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Diabetic kidney disease (DKD) is the major cause of end-stage renal disease (ESRD). In the past few decades, there has been a large
amount of evidence to highlight the pivotal role of oxidative stress in the development and progression of DKD. However, the
detailed molecular mechanisms are not fully elucidated. A new sight has been established that the mitochondrial
acetyltransferase GCN5L1 participates in cellular redox homeostasis maintenance in DKD. Firstly, we found that the expression
of GCN5L1 is significantly elevated both in human and mouse kidney tissues with DKD and in hyperglycemic renal tubular
epithelial cells (TECs), while deletion of GCN5L1 could effectively ameliorate oxidative stress-induced renal injury in DKD.
Furthermore, deletion of GCN5L1 could reduce MnSOD acetylation on lysine 68 and activate its activity, thereby scavenging
excessive ROS and relieving oxidative stress-induced renal inflammation and fibrosis. In general, GCN5L1-mediated acetylation
of MnSOD exacerbated oxidative stress-induced renal injury, suggesting that GCN5L1 might be a potential intervention target
in DKD.

1. Introduction

Diabetic kidney disease (DKD) is one of the most common
microvascular complications of diabetes mellitus and has
become the leading cause of end-stage renal disease (ESRD),
a worldwide public concern [1, 2]. The current clinical inter-
ventions for DKD are mainly to control risk factors such as
hyperglycemia, hypertension, and proteinuria, which focus
on relieving symptoms and delaying the progression of
DKD, but their efficacy is limited [3–5]. Therefore, there is

a strong clinical need to further explore the pathophysiolog-
ical mechanism of DKD and find potential intervention
targets.

Recently, hyperglycemia-induced oxidative stress is
increasingly being seen as a major pathogenic mechanism
that leads to kidney damage in DKD, which is caused by
the overproduction of reactive oxygen species (ROS) induced
by disturbance of mitochondrial respiration [6]. As a star
molecule of antioxidant enzymes, manganese superoxide dis-
mutase (MnSOD) could effectively scavenge the toxic ROS by
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catalyzing the dismutation of superoxide anion radical (O2
⋅-)

to hydrogen peroxide (H2O2) and molecular oxygen (O2) [7,
8]. The conventional perspective is that the ability of MnSOD
to scavenge ROS depends on its abundance, while a novel
view believes that it depends more on the enzymatic activity
[9]. It has been reported that the reversible lysine acetylation
of MnSOD could regulate its detoxification activity [10].
However, the role of acetylated MnSOD in DKD and its
upstream regulatory mechanisms have been largely unad-
dressed in the past.

General control of amino acid synthesis 5-like 1
(GCN5L1) is a novel molecule with sequence homology to
the nuclear acetyltransferase GCN5. It predominantly locates
in the mitochondria to promote mitochondrial protein acet-
ylation and interacts with canonical substrates of SIRT3 to
counter its activity [11]. Current studies indicate that
GCN5L1 is involved in regulating multiple mitochondrial
biological functions such as mitophagy, mitochondrial bio-
genesis, and fatty acid oxidation (FAO) [12–14]. In the pres-
ent study, we supplemented the important role of GCN5L1 in
the maintenance of cellular redox homeostasis in DKD. We
found that the expression of GCN5L1 is significantly elevated
both in vivo in kidney tissues from DKD patients and mouse
models and in vitro renal tubular epithelial cells (TECs)
treated with high glucose, while reducing GCN5L1 expres-
sion could effectively attenuate mitochondrial oxidative
stress, epithelial-to-mesenchymal transition (EMT), and
inflammation induced by high glucose. Furthermore, down-
regulated GCN5L1 in TECs stimulated with high glucose
activates MnSOD by decreasing the acetylation level of its
K68 site and alleviates hyperglycemia-induced renal damage.
These findings shed new light on the pathophysiological
mechanism of DKD and hint GCN5L1 might be a potential
intervention target.

2. Materials and Methods

2.1. Cell Lines. Human renal proximal tubular epithelial cells
(HK-2) were purchased from the American Type Culture
Collection (ATCC) and sterilely cultured with 10% FBS and
1% penicillin/streptomycin in DMEM at 37°C and 5% CO2.

