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ORIGINAL RESEARCH

Deacetylation of Septin4 by SIRT2 (Silent Mating 
Type Information Regulation 2 Homolog-2) 
Mitigates Damaging of Hypertensive Nephropathy
Ying Zhang ,*  Naijin Zhang,* Yuanming Zou , Chunyu Song , Kexin Cao , Boquan Wu , Shilong You, Saien Lu , Dong Wang, Jiaqi Xu,  
Xinyue Huang , Pengyu Zhang, Zihao Fan, Jingwei Liu , Zhongyi Cheng , Zhe Zhang, Chuize Kong, Liu Cao, Yingxian Sun

BACKGROUND: Hypertension can lead to podocyte damage and subsequent apoptosis, eventually resulting in glomerulosclerosis. 
Although alleviating podocyte apoptosis has clinical significance for the treatment of hypertensive nephropathy, an effective 
therapeutic target has not yet been identified. The function of septin4, a proapoptotic protein and an important marker of 
organ damage, is regulated by post-translational modification. However, the exact role of septin4 in regulating podocyte 
apoptosis and its connection to hypertensive renal damage remains unclear.

METHODS: We investigated the function and mechanism of septin4 in hypertensive nephropathy to discover a theoretical basis 
for targeted treatment. Mouse models including Rosa 26 (Gt(ROSA)26Sor)-SIRT2 (silent mating type information regulation 
2 homolog-2)-Flag-TG (transgenic) (SIRT2-TG) mice SIRT2-knockout, and septin4-K174Q mutant mice, combined with 
proteomic and acetyl proteomics analysis, followed by multiple molecular biological methodologies, were used to demonstrate 
mechanisms of SIRT2-mediated deacetylation of septin4-K174 in hypertensive nephropathy.

RESULTS: Using transgenic septin4-K174Q mutant mice treated with the antioxidant Tempol, we found that hyperacetylation of the K174 site 
of septin4 exacerbates Ang II (angiotensin II)– induced hypertensive renal injury resulting from oxidative stress. Proteomics and Western 
blotting assays indicated that septin4-K174Q activates the cleaved-PARP1 (poly [ADP-ribose] polymerase family, member 1)-cleaved-
caspase3 pathway. In septin4-knockdown human renal podocytes, septin4-K174R, which mimics deacetylation at K174, rescues 
podocyte apoptosis induced by Ang II. Immunoprecipitation and mass spectrometry analyses identified SIRT2 as a deacetylase that 
interacts with the septin4 GTPase domain and deacetylates septin4-K174. In Sirt2-deficient mice and SIRT2-knockdown renal podocytes, 
septin4-K174 remains hyperacetylated and exacerbates hypertensive renal injury. By contrast, in Rosa26-Sirt2-Flag (SIRT2-TG) mice and 
SIRT2-knockdown renal podocytes reexpressing wild-type SIRT2, septin4-K174 is hypoacetylated and mitigates hypertensive renal injury.

CONCLUSIONS: Septin4, when activated through acetylation of K174 (K174Q), promotes hypertensive renal injury. Septin4-
K174R, which mimics deacetylation by SIRT2, inhibits the cleaved-PARP1-cleaved-caspase3 pathway. Septin4-K174R acts 
as a renal protective factor, mitigating Ang II–induced hypertensive renal injury. These findings indicate that septin4-K174 is 
a potential therapeutic target for the treatment of hypertensive renal injury.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Hypertension affects >1 billion people worldwide1 
and can induce a series of damaging effects 
on target organs. The GBD (Global Burden of 

Disease Study) 2017 states that the kidney is one 
of the main target organs damaged by hyperten-
sion. The global prevalence of hypertension-induced 
chronic nephropathy exceeds 23.6 million,2 which sig-
nificantly affects patients’ survival time. Hypertension 
causes damage and subsequent apoptosis of podo-
cytes,3 which form the final filtration barrier of glom-
eruli,4 eventually leading to glomerulosclerosis.4–6 The 

degree of podocyte damage and apoptosis is regarded 
as the main prognostic factor of renal disease.5 Allevi-
ating podocyte apoptosis has potential clinical signifi-
cance for the treatment of hypertensive nephropathy. 
Although some progress has been made in under-
standing the pathogenesis of podocyte apoptosis, a 
method of inhibiting podocyte apoptosis has not yet 
been discovered. A detailed study of the molecular 
mechanism and pathway of podocyte apoptosis is 
needed to develop a targeted treatment for hyperten-
sive nephropathy.

Septin4 plays a key role in regulating caspase acti-
vation and apoptosis.7 Septin4 belongs to the septin 
family and contains a highly conserved P-loop motif 
(GESGLGKS) located in the GTPase domain. The 
P-loop motif is essential for the apoptotic function of 
septin4.7 Once caspase is activated and the induction 
of apoptosis factors occurs,7,8 Septin4 then promotes 
the release of a series of cytokines9,10 and amplifies 
the caspase cascade to induce apoptosis.9 Septin4, 
therefore, functions as a proapoptotic protein and is an 
important marker protein for organ damage. The accu-
mulation of pathogenic septin4 in the brain’s dopami-
nergic cells can lead to cell death and development 

Novelty and Significance

What Is Known?
•	 Kidney is the primary organ of hypertension-induced 

targeted injuries. Hypertension damages and causes 
subsequent apoptosis of podocytes which form the 
final filtration barrier of glomeruli, resulting in irrevers-
ible glomerulosclerosis.

•	 The degree of podocyte damage and apoptosis is 
the key prognostic factor of renal disease, therefore, 
reducing podocyte apoptosis has potential significance 
in the treatment of hypertensive nephropathy.

•	 Septin4, as a proapoptotic protein, plays a crucial role 
in regulating caspase activation and is an important 
biomarker of organ damage.

What New Information Does This Article Con-
tribute?
•	 The NAD-dependent deacetylase SIRT2 (silent mating 

type information regulation 2 homolog-2) helps protect 
the kidney from Angiotensin II-induced hypertensive 
renal injury.

•	 SIRT2-mediated deacetylation of the K174 residue of 
septin4 represses the PARP1 (poly [ADP-ribose] poly-
merase family, member 1)-cleaved-caspase3 pathway, 
which protects renal podocytes from hypertension and 
alleviates glomerulosclerosis.

•	 Septin4-k174 mitigates angiotensin II–induced renal 
injury and is a potential therapeutic target for the treat-
ment of hypertensive nephropathy.

Damage to podocytes and subsequent apoptosis 
lead to irreversible glomerulosclerosis in patients 
with hypertension. Reducing podocyte apoptosis has 
potential significance in the treatment of hypertensive 
nephropathy. In this study, we found a novel and critical 
role for the regulation of the SIRT2-septin4 deacety-
lation axis in overcoming oxidative stress and inhibiting 
apoptosis of renal podocytes, hence reducing glomer-
ulosclerosis and protecting against hypertensive kid-
ney injury. We demonstrated that SIRT2 can protect 
the kidney from angiotensin II–induced hypertensive 
renal injury. SIRT2 interacts with the septin4 GTPase 
domain and deacetylates septin4-K174. Proteomic 
and Western blotting assays indicated that septin4-
K174Q activates the cleaved-PARP1-cleaved-cas-
pase3 pathway, exacerbating hypertensive renal 
injury. In septin4-knockdown human renal podocytes, 
septin4-K174R, which mimics deacetylation at K174, 
rescues hypertensive podocyte apoptosis. Angiotensin 
II–induced renal injury can be mitigated by targeting 
septin4-k174, which makes it a potential therapeutic 
target for hypertensive nephropathy.

Nonstandard Abbreviations and Acronyms

8-oxo-dG	 8-oxo-2’-deoxyguanosine
Ang II 	 angiotensin II
CBP	 CREB binding protein
PARP1	 �poly (ADP-ribose) polymerase family, 

member 1
SIRT2	 �silent mating type information regulation 

2 homolog-2
UPCR	 urinary protein creatinine ratio
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of Parkinson disease.11 However, inhibiting the 
expression of septin4 can decrease hypoxia-induced 
cardiomyocyte apoptosis12 and alleviate anoxia/reoxy-
genation (A/R)-induced cardiomyocyte dysfunction.13 
Despite its role as a proapoptotic protein, no report 
to date has implicated septin4 in hypertensive renal 
damage.

Deacetylase activity has been linked to oxidative 
stress and apoptosis. Although post-translational mod-
ification (PTM) plays an important role in the apoptotic 
function of septin4,14–16 whether septin4 is regulated 
by acetylation is not known. Sir2 (silent information 
regulator 2; called SIRT2 [silent mating type informa-
tion regulation 2 homolog-2] in Homo sapiens), was 
first identified in yeast and belongs to the sirtuin family 
of nicotinamide adenine dinucleotide (NAD+)-depen-
dent deacetylases and possesses histone deacetylase 
activity.17,18 SIRT2 deacetylates substrates involved in 
diverse pathways. Decreased expression of SIRT2 can 
promote transcriptional activation of several apoptosis-
related genes, which can increase apoptosis of cardio-
myocytes.19 Similarly, inhibition of SIRT2 can induce 
oxidative stress-triggered apoptosis to fight tumors.20 
Moreover, SIRT2 deficiency increases oxidative stress 
and further induces apoptosis.21 SIRT2 function plays 
a key protective role in oxidative stress-heart failure, 
protecting the heart from Ang II (angiotensin II)–
induced hypertrophic stimuli through its function as 
a histone deacetylase.22,23 Given this key role of the 
SIRT2 deacetylase in oxidative stress and apoptosis, it 
is important to determine if deacetylation of septin4 via 
SIRT2 has a biological function in hypertensive renal 
injury.

Here, we provide the first evidence that septin4 
can be acetylated. Moreover, we find that the NAD-
dependent deacetylase SIRT2 helps protect the kidney 
from Ang II–induced hypertensive renal injury. SIRT2-
mediated deacetylation of the K174 residue of septin4 
represses the PARP1 (poly [ADP-ribose] polymerase 
family, member 1)-cleaved-caspase3 pathway, which 
protects renal podocytes from hypertension and alle-
viates glomerulosclerosis, an event associated with 
hypertensive kidney damage. Our findings describe a 
novel and critical role for the regulation of the SIRT2-
septin4 deacetylation axis in inhibiting apoptosis and 
overcoming oxidative stress to protect against hyper-
tensive kidney injury.

