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Folic acid (FA)-induced acute kidney injury (AKI) is characterized by the disturbance of
redox homeostasis, resulting in massive tubular necrosis and inflammation. A-lipoic acid
(LA), as an antioxidant, has been reported to play an important role in renal protection,
but the underlying mechanism remains poorly explored. The aim of this study is to
investigate the protective effect of LA on FA-induced renal damage. Our findings showed
that LA could ameliorate renal dysfunction and histopathologic damage induced by FA
overdose injection. Moreover, FA injection induced severe inflammation, indicated by
increased release of pro-inflammatory cytokines tumor necrosis factor (TNF)-a and IL-18,
as well as infiltration of macrophage, which can be alleviated by LA supplementation. In
addition, LA not only reduced the cellular iron overload by upregulating the expressions
of Ferritin and ferroportin (FPN), but also mitigated reactive oxygen species (ROS)
accumulation and lipid peroxidation by increasing the levels of antioxidant glutathione
(GSH) and glutathione peroxidase-4 (GPX4). More importantly, we found that LA
supplementation could reduce the number of Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)-positive tubular cells caused by FA, indicating that the tubular
cell death mediated by ferroptosis may be inhibited. Further study demonstrated that LA
supplementation could reverse the decreased expression of cystine/glutamate antiporter
xCT (SLC7A11), which mediated GSH synthesis. What is more, mechanistic study
indicated that p53 activation was involved in the inhibitory effect of SLC7A11 induced by
FA administration, which could be suppressed by LA supplementation. Taken together,
our findings indicated that LA played the protective effect on FA-induced renal damage
mainly by inhibiting ferroptosis.
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INTRODUCTION

Acute Kidney Injury (AKI) is referred as a transient decline
of renal function, which confers the severe clinical syndrome
associated with high mortality (Bellomo et al., 2012). It has
been reported that AKI affected more than 13.3 million
patients with about 1.7 million deaths around the world
each year, and the mortality was AKI stage-dependent (Brown
et al.,, 2016). The in-hospital mortality was 5.1% for patients
with stage 1 AKI, 13.7% for patients with stage 2 AKI, and
24.8% for patients with stage 3 AKI (Pinheiro et al., 2019).
In addition, studies have shown that the 30- and 90-day
mortality of the patients with AKI in ICU was much higher
than that of the patients without AKI (Santos et al., 2019).
Moreover, it has been estimated that nearly 2 million
AKI patients each year cannot fully recover and have a high
risk of progressing to chronic kidney disease (CKD;
de Seigneux and Martin, 2017).

It is well-known that AKI can arise in various pathological
conditions, such as drugs, toxicants, ischemia/reperfusion (I/R),
obstruction, or sepsis, resulting in acute tubular necrosis (Ronco
et al,, 2019). Despite unpredictable in most cases, the occurrence
of AKI is significantly higher in severe I/R injury after kidney
transplant surgery, cisplatin for tumor chemotherapy, or contrast
media for radiography and so on, especially for the susceptible
individuals, including old age and patients with diabetes mellitus
or CKD (Zhang et al., 2020). This highlighted the urgent need
for novel therapeutic approaches that aims at preventing and/
or reversing its sequelae (Zhao et al, 2018). Folic acid
(FA)-induced AKI is one of the typical models simulating
drug or toxicant-induced tubular injury, which is closely related
to crystal formation in the tubule lumen and cellular oxidative
stress, leading to massive inflammatory reaction and eventually
tubular cell death (Martin-Sanchez et al., 2018).

Ferroptosis is a recently described form of programmed
cell death caused by uncontrolled iron dependent lipid
peroxidation that distinguishes it from traditional modalities
of regulated cell death including apoptosis, necrosis, and
autophagy (Li et al., 2020a). Moreover, ferroptosis is a critical
pathophysiological event in FA-induced AKI, characterized by
the imbalance of redox homeostasis and lethal lipid-based
reactive oxygen species (ROS) generation (Martin-Sanchez et al.,
2017). Normally, iron is indispensable for many physiological
functions in organisms and can be stored in Ferritin, including
Ferritin heavy chain (FTH) and Ferritin light chain (FTL; Hu
et al., 2019). FTH, a ferroxidase enzyme, can convert Fe** to
the ferric form (Fe®*) that sequesters free iron (Mumbauer
et al.,, 2019). While under pathological conditions, oxygen reacts
with excess labile iron and generates ROS that attacks lipid
membrane, implicated in lipid peroxidation (Han et al., 2020).
It has been demonstrated that proximal tubule cells expressing
FTH could store iron and effectively limit free iron-mediated
toxicity (Swaminathan, 2018). In contrast, the specific FTH
gene knockout of the mouse proximal tubules could exacerbate
renal damage in rhabdomyolysis or cisplatin-induced AKI
(Zarjou et al., 2013). Moreover, iron overload could be alleviated
by the only known iron exporter, ferroportin (FPN) that

promotes iron transport out of cells and inhibits the production
of ROS (Geng et al., 2018).