2.2. Human Renal Biopsy Samples. Renal biopsy specimens
from type 1 diabetes patients (n = 6) with pathological diag-
nosis of DKD were obtained from Department of Pathology,
Qilu Hospital of Shandong University. The control samples
(n = 6) were taken from healthy kidney poles of individuals
who underwent cancer nephrectomy without other renal dis-
eases. All procedures were approved by the Ethics Review
Committee of Shandong University (ECSBMSSDU2018-1-
045) and performed in accordance with the principles of
the Helsinki Declaration after obtaining informed consent
from the patients.

2.3. Animals. Male C57BL/6 mice (6-8 weeks old) were pur-
chased from Shandong University Experimental Animal
Centre. All animal experiments were performed according
to the protocols approved by Animal Ethics Committee of
Shandong University. The mice were randomly divided into

the following experimental groups: normal control mice
(non-DN group, n = 6), streptozotocin-induced DN mice
(DN group, n = 9), AAV-empty vector DN mice (AAV-vec-
tor DN group, n = 9), and AAV-GCN5L1 DN mice (AAV-
GCN5L1 DN group, n = 9). For adenovirus-associated virus
experiments, mice were anaesthetized firstly and then were
injected with AAV2/9-HU6-shGCN5L1 (titer: 1 × 1012 vg/
ml) or AAV2/9-HU6-Scramble (titer: 1 × 1012 vg/ml) into
renal cortex in situ. The target sequence of shGCN5L1 was
5′-GAAGAGGAGGAGAGAAGCTAT-3′. The sequence of
negative control was 5′-TTCTCCGAACGTGTCACGT-3′.
After a week recovery, the DN groups were given an intraper-
itoneal injection of streptozotocin (50mg/kg) after 12 hours
fasting for five consecutive days. The control group was
treated with an equal volume of citric acid buffer solution.
One week after STZ injection, mice with random blood glu-
cose levels over 16.7mM were considered diabetes [15–17].
Mice with random blood glucose levels below 16.7mM were
excluded from the experiment; the DN group excluded three
mice (n = 6), the AAV-vector DN group excluded one mouse
(n = 8), and the AAV-GCN5L1 DN group excluded one
mouse (n = 8). The actual blood glucose data of mice is
shown in Supplementary Table S1. Then, all mice were
housed in temperature-controlled rooms with a 12-hour
light-dark cycle and had free access to food and drinking
water for sixteen weeks.

2.4. Histopathology and Immunohistochemistry. Kidney tis-
sues were fixed in 4% buffered formalin and embedded in
paraffin. Sections were then stained with hematoxylin-eosin
(HE), periodic acid-Schiff (PAS), and Masson’s trichrome.
For immunohistochemistry staining, sections were retrieval
antigens in sodium citrate buffer after deparaffinized and
rehydrated and then incubated with the antibody at 4°C over-
night. Afterwards, the kidney sections were incubated with
HRP-conjugated secondary antibody for 1 h shaking at room
temperature. Diaminobenzidine (DAB) was applied to visu-
alize the signal. Images were captured by a Nikon light
microscope. Image analysis was performed using ImageJ
software.

2.5. Renal Function Measurements.Mice were placed in met-
abolic cages for 24 hours to collect urine samples. Blood sam-
ples were collected by cardiac puncture after mice was
anesthetized at the end of the experiment. Serum creatinine
and urinary protein were measured by using commercial
determination kits (Nanjing Jiancheng Bioengineering Insti-
tute, China) according to the manufacturer’s instructions.

2.6. Western Blotting Analysis. Proteins of cells or kidney tis-
sues were extracted by using RIPA buffer supplemented with
1% protease inhibitor and phosphatase inhibitors. After
diluted in 4× SDS-PAGE loading buffer and denatured in
95°C for 10min, samples were separated by SDS-PAGE and
subsequently transferred to PVDF membranes. The mem-
branes were blocked with 5% skimmed milk and then incu-
bated with rabbit anti-GCN5L1 antibody (Proteintech,
19687-1-AP), mouse anti-GCN5L1 antibody (Santa Cruz,
sc515444), rabbit anti-SOD2/MnSOD (acetyl K68) antibody
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(Abcam, ab137037), rabbit anti-MnSOD antibody (Protein-
tech, 24127-1-AP), rabbit anti-NLRP3 antibody (Abcam,
ab210491), mouse anti-caspase-1 antibody (Santa Cruz,
sc392736), rabbit anti-IL18 antibody (Proteintech, 10663-1-
AP), rabbit anti-IL1beta antibody (ABclonal, A11370), rabbit
anti-E-cadherin antibody (Proteintech, 20874-1-AP), and
rabbit anti-αSMA antibody (Proteintech, 55135-1-AP).
Then, the membranes were incubated with the correspond-
ing secondary antibody (HRP-tagged goat anti-mouse or
anti-rabbit IgG) and detected by enhanced chemilumines-
cence reagents (ECL, Millipore, USA). Quantitative analysis
was performed using the ImageJ software.