METHODS
Data Availability
The detailed experimental materials, methods, and data sup-
porting the findings of this study are available within the arti-
cle and its Supplemental Material. Raw data are available from 
the corresponding author upon reasonable request. The Major 
Resources Table is provided in the Supplemental Material.

RESULTS
SIRT2 Affects Ang II–Induced Renal Podocyte 
Apoptosis Through Interaction With the GTPase 
Domain of the Proapoptosis Protein Septin4
We examined the expression profiles of Sirtuin fam-
ily members in the renal tissue of wild-type (WT) mice 
after inducing hypertensive renal injury by Ang II infu-
sion for 14 days. The relative abundance of each Sirtuin 
family member was determined by label-free proteomic 
analysis, and the quantitative expression level of Sirtuin 
proteins was further verified from a targeted proteomic 
analysis by Shanghai Applied Protein Technology Co, 
Ltd24 (Figure 1A). We found that, among the seven Sir-
tuin members, SIRT2 showed the most upregulation 
(Figure 1B), indicating that SIRT2 was the most respon-
sive to hypertensive renal injury.

We then examined renal tissues of 26 patients (13 
with and 13 without a history of hypertension), which 
were obtained from the Department of Urology of the 
First Hospital of China Medical University. We performed 
Masson trichrome and alcian blue-periodic acid schiff 
(AB-PAS) staining to assess the degree of fibrosis and 
segmental glomerular sclerosis. The renal tissues from 
the 13 hypertensive patients showed more severe fibro-
sis and significant glomerulosclerosis compared with the 
renal tissues from patients without hypertension. Immu-
nohistochemistry staining analysis of SIRT2 expression 
in samples from the 26 renal tissues showed that SIRT2 
expression was significantly higher in the renal tissues 
of patients with hypertension than in those without a 
history of hypertension, P<0.001 (Figure  1C and 1D). 
Changes in SIRT2 expression correlated with increased 
concentration of Ang II in human podocyte cells in vitro. 
Consistent with previous results, SIRT2 was also highly 
expressed in Ang II–induced mice (Figure  1E through 
1H). Together, these results confirm the involvement of 
SIRT2 in the hypertensive renal injury response.

We next looked for the specific signal transduc-
tion pathway regulated by SIRT2 in the hyperten-
sive renal injury response. Quantitative analysis of the 
acetylation profiles of hypertensive renal injury tissues 
from WT, SIRT2 knockout (Sirt2-KO), and Rosa26 
(Gt(ROSA)26Sor)-SIRT2 (silent mating type information 
regulation 2 homolog-2)-Flag-TG (transgenic) (SIRT2-
TG) mice were performed (Figure 1I). A total of 11188 
acetylation sites and 3470 acetylated proteins were 
identified by 4-dimensional label-free high-depth pro-
teomics, of which 8284 sites and 2448 proteins showed 
quantitative differences (Figure S1). Heatmaps (Fig-
ure 1J) and volcano plots (Figure 1K, 1L) were used to 
analyze the differential expression of acetylated proteins 
in Sirt2-KO and Sirt2-TG mice compared with the corre-
sponding WT mice. Considered with specific proteomic 
protein expression analyses (Table S1), the data show 
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Figure 1. SIRT2 (silent mating type information regulation 2 homolog-2) affects Ang II (angiotensin II)-induced renal podocyte 
apoptosis through interaction with the GTPase domain of the proapoptosis protein septin4.
A and B, Cluster of the Sirtuin protein expression profiles in saline-infused or Ang II–infused mouse kidney tissue at day 14. C and D, The renal 
tissues of 26 patients with or without hypertension were stained with Masson trichrome and alcian blue-periodic acid schiff (AB-PAS) to assess the 
extent of fibrosis and segmental sclerosis and were immunostained with SIRT2 antibody to evaluate SIRT2 expression level (N=26, 13 patients 
without hypertension, 13 patients with hypertension). SIRT2 stain, scale bar=100 μm; Masson stain and AB-PAS stain, scale bar=50 μm. E and G, 
The expression levels of SIRT2 in renal podocyte cells were measured after stimulation with different Ang II concentrations for 48 hours in human 
podocyte cells. Relative protein levels were calculated as fold changes vs 0 M group (n=3 independent experiments). F and H, The expression 
levels of SIRT2 in mice renal tissues were measured after 14 days of Ang II induction. Relative protein levels were calculated as fold changes vs 
NaCl group, n=7 mice per group. I, Workflow showing the quantitative analysis of the acetyl proteomics profiles of hypertensive renal injury tissues 
in wild-type (WT), SIRT2 knockout (Sirt2 KO), and Rosa 26 (Gt(ROSA)26Sor)-SIRT2 (silent mating type information regulation 2 homolog-2)-Flag-
TG (transgenic) (SIRT2-TG) mice in kidney samples. J, Heatmaps of acetyl protein expression showing the differences (Continued )
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Figure 1.  Continued between WT, Sirt2-TG, and Sirt2-KO mice in hypertensive renal injury tissues. Lines represent individual acetyl protein assays 
using quantitative mass spectrometry. K, Volcano plot showing the fold changes of all detected acetyl proteins and P values in the kidneys of mice 
between the WT and Sirt2-KO groups. L, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed for 
upregulated expressed acetyl proteins between the WT and Sirt2-KO groups, and downregulated expressed acetyl proteins between the WT and Sirt2-
TG groups in kidney samples. The bubble color reflects Fisher exact test P value, the bubble size reflects protein number. M, Volcano plot showing the 
fold changes of all detected acetyl proteins and P values in the heart of mice between the WT and Sirt2-TG groups. J–M, n=7 mice per group. N, SIRT2 
interacting proteins identified by mass spectrometry. O, Cell lysates were immunoprecipitated with anti-SIRT2 antibody followed by immunoblotting with 
antiseptin4 antibody. P, Flag-tagged septin4 plasmid was transfected and total cell lysates were subjected to immunoprecipitation (IP) with anti-Flag 
antibody followed by detection with SIRT2 antibody. Q, Proximity ligation assay (PLA) passes were performed to determine the interaction between 
SIRT2 and septin4. Red indicates the presence of interaction, and blue (DAPI) indicates nuclear staining. IgG M+R group was used with mouse IgG and 
rabbit IgG. Scale bar=25 μm. R, Septin4 contains three functional domains, including the N-terminal, C-terminal, and GTPase domains. S, Full-length 
or truncated Flag-tagged septin4 plasmid was transfected. Total cell lysates were subjected to IP with anti-Flag antibody and Western blotting was 
performed with anti-SIRT2 antibody. Quantitated data were means±SD. The data were not normally distributed for two groups. Statistical significance 
was assessed by the Mann-Whitney test (D). Normality was assumed by the central limit theorem and statistical significance was assessed by 1-way 
ANOVA with Tukey multiple comparisons test (P values adjusted for 10 comparisons; G). For data with normality and equal variance, the unpaired 
t test (2-tailed Student t test) was used to compare 2 groups (H). J–M, To statistically analyze each proteomics and acetyl proteomics data set, the 
homoscedastic Student t test was used to calculate P values for the homoskedasticity data, and the heteroskedastic Student t test was used for the 
heteroskedasticity data. Subsequent screening for differential proteins/sites was based on the P value and the ratio of different groups. Differential 
proteins/sites were displayed using volcano plots and heatmaps (J, K, M). Functional annotation of KEGG enrichment analysis of differential proteins/
sites was performed among comparison groups with Fisher exact test. The bubble charts were based on KEGG enrichment significance P value (L). 
ECM indicates extracellular matrix; IB, immunoblotting; LC-MS/MS, liquid chromatography-tandem mass spectrometry; and TCA, citrate cycle. 
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Figure 2. SIRT2 (silent mating type information regulation 2 homolog-2) deacetylates septin4 at lysine 174.
A, Trichostatin A (TSA; 0.5 μM, 16 hours) and nicotinamide (NAM; 5 mM, 4 hours) treated cells were immunoprecipitated with acetylated lysine-specific 
antibody and detected with antiseptin4 antibody. B, Immunoprecipitation of cell lysates showing endogenous septin4 interaction with endogenous CBP 
(CREB binding protein). C, Flag-tagged CBP, P300 (E1A binding protein), p300/CBP-associated factor (PCAF [lysine acetyltransferase 2B]) or Myc-
tagged GCN5 (histone acetyltransferase GCN5) was overexpressed individually, and septin4 was immunoprecipitated with acetylated lysine antibody 
(Ac-K) and detected with antiseptin4 antibody. D, Flag-tagged SIRT2 wild-type (WT) or H187YQ167A (Mutant) was overexpressed. Septin4 was 
immunoprecipitated with Ac-K and detected with antiseptin4 antibody. E, Normal control and SIRT2 short hairpin RNA (shSIRT2) cells with or without 
AGK2 ((Z)-2-cyano-3-[5-(2,5-dichlorophenyl)furan-2-yl]-N-quinolin-5-ylprop-2-enamide) (20 μM, 24 hours) (Continued ) 
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downregulation of acetylation of most proteins in the 
Sirt2-TG group and upregulation in the Sirt2-KO group, 
indicating that SIRT2 acts as an active deacetylase in 
hypertensive renal injury. Using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway database, we 
performed functional annotation, enrichment analysis, 
and visualization of differential acetylation of proteins in 
the comparison groups (Figure 1M). We found that many 
pathways that were upregulated in the Sirt2-KO group 
were also downregulated in the Sirt2-TG group, includ-
ing citrate cycle, butanoate metabolism, and peroxisome. 
These analyses reveal that in the context of hypertensive 
renal injury, the acetylation level of most proteins involved 
in basic metabolic regulatory pathways is regulated by 
SIRT2 and that deacetylation by SIRT2 plays an impor-
tant role in the response to hypertensive renal injury.

