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Abstract

Infiltration of monocyte-derived macrophages plays a crucial role in cardiac remodeling and dysfunction. The serum and
glucocorticoid-inducible protein kinase 3 (SGK3) is a downstream factor of PI3K signaling, regulating various biological
processes via an AKT-independent signaling pathway. SGK3 has been implicated in cardiac remodeling. However, the
contribution of macrophagic SGK3 to hypertensive cardiac remodeling remains unclear. A cardiac remodeling model was
established by angiotensin II (Ang II) infusion in SGK3-Lyz2-CRE (f/f, +) and wild-type mice to assess the function
of macrophagic SGK3. Additionally, a co-culture system of SGK3-deficient or wild-type macrophages and neonatal rat
cardiomyocytes (CMs) or neonatal rat fibroblasts (CFs) was established to evaluate the effects of SGK3 and the underly-
ing mechanisms. SGK3 levels were significantly elevated in both peripheral blood mononuclear cells and serum from
patients with heart failure. Macrophage SGK3 deficiency attenuated Ang II-induced macrophage infiltration, myocardial
hypertrophy, myocardial fibrosis, and mitochondrial oxidative stress. RNA sequencing suggested Ndufal3 as the candidate
gene in the effect of SGK3 on Ang II-induced cardiac remolding. Downregulation of Ndufal3 in CMs and CFs prevented
the suppression of cardiac remodeling caused by SGK3 deficiency in macrophages. Mechanistically, the absence of SGK3
led to a reduction in IL-1P secretion by inhibiting the NLRP3/Caspase-1/IL-1p pathway in macrophages, consequently
suppressing upregulated Ndufal3 expression and mitochondrial oxidative stress in CMs and CFs. This study provides new
evidence that SGK3 is a potent contributor to the pathogenesis of hypertensive cardiac remodeling, and targeting SGK3
in macrophages may serve as a potential therapy for cardiac remodeling.
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Sustained hypertension is a significant risk factor for car-
diac remodeling, which ultimately leads to heart failure
(HF) and increased mortality. There is evidence that inflam-
mation has a vital effect on the progression of cardiovascu-
lar diseases. Infiltration of monocyte-derived macrophages
triggers the release of inflammatory cytokines, promoting
the generation of mitochondrial reactive oxygen species
(mtROS), myocardial hypertrophy, and collagen deposition
in the heart [ 1-3]. However, the mechanisms of macrophage
contribution to Ang II-induced cardiac remodeling are not
fully understood.

The serum and glucocorticoid-inducible protein kinase
(SGK) family, including SGK1, SGK2, and SGK3, is a
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downstream factor of PI3K signaling and shares similar
structure and function with AKT. SGK3 has been reported
to play a pivotal role in various biological processes through
an AKT-independent signaling pathway, including cell
proliferation and survival, ion and protein transport, and
tumor malignant transformation [4-6]. A recent study has
demonstrated that SGK3 overexpression in macrophages
can enhance their chemotaxis and promote inflammatory
responses [7]. However, the effect of SGK3 in macrophages
on the regulation of myocardial remodeling has not been
fully elucidated.

mtROS and mitochondrial dysfunction also have a vital
influence on cardiovascular diseases [8]. Elevated mtROS
production mediates cardiac fibrosis, hypertrophy, and car-
diac dysfunction [9—11]. Nicotinamide adenine dinucleo-
tide dehydrogenase (ubiquinone) 1 alpha subcomplex 13
(Ndufal3), also known as GRIM19, mainly exists on the
inner membrane of mitochondria and is the basic subunit of
mitochondrial respiratory chain complex I. Previous stud-
ies have implicated Ndufal3 in mitochondrial membrane
potential, mitochondrial oxidative stress, apoptosis, and
regulation of multiple signaling pathways in many diseases
[12—-14]. Nevertheless, the contribution of Ndufal3 to car-
diac hypertrophy and fibrosis remains unknown.

In this research, we identified a previously unrecognized
role of SGK3 in Ang Il-induced cardiac remodeling. The
specific deletion of SGK3 in macrophages prevented car-
diac hypertrophy, fibrosis, and cardiac dysfunction in Ang
[I—treated mice. Transcriptome and bioinformatics analy-
sis revealed Ndufal3 as a key molecule in the crosstalk
between macrophages and cardiomyocytes (CMs) and
cardiac fibroblasts (CFs). We further demonstrated that
macrophage SGK3 regulated IL-1p release via the NLRP3
pathway to decrease Ndufal3 expression in CMs and CFs,
thereby increasing mtROS-mediated myocardial hypertro-
phy and fibroblast activation after Ang II treatment. These
findings establish a novel opinion that SGK3 is involved
in macrophage-mediated cardiac hypertrophy and fibrosis
and provide evidence that blockade of SGK3 may represent
a potential therapeutic strategy for hypertensive cardiac
remodeling and related diseases.

Materials and methods

Animal experiments

The macrophage-specific SGK3 deficiency mice (SGK3-
Lyz2-CRE (f/f, +, SGK3 cKO) were constructed by Bei-
jing Viewsolid Biotech Co., Ltd. SGK3 cKO and C57BL/6

wild-type (WT) mice were housed at 22 °C in a 12 h day/
night lighting environment with free access to food and
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water. SGK3 ¢cKO and WT male mice, 8 to 12-week-old,
were anesthetized (tribromoethanol, Sigma-Aldrich, USA)
and implanted and infused randomly with saline or Ang
II (1000 ng/kg/min) with osmotic pumps (Alzet MICRO-
OSMOTIC PUMP MODEL 1002, CA, USA) for 14 days.
All procedures were performed in accordance with the Ani-
mal Care and Use Committee of Dalian Medical University
and conformed to the NIH Guide for the Care and Use of
Laboratory Animals.