2.7. Immunofluorescence Staining. Cells were fixed with 4%
paraformaldehyde for 20 minutes, permeabilized in 0.5%
Triton X-100 for 10 minutes, and then blocked with 1% goat
serum for 1 hour at room temperature. Then, cells were incu-
bated with mouse anti-GCN5L1 antibody (Santa Cruz,
sc515444), rabbit anti-E-cadherin antibody (Proteintech,
20874-1-AP), and rabbit anti-αSMA antibody (Proteintech,
55135-1-AP) overnight at 4°C. Secondary antibody (Alexa
Fluor 488 Goat Anti-Rabbit IgG H&L, ab150077, 1 : 500)
was used to stain the cells, and DAPI nuclear stain was used
to counterstain. Images were obtained using a Nikon
microscope.

2.8. Intercellular ROS. In vitro, intercellular ROS was deter-
mined by the addition of MitoSOX (5μM) to the cells which
incubated at 37°C for 10min in darkness. In vivo, superoxide
production in renal tissues was measured in frozen kidney
sections exposed to 6μm dihydroethidium (DHE) at 37°C
for 30min and protected from light (DHE, Beyotime Insti-
tute of Biotechnology, Shanghai, China). The fluorescence
intensity of intracellular ROS was captured using Nikon
microscope imaging system (Nikon, Tokyo, Japan).

2.9. MnSOD Activity. The MnSOD activity was analysed in
the kidney cortex and cell homogenates using commercial
kits according to the manufacturer’s instructions (WST-8;
Beyotime Institute of Biotechnology, Shanghai, China).

2.10. Immunoprecipitation. The immunoprecipitation assay
was performed as described previously [18]. In brief, 1mg
cell lysates was incubated with 10μg antibody and 10μl pro-
tein A/G resin at 4°C overnight. Next day, the protein was
eluted from the resin with elution buffer and analysed by
western blotting assay.

2.11. In Situ Proximity Ligation Assay (In Situ PLA). The in
situ proximity ligation assay was carried out as described pre-
viously to detect the interaction between GCN5L1 with
MnSOD using mouse anti-GCN5L1 antibody (Santa Cruz,
sc515444) and anti-MnSOD antibody (Proteintech, 24127-
1-AP) [19]. Representative images of the fluorescence were
obtained using a Nikon microscope.

2.12. Quantitative Real-Time PCR. Total RNA was extracted
from specimens using TRIzol reagent and converted to
cDNA using reverse transcriptase kits (Takara, RR047A).
qRT-PCR was carried out using SYBR Premix Ex Taq II

(Takara, RR820L) as described previously [19]. Sequence-
specific primers used were as follows: mouse-GCN5L1 Fwd:
5′-AGAACTGGGCTAGGAGCATC-3′, Rev: 5′-AGCTGC
CCTTTGTAGACGTA-3′ and mouse-β-actin Fwd: 5′
-TGCGTGACATCAAAGAGAAG-3′, Rev: 5′-TCCATA
CCCAAGAAGGAAGG-3′.

2.13. Statistical Analysis. Each experiment was performed at
least for three times. All data were analysed using GraphPad
Prism 6.0, with Student’s t-test (comparison between two
groups) or one-way ANOVA (comparison among multiple
groups). P < 0:05 was considered to be statistically
significant.