To identify downstream substrates of SIRT2, we per-
formed immunoprecipitation of SIRT2 followed by mass 
spectrometry analysis. Since hypertension can lead to 
podocyte apoptosis,3 we focused on any proteins related 
to apoptosis. Although a series of subsequent changes 
eventually lead to glomerulosclerosis,4–6 the degree of 
podocyte apoptosis is considered a major prognostic fac-
tor for end-stage renal disease.5 We identified septin4 
and PARP125 as potential interaction partners of SIRT2 
(Table S2, Figure  1N). The interaction between SIRT2 
and septin4 was confirmed by coimmunoprecipitation 
(Figure  1O and 1P), and proximity ligation assay (Fig-
ure 1Q). According to the UniProt database, septin4 con-
tains three functional domains, including the N-terminal, 
C-terminal, and GTPase domains (Figure  1R). Using 
endogenous SIRT2 and full-length Flag-tagged septin4 
or various truncated Flag-septin4 constructs, we found 
that SIRT2 is bound to the GTPase domain of septin4 
(Figure 1S).

Together, these results identify septin4 as a new inter-
action partner of SIRT2 and indicate that SIRT2 may be 
involved in Ang II–induced renal podocyte apoptosis via 
its interaction with the GTPase domain of septin4.

SIRT2 Deacetylates Septin4 at Lysine 174
Given the interaction between SIRT2 and septin4, we 
asked if the acetylation level of septin4 is modulated 
through deacetylase activity. Indeed, treatment with 
trichostatin A and nicotinamide, 2 frequently used deacet-
ylase inhibitors that can repress HDAC (histone deacety-
lases) I and III26,27 and the Sirtuin family of deacetylases,28 
resulted in an increase in the acetylation level of septin4 
(Figure  2A). To identify the acetyltransferase that acts 
on septin4, we individually transfected four acetyltrans-
ferases, including p300 (E1A binding protein, 300 kDa), 
CBP (CREB binding protein), PCAF (lysine acetyltrans-
ferase 2B; p300/CBP-associated factor), and GCN5 
(histone acetyltransferase GCN5). Overexpression of 
CBP, but not of the other acetyltransferases, markedly 
enhanced the acetylation level of septin4. Endogenous 
CBP was confirmed to interact with septin4 (Figure 2B 
and 2C). Thus, septin4 is a target of the SIRT2 deacety-
lase and the CBP acetyltransferase.

Next, to further confirm that SIRT2 can deacetylate 
septin4, we constructed a stable SIRT2 knockdown cell 
line using three short hairpin RNA (shRNA) fragments. 
We found that the 22297 fragment produced the best 
knockdown efficiency (Figure S2F). We compared the 
acetylation level of septin4 in normal control and SIRT2 
short hairpin RNA (shSIRT2) -cells with or without 20 
µmol/L AGK2 ((Z)-2-cyano-3-[5-(2,5-dichlorophenyl)
furan-2-yl]-N-quinolin-5-ylprop-2-enamide), a commonly 
used SIRT2-specific inhibitor.29,30 Consistent with previ-
ous results, the acetylation level of septin4 was higher in 
shSIRT2-cells and in cells treated with AGK2 compared 
with control cells. Moreover, overexpression of WT-SIRT2 
decreased the acetylation level of endogenous septin4, 
whereas transfection of a catalytically inactive mutant of 
SIRT2 (H187YQ167A) had no effect (Figure 2D and 2E).

We then set out to identify the site on septin4 that 
is deacetylated by SIRT2. We examined proteomic 
profiling data in the PhosphoSitePlus PTM database 
(Cell Signaling Technology) and identified K174 as a 

Figure 2 Continued. treatment were immunoprecipitated with antiacetylation lysine antibody and detected with antiseptin4 antibody. F, Flag-
tagged CBP was cotransfected with Flag-tagged septin4 WT or K174R (Mutant). Septin4 acetylation was detected by immunoprecipitation (IP) using 
Ac-K. G, Myc-tagged SIRT2 was cotransfected with Flag-tagged septin4 WT or K174R (Mutant). Septin4 acetylation was detected using Ac-K. H, 
Alignment of sequences surrounding K174 in septin4 homologs from diverse species. Acetylated lysine residues at septin4-K174 are highlighted 
(bold and red). I, Flag-septin4 or Flag-K174R-septin4 plasmid was introduced into cells by transfection, and total lysates were immunoprecipitated 
with anti-Flag antibodies, followed by immunoblot with acetyl-K174 site-specific antibody. J, The Flag-septin4 plasmid was transfected into 293T 
cells treated with NAM (5 mM, 4 hours) and TSA (0.5 μM, 16 hours), followed by immunoprecipitation with anti-Flag antibodies. K174-Acetylation 
of exogenous septin4 was analyzed by immunoblot with acetyl-K174 site-specific antibody. K, The Flag-septin4 plasmid or the Flag-K174R-septin4 
plasmid was cotransfected with Flag-control or Flag-CBP plasmid into 293T cells, followed by immunoprecipitation with anti-Flag antibodies. 
K174-Acetylation of exogenous septin4 was analyzed by immunoblot with acetyl-K174 site-specific antibody. L, The Flag-septin4 plasmid or the 
Flag-K174R-septin4 plasmid was cotransfected with Myc-control or Myc-SIRT2 plasmid into 293T cells, followed by immunoprecipitation with anti-
Flag antibodies. K174-Acetylation of exogenous septin4 was analyzed by immunoblot with acetyl-K174 site-specific antibody. Three independent 
experiments were performed. Based on the central limit theorem the data were considered to be normally distributed. Relative protein levels were 
calculated as fold changes vs the first group. A–L, Quantitated data were means±SD. Statistical significance was assessed by unpaired t test 
(2-tailed Student t test; A, I and J); 1-way ANOVA with Tukey multiple comparisons test (C, P values adjusted for 10 comparisons; D, P values 
adjusted for 3 comparisons); 2-way ANOVA with Bonferroni multiple comparisons test (E–G, K–L, P values adjusted for 6 comparisons). AC 
indicates acetylated antibody; CON, control group, without treatment; IB, immunoblotting; and NS, not statistically significant.
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Figure 3. Sirt2 (silent mating type information regulation 2 homolog-2)-knockout mice show increased acetylation of septin4 
and significant aggravation of Ang II (angiotensin II)–induced hypertensive renal injury.
A, Diagram showing the method of construction of the Sirt2 knockout mice. A–V, Total protein was obtained from Sirt2–wild-type (WT) 
and Sirt2−/− mice renal tissue after Ang II (1.5 mg/kg per day) infusion for 14 days. B and C, Western blot was carried out to assess SIRT2 
expression levels. D, Total lysates of renal tissue were subjected to immunoprecipitation (IP) with antiseptin4 antibody and Western blot with 
anti-SIRT2 antibody. E, Total lysates of renal tissue were subjected to IP with pan acetylation antibody (AC) and Western blot with antiseptin4 
antibody in SIRT2 knockout (Sirt2-KO) mice. F, Total lysates of renal tissue were subjected to IP with antiseptin4 antibody and Western blot 
with K174-AC (acetyl-K174 site-specific antibody) in Sirt2-KO mice. G and H, Western blot was carried out to assess expression levels of 
3-nitrotyrosine, 8-oxo-2’-deoxyguanosine (8-oxo-dG), and SOD1(Superoxide Dismutase 1). I and J, Renal tissues were stained using the DCFH-
DA (2,7-Dichlorodihydrofluorescein diacetate) Assay Kit (red). Scale bar=100 μm. K and L, Western blot was carried out to assess precursors 
of PARP1 (poly [ADP-ribose] polymerase family, member 1) and caspase3, cleaved-PARP1, and cleaved-caspase3 expression levels. M and N, 
Renal function was evaluated by (M) hour urinary protein creatinine ratio (UPCR) and (N) creatinine clearance (ml/min). O and S, Hematoxylin 
and eosin (H&E) staining was carried out to assess degree of glomerular edema. Arrowheads, renal tubular edema. Scale bar=50 μm. P and 
T, AZAN (azocarmine G and anline blue) trichrome staining was carried out to assess content of extracellular matrix secretion in glomeruli. 
Arrowheads, extracellular matrix of glomerulus (blue). Scale bar=20 μm. Q and U, AB-PAS (alcian blue-periodic acid schiff) staining was carried 
out to assess glomerular sclerosis. Arrowheads, segmental sclerosis of glomerulus (lilac color). Scale bar=20 μm. R and V, (Continued )
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Figure 3. Continued  Masson staining was carried out to assess the degree of glomerular fibrosis. Arrowheads, glomerular fibrosis (blue). Scale 
bar=20 μm. B, C, G–V, For data with normality and equal variance, 2-way ANOVA with Bonferroni test was used to compare groups. If normality or 
homogeneity of variance was not met, treatment differences were assessed by Kruskal-Wallis test with Dunn multiple comparisons test (n=7 mice 
per group). Relative protein levels were calculated as fold changes vs the first group. Quantitated data are means±SD. Statistical significance was 
assessed by 2-way ANOVA with Bonferroni multiple comparisons test (C, H, J, L, T–V, P values adjusted for 6 comparisons); Kruskal-Wallis with Dunn 
multiple comparisons test (M, N, S, P values adjusted for 1 comparisons). DPPA3 indicates, developmental pluripotency associated 3; FLP, flippase; 
FRT, flippase recognition target; IB, immunoblotting; NS, not statistically significant; and pGK-neo, phosphoglycerate kinase-neo. 
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potential acetylation site. We mutated the lysine (K) 174 
acetylation site to arginine (R, nonacetylatable mutant) 
using site-directed mutagenesis. Cells were transfected 
with plasmids expressing WT-septin4 or the Septin4-
K174R mutant simultaneously with the Flag-control or 
Flag-CBP plasmid. Septin4-K174R showed a dimin-
ished level of acetylation regardless of the presence 
of CBP, whereas the level of acetylation of WT-septin4 
increased with coexpression of CBP (Figure 2F). Simi-
larly, Septin4-K174R was unaffected with or without 
SIRT2 overexpression, in contrast to WT-septin4 (Fig-
ure  2G). Together, our findings identify CBP as the 
acetyltransferase of septin4, which is also a target for 
SIRT2-dependent deacetylation. K174 is evolutionarily 
conserved from Gallus to mammals (Figure 2H) and is 
likely the major acetylation site in septin4 that is regu-
lated by SIRT2.

