a BD Accuri C6 Plus flow cytometer (BD
Biosciences, San Jose, CA, USA).

Luciferase reporter assay

CDX2 promoter-luciferase reporter was constructed by Longgian
Biotech (Shanghai, China). Log-phase growing cells were trypsi-
nized, seeded in a 12-well plate at a suitable density and routinely
cultured. After 24 h, transfection was carried out with Invitrogen™
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Lipofectamine 2000 for 48h, following the manufacturer's
protocol. Then cell lysis was analyzed with a Dual-Luciferase®
Reporter Assay System (E1960, Promega, Madison, WI, USA).
Renilla and Firefly luciferase activities were then determined, and
the ratio of Firefly luciferase activity to Renilla luciferase activity
was derived. Independent experiments were repeated 3 times.

Immunofluorescence staining

NRK-52E cells were cultured on slides. Cells were fixed with 4%
paraformaldehyde for 30 min, permeabilized with 0.25% Triton
X-100 for 10 min, and then with 5% BSA at room temperature for
30 min to block non-specific antigens. Slides were then incubated
with primary antibody against CDX2 (1:50 dilution, Immunoway
Bio, TX, USA), CFTR (1:50 dilution, Proteintech, Rosemont, IL, USA),
and RXRa (1:100 dilution, Proteintech, Rosemont, IL, USA)
overnight at 4°C, and then with Alexa Fluor 488 or Cy3-labeled
secondary antibodies (1:200 dilution, Thermo Fisher Scientific,
Waltham, MA, USA) at room temperature for 1h. Subsequently,
slides were stained with Invitrogen™ DAPI (4',6-diamidino-2-
phenylindole) (62248, Thermo Fisher Scientific, Waltham, MA,
USA) and assessed under a Leica DM4000B fluorescence micro-
scope (Leica Camera AG, Wetzlar, Germany).

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNAs from mice kidneys were purified with Invitrogen™
TRIzol reagent (15596026 Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) as instructed by the manufacturer. Reverse
transcription kit (K1622; Thermo Scientific, CA, USA) and the Real-
Time PCR kit (FP209-02, TIANGEN, Beijing, China) were used to
quantitate mRNA levels of CDX2 and CFTR. The mRNA levels were
normalized to B-actin. The 2722 method was employed for
mRNA quantification. The sequences of the primer pairs are
provided in Supplementary Table S1.

Statistical analysis

Data of at least three independent experiments were presented as
meanzstandard deviation (SD). The number of mice in each group
(n) was stated in the figure legends. Statistical significance was
determined by one-way ANOVA. P<0.05 was considered statis-
tically significant. All statistical analyses were performed with
GraphPad Prism 8.0 (San Diego,CA, USA).

RESULTS

ALM restored renal function and improved fibrosis of renal tubular
epithelial cells in db/db mice

Previous studies found that ALM (Fig. 1a) ameliorated the
Parkinson's disease induced by 6-hydroxydopamine [22]. As a
coenzyme of pyruvate dehydrogenase complex (PDC), ALM is
involved in enzymatically catalyzed conversion of pyruvate to
acetyl coenzyme A (CoA) in mitochondria to promote oxidative
phosphorylation in the tricarboxylic acid cycle (TCA) (Fig. 1b).
Compared with db/m mice, significant increases in blood glucose
(Fig. 1c), 24 h urine microalbuminuria (Fig. 1d), serum triglyceride
(Fig. 1e), and serum cholesterol (Fig. 1f) were detected in 16-week
db/db mice. After ALM treatment, the db/db mice showed no
significant change in blood glucose, while the levels of 24 h urine
microalbuminuria, serum triglyceride, and serum cholesterol were
significantly decreased (Fig. 1c—f). Furthermore, kidney tissue from
db/db mice showed dilated mesangial region and periglomerular
fibrosis with disorganized tubular cell structure, vacuole-like
degeneration and detachment, tubular atrophy and Ilumen
enlargement, and interstitial widening (Fig. 1g, h). PAS and Sirius
red staining (Fig. 1g, i, j) showed deposition of extracellular matrix
(ECM) in the mesangial region, with loss of tubular brush border
and thickened basement membrane. Furthermore, CD3-positive
cells were increased in the interstitium of glomeruli and tubules,
suggesting increased inflammatory cell infiltration (Fig. 1g). The
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above pathological changes were significantly reduced in db/db
mice after ALM intervention.