3. Results

3.1. The Expression of GCN5L1 Is Significantly Elevated in
Kidney Tissues from Diabetic Kidney Disease Patients and
Mouse Models. To investigate whether GCN5L1 expression
is associated with diabetic kidney disease, IHC staining was
performed to evaluate the protein levels of GCN5L1 in renal
tissues. Normal tissues from adjacent normal tissues of
patients with renal cell carcinoma and kidney biopsy samples
from patients with diabetic kidney disease were used in this
study. The results showed that the protein level of GCN5L1
underwent significant increase in the human kidneys with
DKD, which was measured by IHC (Figure 1(a)). To further
study the role of GCN5L1 in DKD, we next established a
DKD mouse model by STZ treatment. The renal injury of
STZ-induced DKD mice was confirmed by enhanced urine
albumin-to-creatinine ratio (UACR) (Figure 1(b)). Renal
morphological examination by hematoxylin and eosin stain-
ing, Masson’s trichrome staining, and periodic acid-Schiff
staining indicated that mesangial matrix deposition and renal
tubule vacuolation were aggravated in STZ-induced DNmice
compared with control mice (Figure 1(c)). The GCN5L1
expression was also increased in kidney tissues of STZ-
induced DKD mice by IHC and western blotting
(Figures 1(d)–1(f)). These results showed that GCN5L1 was
overexpressed in the DKD kidneys, which indicated the pos-
sible involvement of GCN5L1 in the pathogenesis and pro-
gression of DKD.

3.2. Reduction of GCN5L1 Ameliorates Renal
Tubulointerstitial Injury and Proteinuria in DKD Mice. To
further elucidate the importance of GCN5L1 in regulating
renal injury, GCN5L1 shRNA-expressing adenovirus-
associated virus was used to induce kidney-specific GCN5L1
knockdown (KD) mice. Firstly, GCN5L1 shRNA-expressing
AAV was locally injected into the renal cortex of C57BL/6
mice, along with STZ treatment for about sixteen weeks to
generate diabetic GCN5L1 KD mice (Figure 2(a)). The effi-
ciency of GCN5L1 knockdown in the kidney was confirmed
by western blotting, immunofluorescence staining, and IHC
staining (Figures 2(b)–2(e), 2(g), and 2(h)). Then, we
detected urinary albumin and creatinine to explore the effect
of GCN5L1 in diabetic-induced renal injury. As shown in
Figure 2(f), the levels of urine albumin-to-creatinine ratio
(UACR) were reduced in diabetic GCN5L1 KD mice
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Figure 1: The expression of GCN5L1 is significantly elevated in kidney tissues from diabetic kidney disease patients and mouse models. (a)
Immunohistochemistry staining for GCN5L1 expression in human renal biopsies. Scale bars = 50μm. (b) Urine albumin-to-creatine ratio
(UACR) in STZ-induced diabetic mice. Independent experiments were performed in triplicate. (c) Hematoxylin and eosin staining,
Masson’s trichrome staining, and periodic acid-Schiff staining in the kidneys from STZ-induced diabetic mice. Scale bars = 20μm. (d)
Immunohistochemistry staining for GCN5L1 expression in mouse kidney tissues. Scale bars = 50μm. (e, f) Western blotting analysis of
GCN5L1 protein expression in the kidneys from STZ-induced diabetic mice. Data are presented as the mean ± SD. n = 6; ∗∗∗P < 0:001.
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Figure 2: Continued.
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compared with the control AAV-treated group, indicating
that GCN5L1 KD alleviated STZ-induced renal injury. Con-
sistently, in renal morphological analysis, diabetic GCN5L1
KD mice displayed decreased mesangial matrix expansion
and renal tubule vacuolation in renal tissues compared with
the diabetic control AAV group (Figure 2(i)). Together, these
observations suggested that GCN5L1 plays a critical role in
diabetic renal damage.

3.3. Downregulation of GCN5L1 Activates MnSOD to
Scavenge ROS by Reducing MnSOD Acetylation on Lysine
68 in TECs Treated with High Glucose. In order to explore
the specific mechanism of GCN5L1-mediated renal injury
in DKD, we first applied tubular epithelial cells (TECs) to test

the expression of GCN5L1 under high glucose in vitro. As
shown in Figures 3(a) and 3(b), immunofluorescence stain-
ing and western blotting analysis revealed a significant eleva-
tion of GCN5L1 in TECs treated with high glucose. MnSOD,
a major mitochondrial antioxidant enzyme, located in mito-
chondria, scavenged cellular ROS and was proved to exert an
antioxidative stress effect in hyperglycemia-induced renal
injury. Moreover, several studies have demonstrated that
MnSOD is modified by acetylation and the acetylation level
of MnSOD affects its enzyme activity and its ability of remov-
ing cellular ROS [10]. Mitochondria producing excessive
ROS lead to oxidative stress in various energy excess condi-
tions, including hyperglycemia [20]. We hypothesized that
GCN5L1 may modulate the enzyme activity of MnSOD by