To further investigate the functional role of K174 
acetylation, we generated an antibody that specifically 
recognizes ectopically expressed WT, but not septin4-
K174R (Figure 2I). Treatment with trichostatin A and nic-
otinamide resulted in an increase in the acetylation level 
of septin4-K174 (Figure 2J). Septin4-K174R acetylation 
level was unaffected with or without CBP overexpres-
sion, whereas the WT-septin4 acetylation level increased 
with CBP overexpression (Figure  2K). Septin4-K147R 
was also unaffected with or without SIRT2 overexpres-
sion as compared with WT-septin4 (Figure  2L). These 
results indicate that CBP can acetylate the Septin-K174 
site and that SIRT2 deacetylates this site.

Sirt2-Knockout Mice Show Increased Acetylation 
of Septin4 and Significant Aggravation of Ang 
II–Induced Hypertensive Renal Injury
To establish the role of SIRT2-septin4 signal transduction 
in hypertensive renal injury, we first confirmed that Ang II 
induction leads to increased binding between SIRT2 and 
septin4 in renal podocytes (Figure S3A). Furthermore, 
the acetylation level of septin4 was decreased with Ang 
II, while it was increased in shSIRT2-treated renal podo-
cytes. The acetylation level of septin4 was normalized 
after reexpression of WT-SIRT2-NTm (a shRNA nontar-
getable mutant SIRT2 rescue plasmid) in shSIRT2 renal 
podocytes (Figure S3B).

We then focused on the role of SIRT2 in hyperten-
sive renal injury and established an in vivo hypertensive 
renal injury model in Sirt2-WT and Sirt2−/− C57BL/6 
mice by infusing Ang II for 2 weeks via osmotic mini-
pumps. Deletion of SIRT2 exons 5-8 in Sirt2 knockout 
mice (Figure  3A) was confirmed by Western blotting 
(Figure  3B and 3C).31 Although the blood pressure of 
Sirt2-WT and Sirt2−/− mice increased significantly with 
induction by Ang II (P<0.001), there was no significant 
difference in the blood pressure between Sirt2-WT and 
Sirt2−/− mice (Figure S2J). Consistent with our results in 

podocytes, the interaction between SIRT2 and septin4 
increased (Figure  3D), whereas the acetylation level 
of septin4 decreased (Figure  3E) in the hypertensive 
renal injury mice. By contrast, the septin4 acetylation 
level was elevated in Sirt2 knockout mice (Figure  3E). 
Furthermore, consistent with previous results, immuno-
precipitation assays using the acetyl-K174 site-specific 
antibody showed that the acetylation level of septin4-
K174 increased in the hypertensive renal injury tissues 
of Sirt2 knockout mice (Figure 3F).

Hypertension causes progressive damage in the kid-
ney. Kidney volume and swelling of tubular epithelial cells 
increase and glomerular mesangial matrix deposition 
also increase in the early stage.32,33 Whereas Sirt2−/− mice 
lacked Sirt2, kidney tissue from Sirt2-WT mice showed 
a significant increase in the expression of SIRT2 after 
hypertensive injury induced by Ang II (Figure 3B and 3C). 
Simultaneous staining of several oxidative stress–related 
markers including 3-nitrotyrosine, 8-oxo-2’-deoxyguano-
sine (8-oxo-dG), and SOD1(Superoxide Dismutase 1), 
as well as measurement of the endogenous oxidative 
stress level, were performed on the renal tissues from 
WT and Sirt2−/− knockout mice. Higher oxidative stress–
related proteins (Figure 3G and 3H) and oxidative stress 
level (Figure 3I and 3J) were observed in Sirt2−/− mice 
compared with WT.

To determine if hypertensive renal injury was accom-
panied by changes in the expression of apoptosis-related 
proteins, we compared Sirt2-WT and Sirt2−/− groups and 
found that Sirt2−/− showed a markedly elevated abun-
dance of cleaved-PARP1 and cleaved-caspase3 (Fig-
ure 3K and 3L). We also analyzed the precursor levels 
of PARP1 and caspase3. The level of PARP1 increased 
significantly after the induction of Ang II, particularly in 
Sirt2−/− groups compared with Sirt2-WT groups. This is 
caused by a decrease in PARP1 ubiquitination mediated 
by the proteasome after Sirt2 knockout, which is con-
sistent with our previous research.25 The caspase3 pre-
cursor also increased after Ang II induction, in line with 
previous research,34 but the level of caspase3 was not 
affected by SIRT2.

Our results above show that Sirt2 knockout mice 
display aggravated oxidative stress injury and apopto-
sis in hypertensive renal injury. Proteinuria is the clini-
cal signature of podocyte apoptosis and may occur 
with or without loss of renal function due to glomeru-
losclerosis.5 Proteinuria is both a marker of hyperten-
sive renal complications and a major risk factor for the 
progression to end-stage renal disease.4 To explore 
the level of proteinuria and the degree of renal func-
tion damage, 24-hour urine samples were collected 
from mice after 2 weeks of Ang II–induced hyper-
tensive renal injury. The 24-hour urinary protein cre-
atinine ratio (UPCR) of Sirt2−/− mice was significantly 
higher than that of WT mice (Figure  3M), while the 
Creatinine Clearance (mL/min) of the Sirt2 knockout 
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was significantly lower (Figure 3N). Thus, Sirt2 knock-
out mice displayed deteriorating renal function in 
hypertensive renal injury.

We next assessed the role of SIRT2 in tubular epi-
thelial cell edema and excessive glomerular mesangial 
matrix formation using hematoxylin and eosin (H&E) 
staining and AZAN (azocarmine G and anline blue) tri-
chrome staining in the early stage of hypertensive injury. 
Concurrently, we assessed the role of SIRT2 in glomeru-
losclerosis and renal fibrosis via AB-PAS (alcian blue-
periodic acid schiff) and Masson staining in the late 
stage of renal injury. As expected, H&E, Azan trichrome 
(Figure 3O, 3P, 3S, and 3T) AB-PAS, and Masson stain-
ing (Figure  3Q, 3R, 3U, and 3V) all showed that Sirt2 
knockout significantly aggravated early and advanced 
hypertensive renal injury.

Gradient analysis revealed that the levels of the 
apoptosis factors cleaved-caspase3 and cleaved-
PARP1 were highest at 10-5 mol/L Ang II. At this Ang 
II concentration cell viability decreased, the cytoskel-
eton disintegrated, and noncell necrosis occurred. 
Therefore, 10-5 mol/L Ang II was determined to be 
the optimal concentration for significant induction 
of renal podocyte apoptosis (Figure S2A through 
S2E). We then tested normal control and shSIRT2-
renal podocytes with or without 10-5 mol/L Ang II–
induced oxidative stress injury of renal podocytes. The 
shSIRT2 cells showed increased levels of 3-nitroty-
rosine, 8-oxo-dG, SOD1, and intracellular oxidative 
stress levels in response to oxidative stress injury, 
while transient reexpression of WT-SIRT2 NTm in 
SIRT2-depleted renal podocytes rescued the injury 
(Figure S3C through S3F). Similarly, shSIRT2 cells 
showed an increased level of cleaved-PARP1 (Fig-
ure S3G through S3H) and severe disintegration of 
the cytoskeleton (Figure S3J and S3K) in response 
to renal podocyte injury, while transient reexpression 
of WT-SIRT2 NTm in SIRT2-depleted renal podocytes 
rescued the apoptosis. Similar results were obtained 
using the CCK8 (Cell Counting Kit-8) assay (Figure 
S3I). In the same way, the level of PARP1 in shSIRT2 
cells was higher than that in the normal control group, 
while the level of PARP1 recovered after reexpression 
of WT-SIRT2 NTm in SIRT2-depleted renal podocytes 
(Figure S3G). Combined, these results demonstrate 
a high acetylation level of septin4 and significantly 
aggravated Ang II–induced hypertensive renal injury 
in Sirt2-knockout mice.

SIRT2 Overexpression Results in Decreased 
Acetylation of Septin4 and Significant 
Reduction of Ang II–Induced Hypertensive 
Renal Injury
To further explore the role of SIRT2 in hypertensive renal 
injury, we constructed Rosa26-Sirt2-Flag (Sirt2-TG) mice 

(Figure 4A) by mating F0 generation mice with Dppa3 
cre mice. The resulting SIRT2-TG mice were confirmed 
by Western blotting (Figure 4B). To detect the subcellu-
lar distribution of overexpressed Sirt2 in transgenic mice, 
we separated the cytoplasm, nucleus, and mitochondria 
in kidney tissue from Sirt2-TG mice and analyzed them by 
immunoblotting. Sirt2-TG mice showed increased Sirt2 
not only in the cytoplasm but also in the nuclei and mito-
chondrial fractions. The overexpressed Flag-SIRT2 was 
largely in the cytoplasm, with less accumulation in the 
nucleus and mitochondria (Figure 4C and 4D), consis-
tent with previous studies of the subcellular distribution 
of SIRT2.35,36

Whereas the blood pressure of both Sirt2-WT and 
Sirt2-TG mice increased significantly upon induction by 
Ang II (P<0.001), there was no significant difference 
in the blood pressure between Sirt2-WT and Sirt2-TG 
mice (Figure S2K). The acetylation level of septin4 in 
Sirt2-TG was decreased (Figure 4E). Moreover, consis-
tent with previous results, immunoprecipitation using 
the acetyl-K174 site-specific antibody showed that 
the acetylation level of septin4-K174 was decreased 
in hypertensive renal injury tissues of Sirt2-TG mice 
(Figure 4F).

Our findings indicated that SIRT2 modulates septin4 
through deacetylation of K174. Several Ang II–induced 
oxidative stress injury markers were detected, includ-
ing 3-Nitrotyrosine, 8-oxo-dG, and SOD1, and endog-
enous oxidative stress levels were measured in renal 
tissues of WT and Sirt2-TG mice. The expression of oxi-
dative stress–related proteins (Figure 4G and 4H) and 
the endogenous oxidative stress levels (Figure 4I and 
4J) decreased significantly with SIRT2 overexpression 
compared with WT, indicating that the level of oxida-
tive stress was decreased in Sirt2-TG mice. In addition, 
compared with the WT group, the Sirt2-TG group had 
markedly reduced amounts of cleaved-PARP1 and 
cleaved-caspase3 (Figure  4K and 4L). Moreover, the 
precursor levels of PARP1 and caspase3 increased with 
the induction of Ang II. The level of PARP1 decreased in 
Sirt2-TG groups compared with Sirt2-WT groups, con-
sistent with our previous research,25 while the precursor 
of caspase3 showed no significant difference between 
the 2 groups. Thus, Sirt2-TG mice displayed less oxi-
dative stress injury and apoptosis in hypertensive renal 
injury. Consistently, UPCR of Sirt2-TG mice was signifi-
cantly lower than that of WT mice (Figure 4M), whereas 
the creatinine clearance (mL/min) of Sirt2-TG mice was 
significantly higher (Figure 4N), indicating that Sirt2-TG 
mice displayed improved renal function in hypertensive 
renal injury.