Additionally, the accumulation of lipid ROS is triggered
when the endogenous antioxidant status is compromised.
Glutathione (GSH) is an important antioxidant that protects
against ferroptosis and it can be synthesized via cystine uptake
mediated by cystine/glutamate antiporter xCT (Lim et al., 2019).
Studies have shown that system xCT was mainly located in
tubular cells, and its inhibition resulted in a rapid decline in
GSH levels, which may accelerate AKI (Su et al., 2019). Inhibition
of xCT by Class 1 ferroptosis inducers, such as erastin, may
induce ferroptotic cell death mainly by depletion of cellular
GSH content, and subsequently lead to inactivation of glutathione
peroxidase-4 (GPX4; Yu et al, 2017). GPX4 is an essential
lipid hydro-peroxide detoxifying enzyme, which can be directly
inhibited by Class 2 ferroptosis inducers without affecting
intracellular GSH. The inactivation of GPX4 in the proximal
tubules could cause ferroptosis and further induce AKI (Yang
et al,, 2014). Apart from the features of ferroptosis mentioned
above, TUNEL assay was often used to evaluate ferroptotic
cells, labeling cells with DNA breakage (Cao et al., 2020).

P53, a tumor suppressor protein, is a critical regulator in
various cell biological processes, mainly including cell cycle
arrest and apoptosis, which is closely associated with AKI
progression (Tang et al, 2019). P53 can also be induced in
the oxidative stress response, sensitizing cells to ferroptosis
via inhibiting system xCT (Zhang et al., 2018).

Lipoic acid (LA), a well-known antioxidant, has been reported
to exert the protective effect on I/R-induced AKI by scavenging
ROS (Bae et al., 2009). In addition, LA could alleviate oxidative
damage to DNA through downregulation of p53 in Parkinson’s
diseases (Chang et al, 2012). Moreover, LA was proved to
chelate excess iron ions, thereby decreasing the risk of Alzheimer’s
disease (Zhang et al., 2018). So far, we have known that the
inhibition of oxidative stress is beneficial for alleviating
FA-induced AKI, but the role of LA in this pathological process
remains largely unknown. Therefore, the present study aimed
to examine the effects of LA on FA-induced AKI and the
underlying regulatory mechanisms. We observed that LA
could prevent from FA-induced renal damage mainly by
reducing ferroptosis.

MATERIALS AND METHODS

Animals

The animal experiments were performed in accordance to the
NIH Criteria for the Use of Laboratory Animals, and this
study was approved by the ethics committee of the China
Medical University Institutional Animal Care and Use Committee
(protocol no. 2011037). C57BL/6] mice (male, 6-8week-old)
were acquired from China Medical University (Liaoning, China).
The animals were kept in housing facility at the temperature
of 22°C with a 12-12h light-dark cycle. Mice were allocated
into four groups randomly (n=6 per group): Control group,
FA (250mg/kg at the concentration of 12.5mg/ml, dissolved
in 300mM sodium bicarbonate) group, FA+LA-L (50mg/kg,
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dissolved in saline) group, and FA + LA-H (100 mg/kg, dissolved
in saline) group. Animals of the FA group were intraperitoneally
injected with FA once. Animals of the treatment groups received
oral medications of LA 24h before FA injection and continued
afterward for 2days. On the second day after FA injection,
samples of kidney specimens and blood were harvested for
further examination. The mice were housed in the metabolic
cage in the last 24h, allowing quantitative urine collection.

Reagents and Antibodies

Folic acid and LA were provided by Dalian Meilun Biotechnology
Co. (Dalian, China). Antibodies to F4/80, IL-1f, and p53 were
obtained from CST (Danvers, United States). Antibodies to
kidney injury molecule KIM-1, 4-HNE 4-hydroxynonenal, GPX4,
xCT, Ferritin, FPN, and f-actin were purchased from Abcam
(Cambridge, United States). Antibodies to TNF-a was obtained
from Proteintech (Wuhan, China).