CTR STZ STZ+AAV shCTL STZ+AAV shGCN5L1

G
CN

5L
1

(g)

4

3

2

1

Re
lat

iv
e G

CN
5L

1 
st

ai
ni

ng
in

te
ns

ity

0

CT
R

ST
Z

ST
Z+

sh
CT

L 
A

AV

ST
Z+

sh
KD

 A
AV

⁎⁎ ⁎⁎

(h)

H
/E

M
as

so
n

PA
S

CTR STZ STZ+AAV shCTL STZ+AAV shGCN5L1

20 𝜇m

(i)

Figure 2: Reduction of GCN5L1 ameliorates renal tubulointerstitial injury and proteinuria in DKD mice. (a) Experimental design for STZ-
induced diabetic GCN5L1 knockdown mice. (b, c) Western blotting analysis showing the expression of GCN5L1 in the kidneys from diabetic
GCN5L1 knockdown mice. Data are presented as themean ± SD. (d, e) Immunofluorescent staining and fluorescence intensity for GCN5L1
expression in kidney sections. Scale bars = 100 μm. (f) Urine albumin-to-creatinine ratio (UACR) in the kidneys from diabetic GCN5L1
knockdown mice. Independent experiments were performed in triplicate. (g, h) Immunohistochemistry staining and relative staining
intensity for GCN5L1 expression in kidney sections. Scale bars = 100 μm. (i) Hematoxylin and eosin staining, Masson’s trichrome staining,
and periodic acid-Schiff staining in the kidneys from diabetic GCN5L1 knockdown mice. Scale bars = 20μm. n = 6‐8; ∗∗P < 0:01 and ∗∗∗P
< 0:001.
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Figure 3: Continued.
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acetylation. First, we evidenced that MnSOD physically
interacts with GCN5L1 by coimmunoprecipitation assay
(Co-IP) and in situ proximity ligation assay (in situ PLA)
(Figures 3(c)–3(e)). Then, the data showed that the acetyla-
tion level of MnSOD lysine 68 was upregulated after high-
glucose treatment, while knockdown GCN5L1 could
decrease the acetylation level of MnSODK68 in high-glucose
conditions (Figures 3(f) and 3(g)). Finally, to explore the fur-
ther effect of GCN5L1 on MnSOD enzymatic detoxification
activity, the MnSOD enzymatic activity and MitoSOX stain-
ing were determined. We found that GCN5L1 deletion res-
cued the enzymatic activity of MnSOD and diminished
cellular ROS production under high-glucose conditions
(Figures 3(h) and 3(i)).

3.4. Suppression of GCN5L1 Alleviates Inflammation and
EMT through the MnSOD/ROS Pathway in TECs under
High Glucose. Aberrant mitochondrial ROS production
caused by diabetes is critical for NLRP3 inflammasome acti-
vation via the oxidation of mitochondrial DNA [21, 22].
Western blotting analysis revealed that the expression of
NLRP3, caspase 1, IL18, and IL1b was enhanced in TECs
treated with high glucose. In contrast, these protein expres-
sions were completely reversed by GCN5L1 knockdown
(Figure 4(a)). This suggested that GCN5L1 deletion may
inhibit inflammation by eliminating cellular ROS produc-
tion. To prove this hypothesis, N-acetyl-L-cysteine (NAC),
a ROS inhibitor, was employed in GCN5L1-overexpressed
TECs. Notably, NAC effectively blocked the GCN5L1
overexpression-mediated upregulation of NLRP3, caspase 1,
IL18, and IL1b (Figure 4(b)). Then, transfection of the
MnSODK68-R mutant (lysine residue was replaced by argi-
nine to mimic the deacetylated state) plasmid into GCN5L1

knockdown TECs significantly decreased the expression of
NLRP3, caspase 1, IL18, and IL1b (Figure 4(c)). The results
revealed that GCN5L1 acetylates MnSODK68-R to affect
inflammation through aberrant ROS-induced oxidative
stress.