Sirt2-TG mice showed significant reduction in the 
degree of renal tubular edema and a decrease in the 
area of the glomerular mesangial matrix after Ang II–
induced injury compared with WT mice (Figure  4O, 
4P, 4S, 4T). AB-PAS and Masson staining indicated 
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Figure 4. SIRT2 (silent mating type information regulation 2 homolog-2) overexpression results in decreased acetylation of 
septin4 and significant reduction of Ang II (angiotensin II)–induced hypertensive renal injury.
A, Diagram showing the method of construction of Rosa 26 (Gt(ROSA)26Sor)-SIRT2 (silent mating type information regulation 2 homolog-2)-Flag-TG 
(transgenic) (SIRT2-TG) mice. B, Total protein was obtained from wild-type (WT) and Sirt2-TG mice renal tissue after Ang II (1.5 mg/kg per day) infusion 
for 14 days. Western blot was carried out to assess Flag-tagged SIRT2 expression levels. C and D, Cytoplasm, nucleus, and mitochondria of kidney 
tissue from Sirt2-TG mice were isolated. Western blotting was carried out to assess Flag-tagged SIRT2 expression levels in the 3 fractions. E, Total 
lysates of renal tissue from Sirt2-TG mice were subjected to immunoprecipitation (IP) with antiacetylation antibody (AC) and Western blot with antiseptin4 
antibody. F, Total lysates of renal tissue from Sirt2-TG mice were subjected to IP with antiseptin4 antibody and Western blot with anti–K174-acetylation 
specific antibody (K174-AC). G and H, Western blot was carried out to assess 3-nitrotyrosine, 8-oxo-2’-deoxyguanosine (8-oxo-dG) and SOD1 
(Superoxide Dismutase 1) expression levels. I and J, Renal tissues were stained using DCFH-DA (2,7-Dichlorodihydrofluorescein diacetate) Assay Kit 
(red). Scale bar=100 μm. K and L, Western blot was carried out to assess precursors of PARP1 (poly [ADP-ribose] polymerase family, member 1) and 
caspase3, cleaved-PARP1, and cleaved-caspase3 expression levels. M and N, Renal function was evaluated by (M) hour urinary protein creatinine ratio 
(UPCR) and (N) Creatinine Clearance (mL/min). O and S, Hematoxylin and eosin (H&E) staining was carried out to assess the degree of glomerular 
edema. Arrowheads, renal tubular edema. Scale bar=50 μm. P and T, AZAN (azocarmine G and anline blue) trichrome staining was carried out to assess 
the content of extracellular matrix secretion in glomeruli. Arrowheads, extracellular matrix of glomerulus (blue). Scale bar=20 μm. (Continued )
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that both the segmental sclerosis and fibrosis area 
in Sirt2-TG mice were smaller than those in WT mice 
after hypertensive renal injury (P<0.001; Figure  4Q, 

4R, 4U, and 4V). Therefore, Sirt2-TG mice showed miti-
gated Ang II–induced hypertensive renal injury. These 
results further underscore the finding that deacetylated 

Figure 4. Continued  Q and U, AB-PAS (alcian blue-periodic acid schiff) staining was carried out to assess glomerular sclerosis. Arrowheads, 
segmental sclerosis of glomerulus (lilac color). Scale bar=20 μm. R and V, Masson staining was carried out to assess the degree of glomerular 
fibrosis. Arrowheads, glomerular fibrosis (blue). Scale bar=20 μm. B–D, G–V, For data with normality and equal variance, 2-way ANOVA with 
Bonferroni test was used to compare groups. If normality or homogeneity of variance was not met, treatment differences were assessed by Kruskal-
Wallis test with Dunn multiple comparisons test (n=7 mice per group). Relative protein levels were calculated as fold changes vs the first group. 
Quantitated data are means±SD. Statistical significance was assessed by 2-way ANOVA with Bonferroni multiple comparisons test (B, H, J, L, T–V, 
P values adjusted for 6 comparisons; D, P values adjusted for 15 comparisons); Kruskal-Wallis with Dunn multiple comparisons test (M, N, S, P 
values adjusted for 1 comparisons. COXiv indicates cytochrome c oxidase subunit IV; IB, immunoblotting; and NS, not statistically significant.
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Figure 5. Septin4-K174Q proteomic analysis suggests a role for septin4 in the peroxisome and apoptosis pathways.
A, Workflow chart showing the quantitative analysis of the proteome profiles of kidney samples from septin4 K174Q and wild-type (WT) animals 
(n=7 per mice group). B, Venn diagram showing identified proteins in mouse kidney tissues that overlap between the septin4-K174Q and WT-
septin4 groups. C, Heatmaps of protein expression levels in kidney samples showing differences between septin4-K174Q and WT-septin4 mice. 
Lines represent individual protein assays by quantitative mass spectrometry. D, Volcano plot showing the fold changes of all (Continued )
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septin4-dependent regulation by SIRT2 alleviates hyper-
tensive renal injury.

To determine the exact role of deacetylation of septin4 
via SIRT2 in hypertensive renal injury, we constructed 
stable septin4 knockdown (shSeptin4) renal podocytes 
using three shRNA fragments (Figure S2H). The knock-
down efficiency of the 72650 fragment was highest and 
was used for experiments. We analyzed normal control 
and shSeptin4-renal podocytes with or without 10-5 mol/L 
Ang II–induced oxidative stress injury of renal podocytes. 
After reexpression of WT-septin4 NTm, the level of oxi-
dative stress was higher than in shSeptin4, while there 
was no obvious change after reexpression of K174R 
NTm in septin4-depleted renal podocytes, compared 
with shSeptin4 (Figure S4A through S4D). The level of 
cleaved-PARP1 and cleaved-caspase3 after reexpres-
sion of WT-septin4 NTm was higher than in shSeptin4, 
while there was no significant difference between tran-
sient reexpression of K174R NTm in septin4-depleted 
or shSeptin4 renal podocytes (Figure S4E and S4F). 
Similar results were obtained using CCK8 assays (Fig-
ure S4J). The precursors of PARP1 and caspase3 
were detected, but there was no significant difference 
among the three groups with or without Ang II (Figure 
S4E and S4F). In addition, the level of cleaved-caspase8 
and cleaved-caspase9 after reexpression of WT-septin4 
NTm was also higher than in shSeptin4, whereas there 

was no significant difference with transient reexpression 
of K174R NTm in septin4-depleted or shSeptin4 renal 
podocytes (Figure S4G and S4H). The increase in cleav-
age of caspase8 and caspase9 indicates activation of the 
extrinsic and intrinsic pathways of apoptosis.37 Septin4 is 
an important component of the cytoskeleton and can act 
as a scaffold for protein recruitment.38 We therefore also 
examined the degree of cytoskeleton disintegration after 
reexpression of WT-septin4 NTm and found it was higher 
than in shSeptin4, whereas there was no significant dif-
ference between transient reexpression of K174R NTm 
in septin4-depleted or shSeptin4 renal podocytes (Figure 
S4I and S4K).

Together, our results show that SIRT2 relieved Ang 
II–induced renal podocyte apoptosis by deacetylation of 
K174 of septin4 via activation of extrinsic and intrinsic 
pathways of apoptosis.

Septin4-K174Q Proteomic Analysis Suggests 
a Role for Septin4 in the Peroxisome and 
Apoptosis Pathways
To explore the role of septin4-K174 acetylation in hyper-
tensive renal injury, we constructed septin4-K174Q mutant 
mice (acetylation mimic), in which lysine 174 (AAA) of 
F1 generation mice is mutated to glutamine (CAA; Fig-
ure  6A). We validated the septin4-K174Q transgenic 

Figure 5. Continued  detected proteins and P values in the heart of mice between the septin4-K174Q and WT-septin4 groups. E, Gene 
Ontology (GO) classification showing differentially expressed proteins in kidney samples between septin4-K174Q and WT-septin4 mice. Bar 
length represent protein number. F, Differentially expressed proteins in the kidney of septin4-K174Q and WT-septin4 mice were predicted and 
classified for subcellular structural mapping. G and H, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analysis in 
the kidney was performed for upregulated (G) and downregulated (H) expressed proteins between the WT-septin4 and septin4-K174Q groups. 
The bubble color reflects Fisher exact test P value, the bubble size reflects protein number. I, Necroptosis pathway showing the distribution of 
differentially expressed proteins. J, Peroxisome pathway showing the distribution of differentially expressed proteins. S4 represents septin4-
K174Q mice. To statistically analyze each proteomics and acetyl proteomics data set, the homoscedastic Student t test was used to calculate 
P values for the homoskedasticity data, and the heteroskedastic Student t test was for the heteroskedasticity data. Subsequent screening for 
differential proteins/sites was based on the P value and the ratio of different groups. Differential proteins/sites were displayed using volcano plots 
and heatmaps (C and D). Functional annotation of GO and Subcellular Localization of differential proteins/sites were shown among comparison 
groups (E and F). Functional annotation of KEGG enrichment analysis of differential proteins/sites were performed among comparison groups 
with Fisher exact test. The bubble charts were based on KEGG enrichment significance P value (G and H). PPAR indicates poly (ADP-ribose) 
polymerase family, member 1. LC-MS/MS indicates liquid chromatography-tandem mass spectrometry. 
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Figure 6. Septin4-K174Q significantly aggravates Ang II (angiotensin II)–induced hypertensive renal injury.
A, Diagram showing the mode of construction of septin4-K174Q mutant mice. Total protein was obtained from septin4–wild-type (WT) and 
septin4-K174Q mice renal tissue after Ang II (1.5 mg/kg per day) infusion for 14 days. B and C, Western blot was carried out to assess 
3-Nitrotyrosine, 8-oxo-2’-deoxyguanosine (8-oxo-dG), and SOD1 (Superoxide Dismutase 1) expression levels. D and E, Renal tissues were 
stained using the DCFH-DA (2,7-Dichlorodihydrofluorescein diacetate) Assay Kit (red). Scale bar=100 μm. F and G, Western blot was carried out 
to assess precursors of PARP1 (poly [ADP-ribose] polymerase family, member 1) and caspase3, cleaved-PARP1, and cleaved-caspase3. H and I, 
Renal function was evaluated by (H) hour urinary protein creatinine ratio (UPCR) and (I) creatinine clearance (mL/min). J and K, The renal tissues 
were immunostained with antiseptin4 antibody and subjected to Western blot with (J) antiacetylation antibody (AC) and (K) antiseptin4-K174 
acetylation antibody (K174-AC). L and P, Hematoxylin and eosin (H&E) staining was carried out to assess degree of glomerular edema. 
Arrowheads, renal tubular edema. Scale bar=50 μm. M and Q, AZAN (azocarmine G and anline blue) trichrome staining was carried out to assess 
content of extracellular matrix secretion in glomeruli. Arrowheads, extracellular matrix of glomerulus (blue). Scale bar=20 μm. N and R, (Continued )
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mice via immunoprecipitation using a K174 sequence-
specific antibody (Figure 6K). Ang II infusion for 2 weeks 
via osmotic minipumps was used to establish an in vivo 
hypertensive renal injury model in WT-septin4 and septin4-
K174Q mice.