Assays for Renal Function, ROS, GSH, and
Iron

Blood Urea Nitrogen (BUN) and creatinine were measured
following manufacturer’s instructions (Jian Cheng, Nanjing,
China). ROS levels in kidney tissues were measured by DCFH-DA
test kit. In brief, tissue homogenates were diluted 1:20 in cold
buffer to obtain a concentration of 5mg tissue/ml. The reaction
mixture containing the homogenate and DCFH-DA (5 mmol/L)
was incubated for 15min at room temperature. After 30 min
of further incubation, the conversion of DCFH-DA to the
fluorescent product DCF was measured by a confocal laser
scanning microscope with excitation at 488 nm and an emission
at 525nm to determine the concentration of ROS in the samples.
Then ROS formation was quantified. Urinary sodium and
potassium levels were determined using Quantichrom Assay
Kits (BioAssay Sytems) and then fractional excretion of sodium
(FENa) and fractional excretion of potassium (FEK) were
calculated using the corresponding formulas (Ashour et al,
2016). Urinary osmolality were measured by the 5,004 Micro-
Osmette (Precision Systems). Kidneys were homogenized to
measure the levels of ROS (Solarbio, Beijing, China), GSH
(Solarbio, Beijing, China), and iron content (Jian Cheng, Nanjing,
China) according to manufacturer’s instructions.

TUNEL Assay

To assess tubular cell death, TUNEL assay was used on kidney
section embedded in paraffin according to the product’s protocols
(Roche, Basel, Switzerland).

Renal Histopathology

The paraffin-embedded kidneys were cut in 3-pm-thick slices for
hematoxylin and eosin (H&E) and Periodic acid-Schiff (PAS)
staining to evaluate the histopathologic injury. Furthermore,
H&E-stained slices were used to assess acute tubular injury in
a blinded way, including tubular epithelial vacuolization, dilation
of tubular lumen, brush border loss, or cast formation. The criteria
were based on semi-qualification as follows: (0) none; (1) <20%;
(2) <20-50%; (3) <50-70%; and (4) >70% (Brooks et al., 2009).

Prussian Iron Staining

Iron deposits in tubular cells were detected by Prussian iron
staining (Abcam, Cambridge, MA, United States), as depicted
in the book (American Registry of Pathology, Prophet, Edna
B, 1992).

Immunohistochemical Staining
Immunohistochemical (IHC) staining was performed in
paraffin-embedded sections of 3-um thickness. The sections
were deparaffinized, hydrated, antigen retrieved, and then
probed with primary antibodies against KIM-1, IL-1f, TNF-a,
F4/80, 4-HNE, GPX4, Ferritin, and p53 at the dilution of
1:200, followed by the incubation with the secondary antibodies
for 60min on the second day. The sections were visualized
with diaminobenzidine and counterstained with hematoxylin.
Images were viewed using Nikon microscope (90i, Nikon,
Tokyo, Japan).

Western Blotting Analysis

Proteins from the whole kidney lysates were separated on a
10% SDS-polyacrylamide gel, transferred onto PVDF membrane,
blocked in 5% BSA for 60min, and then primary antibodies
against KIM-1, IL-1f, TNF-a, Ferritin, FPN, xCT, and p53 at
the dilution of 1:1,000, as well as 4-HNE, GPX4, and B-actin
at the dilution of 1:4,000 were probed at 4°C overnight. On
the second day, peroxidase-conjugated secondary antibodies
were probed for 60 min at room temperature. The bands were
visualized via chemiluminescence (ECL) system. Quantitative
densitometry was used that the target proteins were analyzed
using the Image software 6.0. The expression levels of proteins
were normalized to that of fB-actin.

Real-Time PCR

Total RNA of kidney tissue was extracted by TRIzol method.
The cDNA was synthesized through reverse transcription from
RNA with PrimeScript RT reagent kit (Vazyme). Then PCR
was performed using the SYBR-Green Master PCR Mix (Vazyme).
The sequence of the primers used was as follows:

KIM-1 forward: 5'-ATCCCATCCCATACTCCTACAG-3' and
reverse: 55CGGAAGGCAACCACGCTTA;

p53 forward: 5'-TGCTCACCCTGGCTAAAGTT-3'and reverse:
5'-GTCCATGCAGTGAGGTGATG-3

B-actin forward: 5'-GGCTGTATTCCCCTCCATCG-3' and
reverse: 5'-CCAGTTGGTAATGCCATGT-3'.