Compared with db/m mice, a-SMA, Collagen-lll (Col-lll) and
Vimentin expression were increased and E-cadherin expression
was decreased in the kidneys of db/db mice, while ALM
intervention caused decreased a-SMA, Col-lll and Vimentin
expression but increased E-cadherin expression (Fig. 2a, b, e, f,
g). The distribution of a-SMA was increased in both renal tubular
epithelial cells and mesenchymal fibroblasts in db/db mice,
suggesting that renal tubular epithelial cells acquired a mesench-
ymal cell phenotype, accompanied by mesenchymal fibroblast
activation, leading to the synthesis and deposition of a large
amount of ECM and the formation of fibrotic lesions in the tubular
interstitium. This result was corroborated by positive staining of
Col-lll. We also detected an abundant accumulation of Col-lll in the
renal interstitium of db/db mice. These pathological alterations
were ameliorated in ALM-intervened db/db mice (Fig. 2a, b). These
results suggested that ALM treatment restored renal function and
improved renal fibrosis in diabetic mice.

For in vitro experiments, NRK-52E cells were cultured in NG
(5.5 mmol/L) and HG (35mmol/L) medium and treated with
different concentrations of ALM (10, 50, 100, and 200 pmol/L) for
48 h. High glucose increased the expression of Col-lll and
Vimentin, and decreased the expression of E-cadherin in renal
tubular epithelial cells. After ALM intervention, Col-lll and Vimentin
levels were decreased while E-cadherin level was increased,
showing a dose-dependent effect (Fig. 2c). ALM (200 umol/L) had
the best inhibitory effect on high glucose-induced fibrotic lesions
in renal tubular epithelial cells. Therefore, we selected 200 pmol/L
ALM as the appropriate concentration of intervening cells for
further studies. We found that high glucose increased expression
of Col-lll and Vimentin and decreased expression of E-cadherin in
renal tubular epithelial cells. When the cells were treated with
200 pmol/L ALM, the increase in Col-lll and Vimentin expression
caused by high glucose was attenuated, while the decrease in
E-cadherin level was weakened (Fig. 2d, h, i, j).

ALM ameliorated mitochondrial dysfunction in renal tubular
epithelial cells of db/db mice

MFN1 and Drp1 are two key proteins on the outer mitochondrial
membrane that maintain mitochondrial function. Mitochondrial
fusion occurs when mitochondria are damaged, requiring division
to generate new mitochondria. MFN1 and Drp1 regulate cell
function by mediating mitochondrial division and fusion [3, 6, 8].
Compared with the db/m mice, Drp1 expression was increased
and MFN1 expression was decreased in kidneys of the db/db
mice(Fig. 3a, e, f). In contrary, Drp1 levels decreased and MFN1
levels increased after ALM treatment. In vitro, similar results were
observed in renal tubular epithelial cells co-treated with high
glucose and ALM (Fig. 3b, g, h), suggesting that ALM improved
mitochondrial dynamics.

When mitochondrial self-healing is impaired, intracellular ROS
production was increased and clearance was decreased, leading
to increased expressions of 4-hydroxynonenal (4-HNE) and MDA
and decreased activity of the antioxidant enzyme total superoxide
dismutase (T-SOD), suggesting lipid peroxidation [23]. Similarly,
we found increased 4-HNE (Fig. 3c) and MDA contents (Fig. 3k)
and decreased T-SOD activity (Fig. 31) in db/db mice kidney tissues,
which suggested oxidative stress and lipid peroxidation in
kidney.In vitro, similar results were observed in renal tubular
epithelial cells treated with high glucose (Fig. 3d). Accordingly,
ALM treatment could enhance the antioxidant capacity of renal
cells and inhibit oxidative stress.

To label mitochondria, renal tubular epithelial cells were
incubated with MitoTracker Red CMXRos probes, which passively
diffused across the plasma membrane and accumulated in active
mitochondria. MitoTracker staining (Fig. 3i, j) indicated that the
mitochondria in renal tubular epithelial cells were more abundant
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and appeared as elongated and dispersed tubules with NG medium,
but the abundance of mitochondria was significantly reduced and
the mitochondrial morphology was transformed to dense short rods
after HG medium stimulation. After ALM intervention, the
abundance and morphology of mitochondria were restored.
Meanwhile, compared with the NG group, the amount of ROS in
renal tubular epithelial cells cultured with HG was significantly
increased (Fig. 3n, 0), but ATP content was decreased (Fig. 3m).
While after ALM intervention, there was a decrease in ROS levels
and an increase in the ATP content (Fig. 3m-o0). The above findings
suggested that high glucose causes a decrease in the number and
morphological changes of mitochondria in renal tubular epithelial
cells, leading to mitochondrial functional impairment, reduced
cellular ATP synthesis and increased ROS. ALM treatment improved
high glucose-mediated mitochondrial dysfunction and reduced
oxidative stress in renal tubular epithelial cells.