We then performed proteomic analysis of the renal 
tissue from WT-septin4 and septin4-K174Q mice 
induced by Ang II. Tissues were digested with tryp-
sin followed by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) and bioinformatic analysis 
(Figure 5A). Biological replicates showed the expected 
correlation and repeatability at the proteomic level by 
Pearson correlation analysis and relative SD, and WT 
and septin4-K174Q are clearly distinguished by Prin-
cipal Component Analysis and relative SD (Figure S5A 
through S5C). A total of 5650 proteins were identified 
by 4-dimensiaonal label-free high-depth proteomics, 
of which 4797 proteins had quantitative information 
(Figure S5D). We compared the septin4-K174Q and 
WT-septin4 groups induced by Ang II and found 5526 
common proteins between them; 72 proteins were 
unique to the septin4-K174Q group, and 53 were unique 
to WT-septin4 (Figure 5B, Figure S5D). A comparison 
of septin4-K174Q samples with the corresponding WT 
tissues revealed 1008 proteins with statistical differ-
ences (P<0.05 and fold-change >1.2), of which 557 

were upregulated and 451 were downregulated (Fig-
ure 5C). Differentially expressed proteins (P<0.05 and 
fold-change >1.2) in septin4-K174Q and WT-septin4 
mice, as compared with corresponding WT mice, are 
shown in volcano plots (Figure 5D).

Functional annotation, enrichment analysis, and visual-
ization of differential proteins (fold-change>1.2, P<0.05) 
were performed among the comparison groups. In terms 
of Gene Ontology, more proteins are involved in cellular 
process, metabolic process, binding, and catalytic activity 
(Figure  5E). The relatively abundant proteins are local-
ized to cytoplasm, nucleus, extracellular, mitochondria, or 
plasma membrane (Figure 5F). KEGG pathway analysis 
(Figure 5G and 5H) showed many of the upregulated pro-
teins are in the Necroptosis pathway (Fisher exact test 
P=4.32×10-2; Figure 5I), including PARP1 (fold-change, 
1.42, P=2.17×-3), and downstream proteins, such as Glu1 
(Glutamate Synthase 1), Camk2d (Calcium/Calmodu-
lin Dependent Protein Kinase II Delta), Pygb (Glycogen 
Phosphorylase, Brain Form), Pygl (Glycogen Phosphory-
lase, Liver Form), Pygm (Glycogen Phosphorylase, Muscle 
Form), of apoptosis were also upregulated. Although the 
proteomics analysis did not show enrichment in the apop-
tosis pathway, Western blot analysis of cleaved-caspase3, 
a key protein of apoptosis, showed that septin4-K174Q 
increased expression of cleaved-caspase 3 (Figure 6F). 

Figure 6. Continued  AB-PAS (alcian blue-periodic acid schiff) staining was carried out to assess glomerular sclerosis Arrowheads, segmental 
sclerosis of glomerulus (lilac color). Scale bar=20 μm. O and S, Masson staining was carried out to assess degree of glomerular fibrosis. 
Arrowheads, glomerular fibrosis (blue). Scale bar=20 μm. B–I, L–S, For data with normality and equal variance, 2-way ANOVA with Bonferroni 
test was used to compare groups. If normality or homogeneity of variance was not met, treatment differences were assessed by Kruskal-Wallis 
test with Dunn multiple comparisons test (n=7 mice per group). Relative protein levels were calculated as fold changes vs the first group. 
Quantification of Western blot data is shown as mean±SD. Statistical significance was assessed by 2-way ANOVA with Bonferroni multiple 
comparisons test (C, E, G, Q–S, P values adjusted for 6 comparisons); Kruskal-Wallis with Dunn multiple comparisons test (H, I, P, P values 
adjusted for 1 comparison). IB indicates immunoblotting; and NS, not statistically significant.
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Figure 7. Oxidative stress induced by septin4-K174Q is a cause of renal podocyte apoptosis and hypertensive kidney damage.
A and B, Flag-tagged septin4 wild-type (WT)–NTm (a shRNA nontargetable mutant WT-septin4 rescue plasmid) or K174Q-NTm plasmid was 
transfected into renal podocyte cells–stable septin4 knockdown (shSeptin4) cells. Renal podocyte cells were pretreated with Tempol for 12 
hours and then cotreated with NaCl or 10-5 mol/L Ang II (angiotensin II) for 48 hours. 3-Nitrotyrosine, 8-oxo-2’-deoxyguanosine (8-oxo-dG) and 
SOD1 (Superoxide Dismutase 1) was assessed by Western blot (n=3 independent experiments). C, Renal podocyte cells were stained to detect 
DCFH-DA (2,7-Dichlorodihydrofluorescein diacetate) Assay Kit (green). Scale bar=200 μm. D, The levels of oxidative stress were measured in 
5 randomly selected fluorescence microscopic visual fields in each of three independent repeated experiments (n=15). E, Renal podocyte cells 
were stained with anti-phalloidin-FITC (green) antibody. The nuclei were stained with DAPI (blue). Scale bar=200 μm. F, (Continued )
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From KEGG enrichment results of downregulated proteins, 
we found peroxisome (Fisher exact test P=3.31×10-16) 
was ranked as a relatively enriched pathway (Figure 5J), 
and the majority of the pathway proteins were down-
regulated including the SOD1 peroxisome marker (fold-
change, 0.83, P=1.10×10-4). The change in expression 
was verified by Western blot analysis in Figure 6B.

We also purified Flag-septin4 protein from 293T 
cells and identified its interacting proteins by mass 
spectrometry analysis. We performed Gene Ontol-
ogy, Biological process enrichment, Molecular function 
enrichment, Molecular function enrichment, and Cellular 
component enrichment analysis on the Septin 4 inter-
actome (Figure S6).

Figure 7. Continued  The cells of cytoskeleton disintegration were counted in 5 randomly selected fluorescence microscopic visual fields in 
each of three independent experiments (n=15). G, Renal podocyte cell viability was measured by the CCK8 (Cell Counting Kit-8) assay (n=3 
independent experiments). H and I, Flag-tagged septin4 WT-NTm or K174Q-NTm plasmid was transfected into renal podocyte cells-shSeptin4 
cells. Renal podocyte cells were pretreated with Tempol for 12 hours and then cotreated with NaCl or 10-5 mol/L Ang II for 48 hours. The 
precursors of PARP1 (poly [ADP-ribose] polymerase family, member 1) and caspase3, cleaved-PARP1, and cleaved caspase3 were assessed 
by Western blotting. J and K, Pretreatment with Tempol (2 mmol/L in drinking water each day) continued for 7 consecutive days. Nacl or Ang II 
(1.5 mg/kg per day) was infused in septin4-WT and septin4-K174Q mutant mice with or without Tempol in drinking water. Western blot analysis 
was carried out to assess 3-nitrotyrosine, 8-oxo-dG, and SOD1 expression levels. L and M, Renal tissues were stained to detect DCFH-DA 
(2,7-Dichlorodihydrofluorescein diacetate) Assay Kit (red). Scale bar=100 μm. N and O, Western blot analysis was carried out to assess precursors 
of PARP1 and caspase3, cleaved-PARP1 and cleaved-caspase3. P, The blood pressure of WT and septin4-K174Q mice with or without Tempol 
pretreatment and with NaCl or Ang II were measured on days 7 and 14 by the tail-cuff method. Q and R, Renal function was evaluated by (Q) 
hour urinary protein creatinine ratio (UPCR) and (R) creatinine clearance (mL/min). S and W, Hematoxylin and eosin (H&E) staining was carried 
out to assess the degree of glomerular edema. Arrowheads, renal tubular edema. Scale bar=50 μm. T and X, AZAN (azocarmine G and anline 
blue) trichrome staining was carried out to assess the content of extracellular matrix secretions in glomeruli. Arrowheads, extracellular matrix of 
glomerulus (blue). Scale bar=20 μm. U and Y, AB-PAS (alcian blue-periodic acid Schiff) staining was carried out to assess glomerular sclerosis. 
Arrowheads, segmental sclerosis of glomerulus (lilac color). Scale bar=20 μm. V and Z, Masson staining was carried out to assess degree of 
glomerular fibrosis. Arrowheads, glomerular fibrosis (blue). Scale bar=20 μm. Three independent experiments were performed. Based on the central 
limit theorem the data were considered to be normally distributed (A–I). For data with normality and equal variance, 2-way ANOVA with Bonferroni 
test was used to compare groups. If normality or homogeneity of variance was not met, treatment differences were assessed by Kruskal-Wallis 
test with Dunn multiple comparisons test (n=7 mice per group; J–Z). Relative protein levels were calculated as fold changes vs the first group. 
Quantitated data are means±SD. Statistical significance was assessed by 2-way ANOVA with Bonferroni multiple comparisons test (B, D, F, G, I, K, 
M, O, Q, X–Z, P values adjusted for 15 comparisons); Kruskal-Wallis with Dunn multiple comparisons test (P, P values adjusted for 2 comparisons; 
R, W, P values adjusted for 3 comparisons). IB indicates immunoblotting; and NS, not statistically significant.
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Septin4-K174Q Significantly Aggravates Ang 
II–Induced Hypertensive Renal Injury
Ang II induction in WT and septin4-K174Q mice was 
used to establish the hypertensive renal injury model. The 
blood pressure of WT and septin4-K174Q mice increased 
significantly with induction by Ang II (P<0.001), but 
there was no significant difference between them (Fig-
ure S2L). Renal tissues were probed using panacety-
lation (Figure 6J) or acetyl-K174 site-specific antibody 
(Figure 6K). The acetylation level of septin4-K174Q in 
renal tissue was significantly lower than that of septin4-
WT, further confirming that the site-specific mutation in 
septin4-K174Q mice was successfully constructed. We 
observed higher 3-nitrotyrosine, 8-oxo-dG, SOD1, and 
oxidative stress level in septin4-K174Q mice renal tissue 
in response to oxidative stress injury, compared with WT-
septin4 tissue (Figure 6B through 6E).