The relative gene expression level was assessed using the
2724% method.

Statistical Analysis

The data were presented as means + SDs. Statistical analysis
was performed with the statistical software, SPSS version 21.0.
Comparisons were analyzed using one-way ANOVA followed
by Bonferroni test. Statistical significance of difference was
defined as a value of p<0.05.
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RESULTS

LA Supplementation Ameliorated
Histopathologic Damage and Renal
Dysfunction in FA-Induced AKI

To determine whether LA supplementation could protect against
FA-induced renal damage, histological analysis was evaluated
with H&E and PAS staining. As observed in H&E staining,
FA injection induced severe tubular damage, indicated by
detachment of tubular cells, dilation of tubules, swelling of
tubular cells, degeneration of epithelial cells, and interstitial
inflammatory cells infiltration. In line with this tubular damage,
the kidney in the FA group also showed aggravated pathological
damage by PAS staining, characterized by necrotic tubular
epithelial cells, tubular cast, and ablation of brush. While these
tubular damage were alleviated by LA supplementation. Moreover,
tubular injuries were assessed by quantification of HE-stained
sections and revealed significantly increased tubulointerstitial
injury scores in mice injected with FA injection, which were
reduced by LA supplementation in a dose-dependent manner,
but without statistical significance. In addition, renal function

was measured to investigate the protective effect of LA on
FA-induced AKI. Consistently, the FA injection induced dramatic
increases in serum creatinine and BUN levels, indicating impaired
renal function, while these functional parameters associated
with AKI were reduced by LA supplementation, indicating the
amelioration of renal function. The results above are summarized
in Figure 1.

In addition, to fully determine the impact of LA on renal
dysfunction induced by FA, the direct evaluation of renal
function was determined with the indicators as displayed
in Supplementary Table 1, FA injection markedly decreased
urine volume, glomerular filtration rate (GFR), and filtration
fraction compared with control mice, but these indexes could
be reversed partially by LA supplementation, without obvious
difference between the two dose groups. Moreover, the FENa,
FEK, and urinary osmolarity were significantly reduced in
FA-induced mice, which were remarkably reversed by
LA supplementation.

KIM-1, a biomarker of renal tubular damage, was examined
by ITHC staining. The results showed that the expression of
KIM-1 in the tubular cells was upregulated after FA injection,

8.
®
’

\ri'bff-!-
& ‘l‘ o,
&

£78750 AW '..' w
AL T
b St s By o
RPNl (G SRt

{‘/
8
et

- -
o a
=] =)

Tubular injury score
o
o

Serum creatinine (umol/L)

o

Control FA LA-L LA-H Control

E

20

-~ *

=

3 151
i £

E i #
# § "

# ]
@
2]

0_

FA LA-L LA-H Control FA LA-L LA-H

FIGURE 1 | The protective effects of lipoic acid (LA) supplementation on folic acid (FA)-induced acute kidney injury (AKI). FA group mice are given an intraperitoneal
injection of FA at 2560mg/kg body weight once, without or with LA-L (50 mg/kg body weight) or LA-H (100mg/kg body weight) supplementation. (A) Representative
images of hematoxylin and eosin (H&E) staining, showing the histological changes in FA-induced AKI and the LA-treated groups. Bar=50um. Asterisks for dilated
tubule; arrows for necrotic tubular epithelial cells. (B) Renal damage is assessed by Periodic acid-Schiff (PAS) staining. Bar=50um. Asterisks for tubular ectasia and
arrows for tubules with cells in necrosis and cellular debris. (C) Renal tubular injury scores on the basis of H&E staining. The renal function is evaluated by (D) serum
creatinine and (E) serum blood urea nitrogen (BUN) levels. For the FA group vs. the control group, *indicates p <0.05, and **indicates p<0.01. For the LA-treated
groups vs. the FA group, *indicates p<0.05, and *indicates p<0.01.
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while the effect was blocked by LA supplementation. Moreover,
western blotting data confirmed that FA injection induced the
increased expression of KIM-1, which was alleviated by LA
supplementation in a dose-dependent manner, but no particular
preference for the higher-dose group. Consistent with the protein
levels, gene expression studies disclosed increased mRNA level
of KIM-1 after FA injection, which was inhibited by LA
supplementation. The results are summarized in Figure 2.