ALM inhibited high glucose-mediated apoptosis in renal tubular

epithelial cells

It is well known that excess ROS can damage phospholipids on the
mitochondrial membrane, leading to disruption of mitochondrial
structure, reduction of membrane potential and release of
cytochrome ¢ to mediate apoptosis [6, 9]. In vitro experiments
revealed that the mitochondrial membrane potential of renal
tubular epithelial cells was reduced in the HG group compared
with NG group (Fig. 4a, c), accompanied by increased Bax
expression, decreased Bcl-2 expression (Fig. 4e-g) and increased
apoptosis rate (Fig. 4b, d). The mitochondrial membrane potential
of renal tubular epithelial cells was partially restored after ALM
intervention (Fig. 4a, c), associated with decreased Bax expression
and increased Bcl-2 expression (Fig. 4e-g) and significantly
reduced apoptosis rate (Fig. 4b, d).

Moreover, in vivo data indicated that the expression of
apoptosis-related protein Bax was increased, while the expression
of anti-apoptotic protein Bcl-2 was decreased in the kidney tissues
of db/db mice compared to db/m mice (Fig. 4h-j). After
intervention with ALM, Bax expression was decreased, while Bcl-
2 expression was increased (Fig. 4h-j).

ALM upregulated and activated RXRa, which in turn upregulated
CDX2 to exert an inhibitory effect on B-catenin activation and
nuclear translocation
Mitochondria and nucleus communicate through anterograde and
retrograde signaling, and RXRa functions as an important
intermediate messenger [16, 24]. RXRa plays a pivotal role as a
hetero-dimerization partner for the members of nuclear receptors,
which regulate the transcriptional activities of numerous target
genes [25]. In the present study, RXRa expression was significantly
reduced in the kidneys of db/db mice compared with db/m mice,
while RXRa expression was increased in the renal tissues of ALM-
intervened mice compared with db/db mice (Fig. 53, b), which was
consistent with the results of in vitro experiments (Fig. 5¢, d).
Immunofluorescence staining results showed that under NG
conditions, RXRa was mainly expressed in the nucleus and
cytoplasm of renal tubular epithelial cells. However, under HG
conditions, RXRa expression was reduced and its distribution in
the nucleus was significantly decreased; whereas RXRa expression
was increased and accumulated in the nucleus after ALM
intervention (Fig. 5e). In addition, several selective activators of
RXRa are currently used to treat hyperlipidaemia (fibrates), T”2DM
(glitazones), or skin disorders (retinoic acid) [25]. Furthermore, we
used Autodock Vina software to investigate the ligand-protein
interaction of ALM with RXRa (PDB ID: 3U9Q). The result indicated
the carbonyl group of ALM formed key hydrogen bond
interactions with residues Alanine 327 and Arginine 316 of RXRa
protein (Fig. 5f), suggesting that ALM could enhance RXRa activity.
Our previous study revealed that CDX2 was an important
transcriptional factor for maintaining the phenotype of renal
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Fig. 2 ALM intervention reduced renal fibrosis. a Immunofluorescence staining of a-SMA, Col-lll expression changes (scale bar, 100 um).
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Ap<0.05 vs. NG group. "P < 0.05 vs. HG 4+ DMSO group. All cell data are mean + SD
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tubular epithelial cells, which was necessary to suppress fibrogenic
cytokine B-catenin activation and nuclear translocation through
transcriptional activation of CFTR gene [20]. Meanwhile, RXRa acts
as a transcriptional factor to regulate the transcription of target
genes. We adopted PROMO Database to predict the presence of
RXRa binding sites in the promoter sequence of CDX2 gene
(Fig. 5h). The results suggested that RXRa might be involved in
regulating the transcription of CDX2 gene. Combined with the
above prediction results, we hypothesized that ALM might
activate RXRa to increase the transcriptional activity and protein
expression of CDX2, thus maintaining the phenotype of renal
tubular epithelial cells. Dual-luciferase reporter gene experiments
showed an increased fluorescent signal after RXRa overexpression
compared with the Control group (Vector + pGL3-CDX2 Promoter
group) (Fig. 5g), indicating that RXRa promoted CDX2 gene
transcriptional activation.