EMT could also be activated via reactive oxygen species
and contributes to renal fibrosis related to diabetic nephrop-
athy [23]. Under this context, whether GCN5L1 has an effect
on EMT through the MnSOD/ROS pathway under high-
glucose conditions has also aroused our attention. First, the
epithelial marker E-cadherin and mesenchymal marker α-
SMA were evaluated by both western blotting and immuno-
fluorescence staining. As shown in Figures 5(d) and 5(e), E-
cadherin was significantly decreased and α-SMA was obvi-
ously enhanced in TECs under high glucose, while knock-
down of GCN5L1 could effectively reverse the expression of
E-cadherin and α-SMA. In addition, the effects of ROS inhib-
itor NAC reversed the expression of E-cadherin and α-SMA
mediated by GCN5L1 overexpression (Figure 4(f)). Then, we
detected whether the effect of GCN5L1 on EMT was medi-
ated by MnSOD acetylation. The roles of it were determined
in TECs by cotransfection of siRNA of GCN5L1 and
MnSODK68-R mutant plasmid. Western blotting showed that
GCN5L1 knockdown resulted in an increased expression of
E-cadherin and a decreased expression of α-SMA, which
was significantly reversed by additional MnSODK68-R

mutants (Figure 4(g)). All the results above suggested that
GCN5L1 could acetylate MnSODK68, thereby mediating
inflammation and EMT through mitochondrial ROS in vitro.

3.5. Downregulation of GCN5L1 Protects the Kidney from
Hyperglycemia-Induced EMT and Inflammation via the
MnSOD/ROS Pathway In Vivo. Then, we further explored
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Figure 3: Downregulation of GCN5L1 activates MnSOD to scavenge ROS by reducing MnSOD acetylation on lysine 68 in TECs treated with
high glucose. (a, b) Immunofluorescent staining and western blotting analysis of GCN5L1 protein expression in TECs exposed to high
glucose. Scale bars = 50 μm. (c, d) Coimmunoprecipitation of MnSOD and GCN5L1 in TECs. (e) Interaction of MnSOD and GCN5L1 in
TECs visualized by Duolink proximity ligation assay. (f, g) Western blotting analysis of the protein levels of MnSOD and Ac-MnSOD K68
in TECs exposed to high glucose following GCN5L1 knockdown. (h) MnSOD activity was assessed in TECs exposed to high glucose
following GCN5L1 knockdown. Independent experiments were performed in triplicate. (i) Cellular ROS was detected by MitoSOX
staining in GCN5L1 knockdown TECs treated with high glucose. Scale bars = 50μm. Independent experiments were performed in
triplicate. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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the effect and mechanism of GCN5L1 on diabetic kidney
injury in vivo. First, we determined the acetylation level of
MnSODK68 in the mouse kidneys. Immunohistochemistry
staining showed that GCN5L1 KD greatly diminished acety-
lation level of MnSODK68 induced by STZ (Figure 5(a)).

Then, as stained with ROS-sensitive vital dye DHE, we found
the enhanced ROS production induced by STZ in the mouse
kidneys was abolished by silencing GCN5L1 (Figure 5(b)).
Finally, immunohistochemistry assay revealed that diabetic
mice exhibited a significant upregulation of NLRP3, which
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Figure 4: Suppression of GCN5L1 alleviates inflammation and EMT through the MnSOD/ROS pathway in TECs under high glucose. (a)
Protein levels of NLRP3, caspase-1, IL18, and IL1beta were detected by western blotting in TECs exposed to high glucose following
knockdown of GCN5L1. (b) Protein levels of NLRP3, caspase-1, IL18, and IL1beta were detected by western blotting in GCN5L1
overexpressed TECs treated with NAC. (c) Western blotting analysis of the protein levels of NLRP3, caspase-1, IL18, and IL1beta after
cotransfected with MnSODK68-R mutant plasmid and GCN5L1 silencing siRNA. (d, e) Western blotting analysis and immunofluorescent
staining for E-cadherin and α-SMA in TECs exposed to high glucose following knockdown of GCN5L1. Scale bars = 100μm. (f) Protein
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were decreased by additional loss of GCN5L1 in the kidney
compared with diabetic WT mice (Figure 5(c)). The same
tendency was confirmed by western blotting analysis in the
kidney (Figures 5(d) and 5(g)). Moreover, the renal fibrosis
in diabetic mice was characterized by the loss of E-cadherin
and the excess of α-SMA, which was almost completely
reversed by GCN5L1 knockdown (Figures 5(c)–5(f)). Taken
together, these results support that suppression of GCN5L1
protects the kidney from hyperglycemia-induced EMT and
inflammation via the MnSOD/ROS pathway.