LA Supplementation Alleviated
Inflammation in FA-Induced AKI

Considering the key role of inflammation in FA-induced AKI,
we evaluated the release of pro-inflammatory factors and the
infiltration of inflammatory cells using IHC staining. The results
showed that FA injection markedly enhanced the secretion of
TNF-a and IL-1p in the tubular epithelium, together with the
increased infiltration of macrophage in the interstitial space,
whereas LA supplementation downregulated the levels of these
molecules. To corroborate our IHC data, western blotting
experiments for TNF-a and IL-1f showed that their expressions

were significantly increased after FA injection, which were
alleviated by LA supplementation but without significant
difference between the two dose groups, shown in Figure 3.

Effect of LA Supplementation on Iron
Accumulation in FA-Induced AKI
Disorder of iron metabolism was the main cause of FA-induced
AKI (Martin-Sanchez et al, 2017). To validate the protective
effect of LA supplementation, iron deposits and distribution in
the kidney was assessed. With iron staining where the deposits
of iron were visualized, there were more iron-positive cells in
the tubule of FA-injected kidney, while LA-treated kidney showed
less iron-positive cells, compared to those normal cells in control
group; But there was no statistical difference between the two
LA-treated groups. Consistently, the content of iron in the kidney
of LA-treated mice was less as compared to that in FA-injected mice.
To explore the possible mechanism associated with the altered
iron accumulation, the levels of Ferritin and FPN were analyzed.
IHC staining revealed that Ferritin was diffusely distributed in
the cytoplasm of tubular epithelial cells of the control mice,
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images of immunohistochemical (IHC) staining for KIM-1. Bar=50pm. (B) Renal tubular damage marker, KIM-1 expression, as determined by western blotting.
(C) Semi-quantitative assessments of KIM-1. (D) The expression of KIM-1 gene, as determined by relative mMRNA expression. For the FA group vs. the control
group, *indicates p <0.05, and **indicates p<0.01. For the LA-treated groups vs. the FA group, *indicates p <0.05, and *indicates p<0.01.
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FIGURE 3 | Lipoic acid supplementation reduces release of TNFa and IL-1p, as well as macrophage infiltration caused by FA injection. Mice are treated as
described in Figure 1. (A) Representative images of IHC staining for TNF-a (brown), IL-16 (brown), and macrophages (brown). Bar=50 um. Black arrow heads for
F4/80-positive interstitial macrophages. (B) The expression of inflammatory marker TNF-«, as determined by western blotting. (C) The expression of inflammatory
marker IL-1B, as determined by western blotting. (D) Semi-quantitative assessments of TNF-a. (E) Semi-quantitative assessments of IL-1p. (F) The number of
macrophages per high-power field (Hpf). For the FA group vs. the control group, *indicates p<0.05, and **indicates p <0.01. For the LA-treated groups vs. the FA

group, findicates p<0.05, and *indicates p<0.01.

while Ferritin was significantly downregulated in FA-injected
mice, which was reversed by LA supplementation. A similar
result was observed in western blotting analysis that LA treated-
mice in a dose-dependent trend increased Ferritin expression
compared with FA-injected mice, but without obvious statistical
significance between the two dose groups. Meanwhile, western
blotting analysis showed that FA injection decreased the expression
of FNP, which could be restored by LA supplementation. These
results revealed that LA supplementation might enhance iron
storage and promote iron turnover by upregulating Ferritin and
FPN, therefore reducing iron accumulation, as shown in Figure 4.

Effect of LA Supplementation on
Anti-oxidative Stress in FA-Induced AKI
Oxidative stress has been demonstrated to be the key element
to induce AKI (Li et al., 2020b), therefore, we further
evaluated the levels of ROS in the kidney. The results showed
that the production of ROS in LA-treated mice was lower
than that in FA-injected mice. In addition, IHC staining
demonstrated that the intensity of 4-HNE, reflecting the
lipid perioxidation, was higher after FA injection, while LA
supplementation significantly downregulated the intensity of
4-HNE. To address the issue, western blotting analysis was
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further performed to confirm that there were obvious
decreased level of 4-HNE in LA-treated mice, compared
with FA-injected ones, but no significant difference between
the high- and low-dose groups was observed, as shown in
Figure 5.