To assess renal tissue injury in response to apoptosis 
in WT-septin4 and septin4-K174Q mice, we compared 
the level of cleaved-PARP1 and cleaved-caspase3. 
Although the proteomics analysis did not show enrich-
ment in the apoptosis pathway, we found higher levels 
in septin4-K174Q mice compared with WT-septin4 mice 
(Figure  6F and 6G). Moreover, the precursor levels of 
PARP1 and caspase3 increased with the treatment of 
Ang II, but there was no significant difference between 
the 2 groups. Septin4-K174Q mice thus displayed aggra-
vated apoptosis in hypertensive renal injury. UPCR of 
septin4-K174Q mice was significantly higher than that of 
WT mice (Figure 6H), whereas the Creatinine Clearance 
(mL/min) of septin4-K174Q mice was significantly lower 
(Figure 6I). These results show that septin4-K174Q mice 
display deterioration of renal function in hypertensive 
renal injury.

Following Ang II–induction, H&E, and AZAN trichrome 
staining showed that septin4-K174Q mice displayed sig-
nificant aggravation in the degree of renal tubular edema 
and an increase in the area of the glomerular mesangial 
matrix (Figure 6L, 6M, 6P, and 6Q). Moreover, AB-PAS 
and Masson staining indicated that the segmental sclero-
sis and fibrosis areas in septin4-K174Q mice were larger 
than those in WT mice (P<0.001; Figure  6N, 6O, 6R, 
and 6S). The above results definitively show that hyper 
acetylation of septin4 in the K174Q mutant significantly 
aggravates hypertensive renal injury.

Oxidative Stress Induced by Septin4-K174Q 
Is a Cause of Renal Podocyte Apoptosis and 
Hypertensive Kidney Damage
Although the septin4-K174Q acetylation mimic mice 
show increased oxidative stress, the functional signifi-
cance remained unclear. To investigate the functional 
role of oxidative stress in response to septin4-K174 
acetylation, we conducted in vitro and in vivo experiments 

using the antioxidant Tempol. We analyzed shSeptin4-
renal podocytes after reexpression of WT-septin4 NTm 
or K174Q septin4 NTm, with or without pretreatment with 
the antioxidant Tempol, or 10-5 mol/L Ang II–induced oxi-
dative stress injury of renal podocytes in vitro. After reex-
pression of K174Q-septin4 NTm in shSeptin4 induced 
by Ang II, the level of the oxidative markers 3-nitrotyro-
sine, 8-oxo-dG and SOD1, and the intracellular oxida-
tive stress injury were higher than that in shSeptin4 after 
reexpression of WT-septin4 NTm. The oxidative stress 
injury in septin4-depleted renal podocytes with reex-
pression of WT-septin4 NTm. The oxidative stress injury 
in septin4-depleted renal podocytes with reexpression of 
K174Q NTm or WT-NTm was rescued by Tempol pre-
treatment before induction by Ang II, and there was no 
significant difference between the 2 groups (Figure 7A 
through 7D). These results indicate that Tempol signifi-
cantly rescues the damaging effects of oxidative stress 
by septin4-K174Q.

Similarly, the level of cleaved-PARP1 and cleaved-
caspase3 and the degree of cytoskeleton disintegration 
induced by Ang II after reexpression of K174Q-septin4 
NTm was higher than in shSeptin4 after reexpression of 
WT-septin4 NTm. The level of apoptosis and the disinte-
gration of cytoskeleton were rescued in shSeptin4 renal 
podocytes with reexpression of K174Q NTm and WT-
NTm by Tempol pretreatment before induction by Ang II, 
and there was no significant difference between the two 
groups (Figure 7E and 7F, 7H, and 7I). However, the pre-
cursors of PARP1 and caspase3 were not affected by 
Tempol (Figure 7H and 7I). Similar results were obtained 
using CCK8 assays (Figure 7G). These results indicate 
that pretreatment with the antioxidant Tempol inhibits the 
oxidative stress reaction and prevents renal podocyte 
apoptosis from occurring. Therefore, it is the increase in 
the oxidative stress level that causes podocyte apoptosis 
in vitro.

Subsequently, Ang II induction of WT and septin4-
K174Q renal tissue with or without pretreatment with 
Tempol was used to establish the Tempol-pretreated 
hypertensive renal injury model in vivo. The blood pressure 
of WT and septin4-K174Q mice increased significantly 
with induction by Ang II with or without pretreatment with 
Tempol (P<0.001), with no significant difference between 
them (Figure 7P). We observed higher levels of 3-Nitro-
tyrosine, 8-oxo-dG, SOD1, and increased endogenous 
oxidative stress levels in septin4-K174Q mouse renal tis-
sue in response to oxidative stress injury, compared with 
WT-septin4 mouse renal tissue (Figure 7J through 7M). 
The oxidative stress injury of WT and K174Q mice was 
almost completely rescued by pretreatment with Tempol 
before induction with Ang II, and there was no signifi-
cant difference between the two groups. Consistent with 
previous in vitro experiments, these results indicate that 
Tempol significantly rescues the oxidative stress damage 
effect of septin4-K174Q in vivo.
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To assess renal tissue injury in response to apoptosis 
and renal function in the Tempol-pretreated hypertensive 
renal injury model of WT-septin4 and septin4-K174Q 
mice, we compared the level of cleaved-PARP1, cleaved-
caspase3, UPCR, and creatinine clearance (mL/min). 
Septin4-K174Q mice displayed aggravated apoptosis 
and deterioration of renal function in hypertensive renal 
injury compared with septin4-WT mice. The apoptosis 
of renal tissue and renal function of WT and K174Q 
mice were almost completely rescued by pretreatment 
with Tempol before induction with Ang II, and there was 
no significant difference between the two groups (Fig-
ure 7N through 7O, 7Q through 7R).

The renal tubular edema degree and the area of the 
glomerular mesangial matrix were observed after pre-
treatment of mice with Tempol before induction by Ang 
II. H&E and AZAN trichrome staining indicated that WT 
and K174Q were protected by pretreatment with Tempol 
(Figure 7S, 7T, 7W, and 7X), and there was no signifi-
cant difference between them. Indeed, the results of AB-
PAS and Masson staining indicated that the segmental 
sclerosis and fibrosis areas in WT and septin4-K174Q 
mice were markedly alleviated after the pretreatment of 
Tempol (Figure 7U, 7V, 7Y, and 7Z), and there were no 
significant differences. Consistent with previous results, 
inhibiting the occurrence of the oxidative stress reaction 
by Tempol prevents apoptosis of renal tissue. The above 
results show that oxidative stress induced by septin4-
K174Q is a cause of renal podocyte apoptosis and 
hypertensive kidney damage.

DISCUSSION
Here, we found that knockdown of septin4 exacer-
bates oxidative stress damage and apoptosis in renal 
podocytes caused by hypertension, and reexpression 
septin4-K174R alleviates these responses (Figure S4). 
Conversely, we show that hyperacetylation of septin4 
at K174 (K174Q) aggravates oxidative stress, subse-
quently leading to apoptosis, thus ultimately enhancing 
the effect of hypertensive renal injury in K174Q mice 
(Figures 6 and 7). Septin4 is therefore a target dam-
age factor of apoptosis in hypertensive renal injury. 
Moreover, septin4 exerts this biological effect via the 
hyperacetylation of the K174 site. We discovered that 
septin4, which is an apoptosis-associated non-histone 
protein, is regulated by SIRT2. We further uncover the 
molecular mechanism by which SIRT2 affects hyper-
tensive renal injury by regulating septin4 acetylation. 
SIRT2 binds to the GTPase domain of septin4, which 
is a target of SIRT2-dependent deacetylation via lysine 
174. These observations highlight the importance of the 
SIRT2-septin4 axis in overcoming oxidative stress and 
apoptosis suggest that septin4 deacetylation at K174 
provides a theoretical basis for the design of treatment 
options and targeted drugs.

In addition to the well-known binding of SIRT2 to 
tubulin35 or heat shock 70 proteins,39 our mass spectrom-
etry results indicated that septin4 and PARP1 potentially 
interact with SIRT2 (Figure 1N, Table S2). We previously 
showed that SIRT2 promotes ubiquitination of PARP1 
through mobilization of the E3 ubiquitin ligase WWP2 
(WW domain-containing protein 2), which can relieve oxi-
dative stress–induced vascular injury and remodeling.25,40 
Thus, septin4, as a proapoptotic protein and interacting 
partner of SIRT2, was our main protein of interest. septin4 
was the first member of the Septin family to be discovered 
to have proapoptotic functions. It contains a P-loop motif 
(GESGLGKS; Figure 1R) that is found within the GTPase 
domain of septin4 and contributes to its apoptotic func-
tion.7 Our coimmunoprecipitation (Figure 1O, 1P and 1S) 
and immunofluorescence colocalization of proximity liga-
tion assay (Figure 1Q) data suggest that SIRT2 physically 
binds to the GTPase domain of septin4.