We further evaluated the effects of RXRa overexpression on the
levels of CDX2, CFTR, and Wnt/B-catenin signaling pathway, as
well as cell phenotype. Overexpression of RXRa in renal tubular
epithelial cells under high-glucose environment resulted in
increased CDX2 and CFTR expressions, and decreased Active-p-
catenin and Snail levels (Fig. 6a, e—i). The expression of Col-lll and
Vimentin were reduced and the expression of E-cadherin was
elevated, indicating that upregulation of RXRa could blunt the
high-glucose-mediated loss of renal tubular epithelial cell
phenotype (Fig. 6b, j-I). In contrast, knockdown of RXRa in NRK-
52E cells in normal-glucose environment resulted in decreased
expression of CDX2, CFTR, E-cadherin and increased expression of
Active-B-catenin, Snail, Col-lll and Vimentin (Fig. 6¢c, d, m-t),
converting renal tubular epithelial cells to myofibroblasts (Fig. 6d,
r-t). The above findings suggested that RXRa inhibited partial EMT
induced by high glucose in renal tubular epithelial cells by
upregulating the expression of CDX2.

To further confirm that ALM exerted an inhibitory effect on
renal tubular epithelial cells undergoing partial EMT by upregulat-
ing and activating RXRa-mediated CDX2 expression, we detected
the expression of molecules involved in CFTR/B-catenin/snail
pathway both in vivo and in vitro. In this study, in vivo
experiments data revealed that the mRNA and protein levels of
CDX2 and CFTR were decreased in kidneys of db/db mice, whereas
those levels were reversed after ALM intervention (Fig. 7a-e).
Similar results were shown in vitro experiments (Fig. 7f-h). We
further examined the distribution and co-localization of CDX2 and
CFTR in renal tubular epithelial cells. Under NG conditions, CDX2
was mainly distributed in the nucleus of renal tubular epithelial
cells, while CFTR was mainly localized in the cytoplasm and cytosol
of CDX2-positively stained cells. Under high glucose conditions,
the positive staining areas for both CDX2 and CFTR were
decreased. After ALM intervention, the positive staining areas for
both CDX2 and CFTR were increased, and their co-localization
areas were also elevated (Fig. 7i). In the kidneys of db/db mice,
there was more abundant B-catenin and it was translocated into
the nucleus, while positive staining areas of B-catenin were
significantly reduced after ALM intervention (Fig. 7j). In addition,
Active-B-catenin and Snail protein expression were increased in
the db/db group (Fig. 7k, m, n) and reduced in the ALM group, and
similar results were detected in vitro (Fig. 71, o, p). The above data
suggested that ALM could upregulate CDX2 and CFTR to inhibit 3-
catenin activation and nuclear translocation, which in turn
reduced the expression of Snail protein, a downstream target
gene of B-catenin.

ALM resisted high glucose-mediated phenotypic loss of renal
tubular epithelial cells through upregulation of RXRa and CDX2
To clarified whether ALM protected against DKD by inhibiting {3-
catenin activation through RXRa and CDX2, we knocked down the
expression of RXRa or CDX2 in renal tubular epithelial cells in high
glucose medium co-cultured with or without ALM. The results

SPRINGER NATURE

showed that compared with the NG group, the expression of
RXRa, CDX2, CFTR, and E-cadherin decreased and the expression
of Active B-catenin, Snail, Vimentin, Col-lll increased in the renal
tubular epithelial cells in HG medium (Fig. 8a—j). ALM administra-
tion upregulated the expression of RXRa, CDX2 and CFTR and
inhibited Wnt/B-catenin signaling-induced renal tubular fibrosis
lesions. After simultaneous knockdown of RXRa, the effects of ALM
were attenuated (Fig. 8a—j). In addition, compared with the NG
group, the expression of CDX2, CFTR and E-cadherin decreased,
while the expression of Active-B-catenin, Snail, Vimentin and Col-lll
increased in the renal tubular epithelial cells cultured in HG
medium (Fig. 8k-s). ALM intervention upregulated the expressions
of CDX2 and CFTR and inhibited Wnt/B-catenin signaling-induced
renal tubular fibrosis lesions. The above effects of ALM were
attenuated after knockdown CDX2 (Fig. 8k-s). These results
suggested that the improvement of renal tubular epithelial cell
injury after ALM intervention was attenuated after knockdown
RXRa or CDX2.