We further examined the levels of GPX4 and xCT, two
important antioxidants related to anti-oxidative stress. THC
staining analyses showed that GPX4 and xCT were mostly

expressed in tubular epithelium, while FA injection reduced
the levels of GPX4 and xCT, which can be reversed by LA
supplementation. Similarly, western blotting analysis confirmed
that the expression of GPX4 in LA treated-mice was upregulated
in a dose-dependent manner, compared with downregulation
in FA injected-mice, although there was no significant statistical
difference between two dose groups. In addition, the xCT
activity of mice treated with high-dose LA was enhanced

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 680544


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lietal

A-Lipoic Acid Alleviates Renal Damage

4-HNE (vs control)

##

Control FA LA-L LA-H

FIGURE 5 | Lipoic acid supplementation decreases oxidative stress caused by FA injection. Mice are treated as described in Figure 1. (A) Reactive oxygen
species (ROS) level in the kidney. (B) Representative images of IHC staining for 4-HNE (brown). Bar=50 um. (C) The expression of lipid peroxidation marker 4-HNE,
as determined by western blotting. (D) Semi-quantitative assessments of 4-HNE. For the FA group vs. the control group, *indicates p <0.05, and **indicates

A
49 * %
3 ¥
€
§ ] ## 4y
'
2
8 1
4
0 1 1
Control FA LA-L LA-H
C D
4-HNE
Bractin [N W < & | 1210
5 <« <5 I
g % 3 9
<)
o
p<0.01. For the LA-treated groups vs. the FA group, *indicates p<0.05, and **indicates p<0.01.

compared with mice injected with FA, but there was no
significant increase in activity compared with mice treated with
low-dose LA. Furthermore, we evaluated the effect of LA on
the content of GSH, the synthesis of which was mediated by
xCT. The results showed a downregulated level of GSH in FA
injection, and this effect was blocked by LA supplementation,
consistent with the level of xCT, as shown in Figure 6.
Altogether, the results indicated that LA protected the kidney
from FA-induced oxidative stress damage, which may be closely
related to the maintenance of the antioxidant defenses system.

Effect of LA Supplementation on
Ferroptosis in FA-Induced AKI

Iron-dependent lipid perioxidation could cause cell necrosis
in tubular epithelium (Conrad et al., 2018). We further explored
FA-induced tubular cell death using TUNEL staining. As depicted
in Figure 7, we found that there were more TUNEL-positive
tubular cells in the FA group, and the number of TUNEL-
positive tubular cells in the low-dose and high-dose LA treatment

groups was significantly reduced, while there was no particular
preference for the higher-dose group. This indicated that LA
could reduce ferroptosis-mediated tubular cell death without
significant dose dependence.

LA Supplementation Prevented
FA-Induced xCT Reduction by Inhibiting
p53 Activation

P53 served as a major factor of cellular ferroptosis that respond
to various injuries, and we further examined whether LA can
protect from ferroptosis that was associated with p53 activation
in tubular epithelial cells. As shown in Figure 8, western
blotting analyses indicated that FA injection elevated the
expression of p53, which could be declined by LA
supplementation in a dose-dependent manner. Meanwhile, the
level of p53 mRNA displayed a similar response. Moreover,
IHC staining showed that FA not only induced the expression
of p53 but also promoted p53 abundance in nucleus. As
compared to the FA group, LA supplementation significantly
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FIGURE 6 | Lipoic acid supplementation increases FA-induced reduction in antioxidants. Mice are treated as described in Figure 1. (A) Representative images of
IHC staining for GPX4 (brown) and xCT (brown). Bar=50pum. (B) The expression of anti-oxidative enzyme marker GPX4, as determined by western blotting. (C) The
expression of cystine/glutamate transporter XCT, as determined by western blotting. (D) Semi-quantitative assessments of GPX4. (E) Semi-quantitative
assessments of xCT. (F) The levels of antioxidant glutathione (GSH) content. For the FA group vs. the control group, *indicates p <0.05, and **indicates p<0.01.
For the LA-treated groups vs. the FA group, *indicates p<0.05, and *indicates p<0.01.
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downregulated the trans-location of p53 into the nuclei. This
implied that LA supplementation may increase xCT expression
by inhibiting p53 activation.