3.6. STZ Treatment Increases GCN5L1 Expression by
Reducing Its Ubiquitination. In order to study the mecha-
nism of increased GCN5L1 expression with STZ treatment,
we first detected the mRNA expression of GCN5L1 under
STZ treatment. According to the result of RT-qPCR, we
found that this mRNA expression had no significant changes
between the control and STZ groups (Figure 6(a)). Thus, we
hypothesized that STZ treatment may increase GCN5L1
expression through a posttranslational mechanism. Ubiquiti-
nation is crucial for physiological processes which are
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Figure 5: Downregulation of GCN5L1 protects the kidney from hyperglycemia-induced EMT and inflammation via the MnSOD/ROS
pathway in vivo. (a) Immunohistochemistry staining for acetylation level of MnSODK68 in the kidneys from diabetic GCN5L1
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controlled by ubiquitin and deubiquitinating enzymes [24,
25]. One of the important cellular functions of the
ubiquitin-proteasome system (UPS) is to selectively degrade
damaged or abnormal proteins [26]. UPS has an important
role in diabetic nephropathy [27]. Mitochondria possess
about 1,000-1,500 proteins with multiple functions, and thus,
the quality control of the mitochondrial proteome handled
by UPS is very important for mitochondrial function. Thus,
dysfunction of UPS may contribute to mitochondrial dys-
function and DN. Under these backgrounds, we used immu-
noprecipitation assay to detect the ubiquitination level of
GCN5L1. The results showed that the ubiquitination level
of GCN5L1 was decreased under the STZ treatment, which
induced the GCN5L1 overexpression in protein level
(Figure 6(b)). According to all of these results, we found that
GCN5L1 overexpression was controlled by impaired
ubiquitination.

4. Discussion

Accumulating evidences have identified that hyperglycemia-
induced oxidative stress is of particular interest in the devel-
opment and progression of DKD [2, 28], but its exact mech-
anisms involved remain largely unknown. A new sight has
been established that the high expression of GCN5L1 con-
tributes to oxidative stress-induced renal tubulointerstitial
injury in DKD by mediating MnSOD hyperacetylation and
inactivating its enzymatic detoxification activity. Collectively,
we identified that GCN5L1 could participate in cellular redox
homeostasis maintenance in DKD.

GCN5L1, given its sequence homology to the nuclear
acetyltransferase Gcn5 and its mitochondrial enrichment,
has recently been recognized as an indispensable element in
the machinery of mitochondrial acetyltransferases and has
been proved to counter the activity of SIRT3, a mitochondrial
deacetylase protein [11]. The pathogenic role of GCN5L1 has
been reported in the past few years [29]. Study conducted in
mouse embryonic fibroblasts illustrated that knockout of
GCN5L1 has the effects on inducing mitochondrial biogene-
sis and mitophagy via the activation of PGC-1α and TFEB
[12]. Upregulation of cardiac GCN5L1 in response to high-
fat diet participates to the fatty acid oxidation rate by increas-
ing the level of acetylation and the activity of FAO enzyme
[13]. Furthermore, another study reported that depletion of
GCN5L1 mediated ERK activation and blunted hepatic glu-
coneogenesis [30]. In renal disease, we previously demon-
strated that GCN5L1 could upregulate both the acetylation
and activity of several mitochondrial fatty acid oxidation
enzymes, thus regulating fatty acid oxidation in the kidney
[18]. Nevertheless, the role of GCN5L1 in the initiation and
progression of DKD is still unclear. In the present study, we
concentrated on exploring the alteration of GCN5L1 in
DKD and investigating the effect of downregulation of
GCN5L1 on oxidative stress-induced renal tubulointerstitial
injury in DKD. First, we found that GCN5L1 expression
was significantly increased not only in the kidney tissues of
DKD patients and mouse models but also in renal TECs
treated with high glucose. Second, the renal tubulointerstitial
injury was alleviated in STZ-DKD mice treated with sh-

GCN5L1 AAV. Furthermore, the genetic ablation of
GCN5L1 in TECs ameliorated oxidative stress-induced
EMT and inflammation both in vivo and in vitro. Taken
together, the results above suggest that GCN5L1 could affect
oxidative stress-induced renal damage under hyperglycemic
conditions and targeting GCN5L1 could be an attractive
therapeutic target of DKD.