In the presence of various cytokines,9,10 septin4 binds 
directly to XIAP (X-linked inhibitor of apoptosis pro-
tein), which is followed by caspase activation.7,8 After the 
release of a series of cytokines,9,10 the caspase cascade 
is amplified to induce apoptosis.9 Others have reported 
that septin4 plays a crucial role in regulating caspase 
activation and apoptosis.7 Moreover, septin4 is currently 
considered to be an important marker of organ damage. 
Septin4 accumulates in the brain dopaminergic cells and 
can cause cell death and the development of Parkinson 
disease.11 Meanwhile, inhibiting the expression of septin4 
may alleviate liver fibrosis in Schistosoma japonicum 
infection,41 reduce osteoblast cytoskeleton destruction,42 
decrease hypoxia-induced cardiomyocyte apoptosis,12 
and alleviate A/R-induced cardiomyopathy.13

The role of septin4 in hypertensive renal damage has 
not been previously reported. In hypertensive renal injury 
of shSeptin4-human renal podocytes after reexpression 
WT-septin4, we found that the level of oxidative stress was 
enhanced (Figure S4A through S4D), the expression of 
apoptosis-related proteins cleaved-caspase3 and cleaved-
PARP1 increased (Figure S4E and S4F), and the cell viabil-
ity decreased (Figure S4J) along with elevated cleavage of 
caspase8 and caspase9 (Figure S4G and S4H). Septins 
are components of the cytoskeleton and can act as scaf-
folds for protein recruitment.38 In shSeptin4 cells reexpress-
ing WT-septin4 and hyperacetylation on septin4-K174Q 
(K174Q) induced by Ang II, cytoskeleton collapse was also 
observed (Figure S4I and S4K). These results indicate that 
septin4 aggravates hypertensive renal podocyte apoptosis 
through the cleaved-PARP1-cleaved caspase3 pathway 
via endogenous and exogenous apoptotic pathways and by 
enhancing the oxidative stress response.

Epigenetic modifications such as methylation,43 
phosphorylation, ubiquitylation,44 and glycation,44,45 have 
important regulatory effects on kidney diseases, includ-
ing diabetic nephropathy, chronic kidney disease, and 
acute kidney injury.46 In parallel, acetylation plays an 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321591


Original





 R
esearch






622    March 3, 2023� Circulation Research. 2023;132:601–624. DOI: 10.1161/CIRCRESAHA.122.321591

Zhang et al SIRT2 Deacetylation of Septin4 in Hypertensive CKD

important role in the functional regulation of kidney dis-
eases. SIRT1 alleviates sepsis-induced acute kidney 
injury through Beclin1 deacetylation-mediated autoph-
agy activation,47 and sulfhydration of SIRT1 can attenuate 
diabetic nephropathy via suppression of phosphorylation 
and acetylation of p65 NF-κB (nuclear factor kappa-B) 
and STAT3.48 Previous studies on the regulation of PTM 
on renal diseases mainly focused on the repair of renal 
tubular injury and the pathological changes of glomeru-
lar stroma and mesangium. However, PTM regulation of 
podocyte apoptosis is rarely reported.

Podocytes constitute the glomerular filtration barrier,4 
and podocyte apoptosis directly leads to glomeruloscle-
rosis,4,5 which seriously affects the prognosis of renal dis-
ease.5 Alleviating podocyte apoptosis is key to facilitating 
repair after renal injury. Here, we elucidate the mecha-
nism by which deacetylation alleviates podocyte apop-
tosis. In addition, our study is the first to report the role 
of deacetylation regulation in hypertension-induced renal 
injury. We find that SIRT2 shows the highest upregula-
tion in the expression profiles of Sirtuin family members 
with Ang II–induced hypertensive renal damage mice 
(Figure 1B). We also found that the expression of SIRT2 
in human hypertensive renal tissues was significantly 
higher than in tissues without hypertension (Figure 1C 
and 1D), suggesting that SIRT2 is the most significant 
factor in hypertensive renal injury. As an NAD+-depen-
dent deacetylase, SIRT2 deacetylates substrates that 
participate in diverse processes. Increasing evidence 
suggests SIRT2 can inhibit oxidative stress-triggered 
apoptosis in cardiomyocytes19 and tumor cells.20 At the 
same time, it also plays a protective role against oxida-
tive stress-heart failure and Ang II–induced myocardial 
hypertrophy.22,23 However, the anti-apoptotic effect of 
SIRT2 in hypertensive renal injury was unknown. Only 
a few studies showed that SIRT2 may play a role in 
acute tubular injury.49 We observed that in Sirt2 knock-
out mice, oxidative stress (Figure  3G through 3J) and 
apoptosis (Figure  3K and 3L) was aggravated. UPCR 
increased, whereas renal function decreased (Figure 3M 
and 3N), and renal pathological staining was aggravated 
(Figure  3O through 3V) in hypertensive renal injury in 
Sirt2 knockout mice. In contrast, these phenomena were 
alleviated in Sirt2-TG mice (Figure 4G through 4V). Cor-
respondingly, in Ang II–induced SIRT2-knockdown renal 
podocytes, oxidative stress, and apoptosis increased, cell 
viability decreased, and the cytoskeleton disintegrated. 
Reexpression of SIRT2 rescued these injury responses 
(Figure S3C through S3K). Our work is the first to show 
SIRT2 can alleviate apoptosis of hypertensive renal injury 
at the cellular and animal levels.

The regulation of acetylation of apoptotic proteins 
is also important in the occurrence and development 
of diseases,50–52 and the regulation of PTM on septin4 
also plays a pivotal role in apoptosis. XIAP15 or Par-
kin,14 an E3 ubiquitin ligase, promotes the ubiquitination 

and degradation of septin4, thus keeping septin4 at 
low levels in healthy cells and preventing unnecessary 
apoptosis.15 In addition, DYRK1A (dual specificity tyro-
sine-phosphorylation-regulated kinase 1A) specifically 
interacts with septin4 and phosphorylates Ser68 and/or 
Ser107, thereby participating in neurodegenerative pro-
cesses.16 However, the regulation of septin4 acetylation 
has not been reported. Using septin4-K174 site-specific 
antibody for immunoprecipitation, we confirmed that the 
K174 site of septin4 is acetylated by CBP and deacety-
lated by SIRT2 (Figure  2). This was also confirmed in 
SIRT2-knockdown cells (Figure S3B), Sirt2 knockout 
mice (Figure  3E through 3F), and Sirt2-TG mice (Fig-
ure 4E and 4F) with hypertensive renal injury.

We established the hypertensive renal injury model using 
the first international septin4-K174Q hyperacetylated mice 
and analyzed them by LC-MS/MS and Bioinformatics. 4797 
proteins with quantitative information were identified by 4D 
label-free high-depth proteomics (Figure 5C). KEGG path-
way analysis (Figure 5G and 5H) showed the Necroptosis 
pathway, including PARP1 (fold-change, 1.42, P=2.17×-3; 
Figure 5I) and Peroxisome pathway including SOD1 (fold-
change, 0.83, P=1.10×-4; Figure 5J) were the relatively sig-
nificant downstream pathways affected in septin4-K174Q 
mice. The above results were subsequently verified by 
biological experiments, and these phenotypes were con-
sistent with the observations in Sirt2 knockout mice. Oxida-
tive stress and apoptosis were elevated, accompanied by 
increasing UPCR and deterioration of renal function, with 
aggravated renal pathological staining in hypertensive renal 
injury of septin4-K174Q mice (Figure 6). Subsequently, we 
found that by using pretreatment with the antioxidant Tem-
pol to inhibit the oxidative stress reaction in our in vivo and 
in vitro experiments, the renal podocyte apoptosis, cytoskel-
eton disintegration, and hypertensive kidney damage could 
not occur (Figure 7).

However, using the probe DCFH-DA to detect changes 
in oxidative stress marker levels has some limitations. The 
term “reactive oxygen species” is not a single entity, but is 
rather a general term for a group of reactive species with 
different chemical properties and biological reactivities, 
including superoxide (·O2−), hydrogen peroxide, hydroxyl 
radicals, and alkoxy radicals. Various fluorescent probes 
are used to detect intracellular reactive oxygen species. 
DCFH-DA is a nonfluorescent form of DCF with cell 
permeability and is the most widely used probe to detect 
intracellular H2O2 and oxidative stress. After entering the 
cytoplasm, it is cleaved by intracellular esterases into 
fluorescent DCF, which then reacts with various types of 
reactive oxygen species, especially hydroxyl radicals (·OH). 
However, DCFH-DA is highly unstable with some limita-
tions and artifacts in detection. First, DCFH-DA does not 
directly react with H2O2 and cannot directly measure H2O2. 
Second, some one-electron-oxidizing species, cytochrome 
c, redox-active metals, intermediate radicals DCF·and other 
interfering factors may lead to enhanced fluorescence 
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signal. Finally, since reactive oxygen species are transient 
within cells, especially superoxide and nitric oxide, real-time 
measurements are required.53,54 Despite these limitations, 
we simultaneously detected changes in oxidative stress–
related markers including 3-Nitrotyrosine, 8-oxo-dG, and 
SOD1 with Western blotting assays, and the changes of 
oxidative stress levels both in vivo and vitro experiments 
were well-documented. Therefore, the conclusion that the 
deacetylation of septin4-K174 by SIRT2 mitigates Ang II–
induced hypertensive renal injury resulting from oxidative 
stress is supported by abundant evidence.

The above results show that oxidative stress induced 
by septin4-K174Q is a cause of renal podocyte apopto-
sis, cytoskeleton disintegration, and hypertensive kidney 
damage. We fully confirmed that hyperacetylation on 
septin4-K174 (K174Q) causes increased oxidative stress, 
thus significantly aggravating hypertensive kidney dam-
age. Thus, SIRT2 alleviates the oxidative stress response 
of podocytes, the disintegration of podocyte cytoskeleton, 
and podocyte apoptosis through deacetylation of septin4-
K174, and ultimately alleviates hypertensive renal injury in 
mice. These results suggest that septin4 K174R (mimick-
ing deacetylation by SIRT2) is a potential target to confer 
resistance to hypertensive renal injury.

In summary, we have identified an acetylation-depen-
dent regulatory mechanism governing septin4 in hyper-
tensive renal injury. Septin4 acetylation aggravates Ang 
II–induced hypertensive renal injury. We find that septin4 
may be a critical factor in SIRT2-mediated hypertensive 
renal injury and provide a potential mechanism by which 
SIRT2 acts as a protective factor in hypertensive renal 
injury. These observations demonstrate the potential util-
ity of targeting septin4-K174 deacetylation for treatment 
of hypertensive renal injury.
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