DISCUSSION

A growing evidence has suggested that regulated necrosis could
induce numerous inflammation and serves as a therapeutic
target of AKI (Lin and Hsu, 2020). Ferroptosis, an oxidative
stress-dependent programmed cell death, played an important
role in FA-induced AKI (Martin-Sanchez et al., 2017; Li et al.,
2020). Moreover, FA-induced AKI was the main model of
nephrotoxic AKI that was usually established by intraperitoneally

injected FA at the dose of 250 mg/kg (Diego et al., 2017), but
the concentration was not demonstrated. In our study, FA
250mg/kg at the concentration of 12.5mg/ml was selected to
induce AKI due to the higher concentration of FA (25 or
50mg/ml) could induce the death of mice.

Lipoic acid is a well-known antioxidative agent that can
be used clinically to treat DM and neurodegenerative diseases,
closely related to reducing the risk of occurrence of complication
and mortality (Singh and Jialal, 2008; Molz and Schroder,
2017; Liakopoulos et al., 2019). What is more, LA has been
used to protect against LPS or I/R induced AKI via anti-
inflammation (Bae et al., 2009; Li et al, 2015; Zhang and
McCullough, 2016). However, whether LA could exert the
protective role in FA-induced AK]I, its dosage and underlying

Frontiers in Physiology | www.frontiersin.org

9 September 2021 | Volume 12 | Article 680544


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lietal

A-Lipoic Acid Alleviates Renal Damage

Control

TUNEL

DAPI

TUNEL/DAPI

20

15

10

TUNEL positive cells/Hpf

Control

FIGURE 7 | Lipoic acid supplementation decreases ferroptosis-mediated tubular cells death caused by FA injection. Mice are treated as described in Figure 1.

(A) Representative images by TUNEL staining, showing the ferroptosis-mediated tubular cell death. White arrowheads for TUNEL-positive tubular cells (green) on
kidney tissue sections; nuclei are labeled with DAPI (blue). Bar=50pm. (B) The number of TUNEL-positive nuclei per high-power field (Hpf). For the FA group vs. the
control group, *indicates p<0.05, and **indicates p<0.01. For the LA-treated groups vs. the FA group, findicates p<0.05, and *indicates p<0.01.

FA LA-L LA-H

mechanism remained unknown. In the present study, FA
injection induced the production of massive inflammation.
Meanwhile, FA administration could significantly increase the
levels of FEK and FENa, probably due to the damage to
proximal tubular cells and impaired Na*/K*-ATPase. In addition,
a decrease was seen in urinary volume, GFR, and filtration
fraction in the FA group, followed by an increase in the
concentrations of BUN and Cr. While LA (50 or 100 mg/kg)
supplementation could significantly reduce histological damage
and inflammation, and alters tubular water, sodium, and
potassium handling, improving the renal function. It was in
conjunction with the previous findings that treatment with
LA (50 mg/kg) could suppress UUO-induced tubular interstitial
fibrosis in mice by ameliorating the epithelial mesenchymal
transition (Hyun et al.,, 2016). In contrast, lower dose of LA
(25mg/kg) was not found to ameliorate renal dysfunction in
our study. Furthermore, the effect of LA (50 mg/kg or 100 mg/kg)
on healthy animals was evaluated in the preliminary experiment,

and no changes of renal morphology and function were found
in the healthy mice after oral medications of LA (shown in
Supplementary Figure 1).

Ferroptosis was the main tubular cell death that can
significantly amplify inflammation. It is characterized by increased
iron accumulation, leading to toxic ROS generation by the
Fenton reaction (Lei et al, 2019). In our study, there was a
large number of iron-positive staining tubular epithelial cells
after FA over-injection. At the same time, the iron content in
the kidney of FA-injected mice was statistically increment.
Importantly, LA supplementation ameliorated renal injury
accompanied with decreased iron accumulation. Furthermore,
we demonstrated that the levels of Ferritin (a protein complex
involved in intracellular iron storage) in the kidney were
decreased after FA injection, while LA supplementation reversed
the decreased levels. This indicated that the protective effects
of LA on FA-induced AKI may increase iron storage by
upregulation of Ferritin. Our study was in line with the previous
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study that upregulation of FTH could alleviate cisplatin induced
HK2 cell injury through anti-ferroptosis (Hu et al.,, 2020). In
addition, it has been reported that Ferritin degradation caused
by increased autophagy can promote ferroptosis in fibroblasts
and cancer cells (Hou et al., 2016). In addition, excessive iron
could be exported through the iron efflux pump, FPN, thereby
reducing intracellular iron overload (Geng et al, 2018).
Accumulating evidences suggested the critical role of FPN in
preventing neurodegenative disease caused by ferroptosis (Raha
et al., 2013). Down this line, we observed that FA administration
induced a transient decrease in FPN expression, while LA
supplementation significantly upregulated FPN levels, thereby
accelerating mobilization of excessive iron out of tubular cells
and reducing intracellular iron overload. In this regard, LA
may exert the effect of anti-ferroptosis through chelating
intracellular excess iron and mediating iron turnover in tubule
of the mouse kidney.