As one of the most energy-demanding organs, the kidney
requires a great deal of mitochondria to produce sufficient
adenosine triphosphate (ATP) through oxidative metabo-
lism; at the same time, reactive oxygen species (ROS) were
also generated as a by-product. It has been reported that
hyperglycemia could induce excessive production of ROS,
thereby leading to oxidative stress [31]. There are numerous
evidences showing that enhanced oxidative stress (OS) is an
important feature in CKD patients from early to late stage
[32, 33]. Excessive OS is caused by the dysfunction of the bal-
ance between antioxidant defense mechanisms and oxidant
products [34]. Therefore, the sources of excessive OS can be
divided into two main parts. One is excessive OS produced
like mitochondria dysfunction, disorder of metabolic net-
works, and impairment of mitophagy [35]. The other is the
defect of the antioxidant system including the decrease of
small-molecule antioxidants such as vitamins C and E and
the tripeptide glutathione (GSH), dysfunction of enzymes
whose specific role is the neutralization of ROS like superox-
ide dismutase (SOD), catalase, and GSH peroxidases (GPx)
[36]. The mitochondrial antioxidant enzyme system is the
major defense to eliminate superoxide free radicals, which
is related to the pathophysiology of DKD.

As the key antioxidant enzyme in mitochondria, MnSOD
could scavenge aberrant ROS to protect cells against oxida-
tive stress. Several posttranslational modulation (PTM) pat-
terns of MnSOD have been reported, such as nitration [37],
acetylation [38], and ubiquitination [39], among which acet-
ylation of MnSOD is one of the main drivers of its enzyme
activity which has attracted widespread attention and been
reported in various kinds of diseases, such as breast cancer
[40] and cardiac diseases [41]. Current studies have revealed
that elevation of lysine acetylation decreases MnSOD enzy-
matic activity, which is in accordance with our present study.
The upstream mechanism of regulating MnSOD lysine acet-
ylation is mostly concentrated on the mitochondrial deacety-
lase enzyme SIRT3, which deacetylated MnSOD on different
reversible acetylated lysine residues. He and his colleagues
have found that SIRT3-mediated deacetylation of lysine 68
regulates stem cell reprogramming in breast cancer [40].
Other researches have also reported that SIRT3 could also
regulate the acetylation level of MnSOD lysine 53, 89, and
122 [10, 42]. In addition, Thapa and his colleagues reported
that GCN5L1 is acetylating MnSOD at K122 in cardiomyo-
cyte [43]. According to the published paper, acetylation of
MnSOD K68 lysine residue can transform from a known
homotetramer complex to a monomeric form. These mono-
mers function as a peroxidase, distinct from the established
MnSOD superoxide dismutase activity. Therefore, K68 lysine
residue acetylation decreased the enzyme activity. Moreover,
acetylation of other sites like K122 had no this effect [38].
According to all of these papers, we focused on K68 site
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and hypothesized that this site acetylation can lower the
activity of MnSOD. According to our results, we shed new
light on the mitochondrial acetyltransferase GCN5L1 which
could acetylate MnSOD K68 lysine residues, thereby dimin-
ishing MnSOD enzymatic detoxification activity. Further-
more, enhanced abundance of MnSODK68 acetylation and
reduced MnSOD activity were displayed in the DKD mouse
kidneys and hyperglycemic TECs. Moreover, silencing
GCN5L1 declined MnSODK68 acetylation state but improved
its ability to scavenge ROS to prevent oxidative stress and cel-
lular damage in DKD. Moreover, we found that GCN5L1
overexpression under STZ treatment was induced by
impaired ubiquitination. The exact molecules controlled this
process and their roles in DN should be studied further. In
general, we have discovered the acetyltransferase GCN5L1
could acetylate MnSOD, providing a new mechanism to
improve renal injury in DKD.

5. Conclusions

In summary, our present study demonstrated that GCN5L1
mediates MnSOD acetylation on lysine 68 to regulate its
detoxification activity, thereby affecting oxidative stress-
induced renal tubulointerstitial injury in DKD. Hence,
GCN5L1 might be a key regulator of renal oxidative stress
and function as a potential therapeutic target in DKD.

6. Limitations of the Study

First, although we used adenovirus-associated virus to knock
down GCN5L1 in the mouse kidneys to explore the role of
GCN5L1 in DKD, it would be perfect to apply conditional
TECs GCN5L1 knockout mice. Second, we explored that
GCN5L1 abundance under STZ treatment was dependent
on a posttranslational mechanism, but which molecules con-
trolled this process and their roles in DN were unclear.
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