DISCUSSION

Mitochondria are dynamic energy-producing organelles, and their
number and shape change continuously in response to energy
metabolism [26]. Under physiological conditions, fusion and
fission processes of organelles are essential for maintaining their
vital functions. Mitochondrial fusion and fission are critical for
repairing damaged mitochondria [27]. In DKD, continuous high
glucose stimulation leads to mitochondrial metabolism abnorm-
ality and elevated ROS levels in proximal renal tubular cells [3, 28].
Over production of ROS causes a series of cascade reactions. For
example, ROS attacks the outer mitochondrial membrane, which
leads to decreased mitochondrial membrane potential, which in
turn causes changes in mitochondrial membrane permeability and
apoptosis [29]. In addition, ROS attacks lipids containing
polyunsaturated lipids, causing lipid peroxidation, which increases
the expression of malondialdehyde (MDA) and 4-hydroxy-2-
nonenal (4-HNE) [23]. It has been reported that the recovery of
renal function depends on the ability of mitochondria to produce
ATP, and restoring mitochondrial function can reverse cellular
damage and renal function [27]. In a model of renal injury, renal
function can be restored by regulating oxidative stress and
apoptosis induced by mitochondrial injury [30, 31]. Therefore,
maintaining mitochondrial function can exert a protective effect
on the kidney.

ALM is a neutral amide derivative of the antioxidant drug lipoic
acid [22]. It participates in the oxidative phosphorylation process
and regulates energy metabolism [12]. Studies have reported that
ALM can protect mitochondrial function by inhibiting oxidative
stress, promoting mitochondrial biogenesis, and activating
mitochondrial complex enzyme Il [11, 12]. Also it can improve
ROS-induced apoptosis [32]. Therefore, ALM has a protective effect
on mitochondria. This study showed that ALM could improve
renal function and inhibit tubular epithelial cell injury and
interstitial fibrosis lesions in db/db mice (Figs. 1 and 2). The
modulation of mitochondrial dynamics by ALM was also observed.
And the results suggested that increased Drp1 expression and
decreased MFN1 expression in the kidney tissues of db/db mice.
ALM treatment reversed Drp1 and MFN1 levels (Fig. 3), reduced
the expressions of oxidative stress indicators, such as ROS, 4-HNE,
and MDA in vivo or in vitro, and increased ATP content and the
activity of antioxidant enzyme T-SOD (Fig. 3). Moreover, ALM
intervention restored the mitochondrial membrane potential and
reduced the rate of high glucose-mediated apoptosis in vitro
(Fig. 4). The above findings suggested that ALM might improve
impaired mitochondrial function and reduce high-glucose-
mediated renal fibrotic lesions and apoptosis.