Of note, LA has been reported to act as a direct free radical
scavenger that alleviated oxidative stress (Aruoma, 1998). In
support of this, we demonstrated that LA supplementation
could scavenge ROS and mitigate lipid peroxidation, which
further reduced number of ferroptotic tubular cells. Furthermore,
we found that LA could elevate the level of GSH, which was
consistent with the research that macrophage migration inhibitory
factor (MIF) increased intracellular GSH content which protected
against oxidative damage of tubular epithelial cell in vivo and
in vitro (Unruh et al., 2019). In addition, another study showed
that deferoxamine could alleviate ferroptosis to promote recovery
of traumatic spinal cord injury through upregulation of GSH

(Yao et al, 2019). On the other hand, several investigators
found that treatment with erastin could inhibit system xCT,
thereby reducing extracellular cystine import for GSH synthesis
and increasing the sensitivity to ferroptosis (Wang et al., 2020).
Consistently, we found that the expression of xCT in the kidney
was significantly downregulated induced by FA injection, which
was closely related to the decrease in GSH levels. Moreover,
inhibition of system xCT could lower the activity of GPX4,
the vital antioxidant enzyme which allowed for blocking
ferroptosis through reducing lipid hydroperoxides (Liu et al,
2017). It has been reported that GPX4 knockout mice could
increase the sensitivity of the kidney to ferroptosis caused by
IRI (Linkermann et al., 2014). Recovery of the expression of
GPX4 has been demonstrated to alleviate ferroptosis in
cardiomyocytes and neurons caused by I/R (Seibt et al., 2019;
Stamenkovic et al., 2019). Correspondingly, our study found
that ferroptosis induced by FA injection was accompanied by
downregulation of system xCT, leading to the depletion of
GSH, which in turn decreased the expression of GPX4.
Several studies indicated that p53 activation was associated
with the inhibition of system xCT (Jiang et al, 2015). It was
generally considered that p53 activity exerted anti-tumor effect
by regulating apoptosis or cell-cycle arrest (Chen, 2016). In
addition, the document has implicated that p53 expression was
induced in response to cellular insults, which could accelerate
neuron cell death (Morrison and Kinoshita, 2000). Emerging
evidence validated that p53 activation played a critical role in
mediating ferroptosis (Wang et al., 2016). Ling et al. discovered
that inhibition of p53 could defend against liver fibrosis via
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reducing ferroptosis (Krstic et al., 2018). What is more, p53
activation in renal tubular epithelial cells was closely related to
the deterioration of AKI (Zhang et al., 2014). As mentioned
above, we explored the potential mechanisms of FA-induced
system xCT suppression and found higher p53 activation in
tubular cells induced by FA administration, while LA
supplementation blocked the activity of p53 and abrogated the
pro-ferroptosis effects. Therefore, p53-mediated ferroptosis in
tubular epithelial cell may be a therapeutic target for alleviating AKI.

Taken together, our study demonstrated that ferroptosis
played an important role in AKI induced by FA overdose
injection in mice, which could be alleviated by LA
supplementation, indicating that LA may be used as a potential
therapeutic approach to ameliorate AKI caused by drugs or
toxicants in the clinic. In our study, LA could be used as an
anti-ferroptosis agent to reduce iron overload caused by FA
injection through upregulation of Ferritin and FPN. Besides,
LA supplementation could restore of the expression of system
xCT, thereby promoting the synthesis of GSH and subsequently
enhancing the activity of GPX4. Finally, we identified that
inactivation of p53 was the key mechanism involved in restoring
the expression of system xCT, thus suggesting the beneficial
effects of LA on anti-ferroptosis in FA-induced AKI.
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