Mitochondrial biogenesis and mitochondrial homeostasis are
regulated by nuclear gene expression and mitochondrial-nuclear
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Fig. 6 RXRa prevented hyperglycemia-associated renal tubular lesions by positively regulating CDX2 to suppress B-catenin activation.
Immunoblot bands (a, b) and quantitative data (e-l) of RXRa, CDX2, CFTR, E-cadherin, Vimentin, and Col-lll in RXRa overexpression cells with
HG treatment. Immunoblot bands (c, d) and quantitative data (m-t) of RXRa, CDX2, CFTR, E-cadherin, Vimentin, and Col-lll in RXRa knockdown
cells with NG treatment. RXRa overexpression (OE-RXRa). RXRa knockdown (RXRa Si). All data are the mean +SD from three independent
experiments. P < 0.05 vs. HG + Vector group. *P < 0.05 vs. NG + Ctrl si group.
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Fig. 7 ALM upregulated and activated RXRa, which in turn upregulated CDX2 to exert an inhibitory effect on B-catenin activation and
nuclear translocation. Changes in CDX2, CFTR mRNA (a, b), and protein (c-e) levels expression in kidney tissues in each groups. (f~h) Changes
in CDX2, CFTR protein expression in each group of cells. i Immunofluorescence staining of CDX2, CFTR expression, and localization (scale bar,
200 pm). j Immunohistochemical staining was performed to observe the expression and localization of f-catenin (magnification, x400).
(k, m, n) Expressmn changes of Active-p-catenin and Snail in kidney tissues of each group. (I, o, p) Changes in expression of Active-p-catenin
and Snail i in each group of cells. Animal experiments: n = 6; "P < 0.05 vs. db/m group. *P < 0.05 vs. db/db group. Cell experiments: AP <0.05 vs.
NG group. "P < 0.05 vs. HG + DMSO group. All cell data are mean + SD from three independent experiments.
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Fig. 8 ALM resisted high glucose-mediated phenotypic loss of renal tubular epithelial cells through upregulation of RXRa and CDX2.
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communication [3, 16]. Mitochondria can transmit abnormal
signals of changes in cellular metabolism to the nucleus (retro-
grade signaling) via intracellular signaling molecules, such as Ca*™,
mitochondrial DNA (mtDNA), adenosine triphosphate (ATP),
coenzyme Q (CoQ), nicotinamide adenine dinucleotide (NAD)
[16, 17]. The activation of important signaling pathways regulating
mitochondrial transcription and biosynthesis can be triggered by a
series of nuclear transcription factors [3, 16, 17]. Chae S et al. found
that the cells with varying amounts of mitochondrial DNA
encoding an A3243G mutatant (mt3243) of leucine transfer RNA
(tRNA(Leu)) exhibited reduced mitochondrial function, which
would activate diverse mitochondrial retrograde signaling path-
ways. By analyzing the gene expression profiles and the
transcription factors that recognize the differentially regulated
genes, they demonstrated reduced abundance of RXRa. While the
reduction in RXRa impaired the interaction between RXRa and
peroxisome proliferator-activated receptor-gamma coactivator 1
alpha (PGC1a), which in turn contributed to decreased mRNA of
oxidative phosphorylation (OXPHOS) and translation-related
genes. The reductions in OXPHOS and translation-related genes
were reversed by the addition of retinoic acid [17]. RXRa belongs
to a unique RXR subfamily of the nuclear receptor superfamily,
which is encoded by 3 distinct genes including RXRa, RXRB, and
RXRy. About one-third of the 48 human nuclear receptor
superfamily members serve as RXR heterodimerization partners,
including Nur77, peroxisome proliferator-activated receptors
(PPARs), liver X receptor (LXR), and farnesoid X receptor (FXR)
[33, 34]. The binding of PPARy-RXR complex to PPRE of target
genes further regulates the genetic transcription and translation
of various proteins that are indulged in cellular differentiation and
glucose and lipid metabolism [32]. Meanwhile, a research
discovered that knockdown of RXRa induced the production of
ROS and DNA damage via the mitochondrial calcium uniporter
(MCU)/calcium signaling axis, whereas RXRa overexpression
decreased damaged DNA accumulation [18]. Studies have
reported that knockdown of RXRa expression in SW480 cells
promotes EMT [35]. All these results suggest that RXRa is an
important intermediate messenger of mitochondrial-to-nuclear
communication, regulating mitochondrial function and cellular
homeostasis. In the present study, the levels of RXRa were
reduced in the renal tissue of db/db mice and then increased after
ALM intervention(Fig. 53, ¢). Immunofluorescence staining showed
that RXRa was mainly expressed in the nucleus and cytoplasm of
renal tubular epithelial cells, but RXRa was reduced and its
distribution in the nucleus was significantly decreased after high
glucose stimulation. After ALM intervention, RXRa expression was
increased and accumulated in the nucleus (Fig. 5e). Combining the
literature and the results of this experiment, we proposed that
high glucose promoted mitochondrial dysfunction in renal tubular
epithelial cells, leading to increased ROS and decreased ATP,
which in turn downregulated RXRa expression through retrograde
signaling. And ALM intervention restored mitochondrial function,
ROS and ATP content, and also upregulated RXRa expression
through retrograde signaling.

Several studies have identified RXRa as a therapeutic target to
treat diseases related to mitochondrial dysfunction and metabolic
disorders. Bexarotene, a selective RXRa agonist, modulated
changes in renal, cardiac, hepatic, and pulmonary expression/
activity of inducible nitric oxide synthase and cytochrome P450
associated with PPARa/B/y-RXRa heterodimer formation in a rat
model of septic shock [36]. Moriyama K et al. found that
cinnamaldehyde (CA), a major effective compound in cinnamon,
exhibited hypoglycemic and hypolipidemic effects in db/db mice.
As a result, PPARS, PPARy and their heterodimeric partner RXR
appeared to play a role in CA action in the target tissues, thereby
enhancing insulin sensitivity and fatty acid B-oxidation and energy
uncoupling in skeletal muscle and adipose tissue [37]. RXRa
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agonists can be used as novel therapeutic agents to treat diabetic
cardiomyopathy [38]. Furthermore, activation of RXRa in retinal
epithelial cells can resist oxidative stress [39]. To further elucidate
the molecular mechanism by which ALM ameliorates DKD, we
performed molecular docking prediction using Autodock Vina
software, and the results showed that ALM formed key hydrogen
bond interactions with residues Alanine 327 and Arginine 316 on
RXRa (PDB ID: 3U9Q), activating RXRa protein (Fig. 5f). As RXRa
exerts a transcriptional regulatory role, we predicted that the
binding sites of RXRa with the CDX2 promoter by using
bioinformatics Database PROMO. It is well known that CDX2 is a
gut-specific tail-type homeobox nuclear transcriptional factor that
inhibits EMT through upregulation of E-cadherin expression [40].
Our previous study have shown that CDX2 exerts protective
effects in DKD by regulating CFTR to suppress -catenin activation
[20]. Validation by luciferase reporter gene assay in this study
suggested that RXRa upregulates the transcriptional level of CDX2
gene in NRK-52E cells (Fig. 5g, h).

At the same time, CDX2 expression was increased after
overexpression of RXRa in a high-glucose environment (Fig. 6a).
In contrast, when RXRa expression was knocked down in cells
under a normal glucose environment, CDX2 expression was
reduced (Fig. 6¢). In addition, overexpression of RXRa inhibited
high glucose-mediated reduction of E-cadherin and EMT in
tubular epithelial cells (Fig. 6b). Whereas in tubular epithelial cells
grown in a normal glucose environment, we found that E-cadherin
expression was reduced and EMT was exacerbated after RXRa
knockdown (Fig. 6d). Therefore, RXRa inhibited high glucose-
induced renal tubular injury by maintaining cell phenotype. That
finding further suggested that downregulation of CDX2 expres-
sion in DKD might be associated with reduced RXRa expression.
Activation of the Wnt/B-catenin signaling pathway has a key role
in promoting renal fibrosis [41]. Snail is a transcriptional factor
expressed during embryonic kidney development and it is also
widely expressed in various models of kidney injury [42]. When -
catenin is activated and translocated to nucleus, it promotes Snail
gene transcription, leading to renal tubular interstitial fibrosis [43].
In the present study, we found that overexpression of RXRa
increased CFTR and inhibited [-catenin activation and snail
expression induced by high glucose (Fig. 6a). In addition,
knockdown of RXRa in a normal glucose environment decreased
CFTR, promoted B-catenin activation and Snail expression (Fig. 6¢c).
In vivo, compared with the db/m group, the expressions of CDX2
and CFTR were decreased and the expression of [3-catenin and
snail were increased in the kidney tissues of db/db mice, while the
expression of CDX2 and CFTR were partially recovered and the
expression of B-catenin and Snail were decreased after ALM
intervention (Fig. 7). The above results suggested that the
inhibitory effect of RXRa on the Wnt/B-catenin signaling pathway
was partly related to the upregulation of CDX2 expression.

To further explore the roles of ALM, RXRa, and CDX2 in DKD,
NRK-52E cells were co-treated with high glucose medium and
ALM after knocking down RXRa expression. The effects of
increasing CDX2 and CFTR expression and inhibiting Wnt/p-
catenin signaling pathway activation by ALM were significantly
attenuated after RXRa knockdown (Fig. 8a, b). When CDX2-
depletion NRK-52E cells were co-treated with high glucose
medium and ALM, CFTR expression was decreased and the Wnt/
[-catenin signaling pathway was activated, which weakened the
restitution of the phenotype of renal tubular epithelial cells by
ALM (Fig. 8k, I). These data suggested that ALM inhibits high
glucose-mediated phenotypic loss of renal tubular epithelial cells
through upregulation of CDX2 and RXRa.

In conclusion, our study shows that ALM can exert a protective
effect against DKD by improving mitochondrial function and
regulating the CDX2/CFTR/B-catenin signaling axis through
upregulation and activation of RXRa.
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