For the injection of Recombinant Adeno-Associated
Virus. Briefly, AAV9-sh-scramble and AAV9-sh-Ndufal3
(U6 promoter: GGACTATCATATGCTTACCG, interven-
tion sequence: GCAATGCCAACTTCGGCTTCATTCAA
GAGATGAAGCCGAAGTTGGCATTGCTTTTTT) were
produced by Weizhen Bioscience Inc. (Shandong, China).
5% 10" vector genomes of each AAV9 in PBS solution were
injected into the tail vein one day before saline or Ang II
infusion, as described previously [15-17].

Echocardiography

The echocardiography measurements were performed with
a 30-MHz transducer (Vevo2100, VisualSonics Inc., Can-
ada) as previously described [17]. Mice were anaesthetized
and heart rates were kept around 400 beats/min. M-mode
images were obtained from the left parasternal long-axis
view of the left ventricle at the level of the papillary muscle.
Ejection fraction (EF) and fractional shortening (FS) were
monitored on the M-mode tracings.

Isolation of BM-derived macrophages (BMDM:s,
Meps)

SGK3 cKO and WT mice, 4-8 weeks old, were anesthe-
tized with tribromoethanol. Mes were isolated by flushing
the tibias and femurs of mice with RPMI 1640. Then, Mgs
were differentiated in RPMI 1640 supplemented with 10%
FBS, 1% penicillin/streptomycin and 10 ng/ml macrophage
colony-stimulating factor for 3 days [18].

Isolation of neonatal rat cardiomyocytes and
fibroblasts

Neonatal rat cardiomyocytes (CMs) and neonatal rat car-
diac fibroblasts (CFs) were cultured as previously described
[15]. Briefly, heart samples of 1-2-day-old Sprague-Daw-
ley rats were harvested, cut, and then digested in a solu-
tion of pancreatic enzymes and type II collagenase at 37 °C
for 1-2 min per time. Cells from each digestion were sus-
pended in DMEM/F-12 media (15% FBS, 1% penicillin/
streptomycin). The single-cell suspensions were filtered
using cell strainers (40 pm, Biosharp) and centrifuged at
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1000 rpm for 5 min. Cells were collected and plated in cul-
ture dishes for 90 min. The supernatant containing CMs was
resuspended and plated in 6 or 24-well cell culture dishes
with DMEM/F-12 media (15% FBS, 0.1 mM 5-Brdu, 1%
penicillin/streptomycin). CFs that adhered to the plates
were cultured in DMEM media (10% FBS, 1% penicillin/
streptomycin).

Adenoviral infection

Recombinant adenoviruses carrying Ndufal3 shRNA (Ad-
sh-Ndufal3, intervention sequence: CTTTGGCTACTGGA
GAATAAT), Ad-Ndufal3 (overexpression sequence: GCG
ATCGCCACCATGGCGGCGTCGAAGGTGAAGCAGG
ACATGCCCCCACCAGGGGGCTACGGCCCCATCGAC
TACAAGCGGAACCTGCCCCGCCGGGGACTGTCGG
GATACAGCATGTTTGCTTTGGGCATCGGGGCCTTG
ATCTTTGGCTACTGGAGAATAATGAGGTGGAACCG
GGAGCGTAGGCGCCTGCTGATCGAGGACTTGGAG
GCCAGGATCGCCCTCATGCCACTCCTCCAGGCAGA
GAAGGACCGCAGGACCCTGCAGATTCTTCGGGAG
AACCTGGAGGAGGAGGCTATCATCATGAAAGATG
TGCCCAACTGGAAGGTGGGGGAGTCTATGTTCCAT
ACCACACGATGGGTGCCACCCCTCATCGGCGAGC
TTTATGGGTTACGCACCAAGGAGGAGATGGAGAA
CGCCAACTTCGGCTTCACCGGGTACACTACGCGTA
CGCGGCCGCTCGAGGATTACAAAGATCACGACGG
GGATTATAAGGACCATGACATCGACTATAAGGATGA
TGACGACAAGTAA) or control-scrambled shRNA (Ad-
sh-scramble) were packaged from Weizhen Bioscience Inc.
(Shandong, China). 24 h after plating, cells were infected
with Ad-sh-scramble (50 MOI), Ad-sh-Ndufal3 (50 MOI)
or Ad-Ndufal3 (50 MOI) for 24 h.

Measurement of IL-1§

CMs or CFs were infected by Ad-scramble or Ad-Ndufal3
for 24 h, followed by treatment with vehicle or recombinant
rat IL-1P protein (10 ng/ml, 400-01B-1MG, Thermo Fisher,
MA, USA) for 12 h.

Co-culture of Mgs and CMs or CFs

CMs or CFs were seeded in the lower chamber of a 24-well
transwell device, and Mgs from SGK3 ¢cKO (M) or WT
mice (Mo"T) were added to the upper chamber. Co-culture
Mes with CMs or CFs under the following conditions:

1. CMs or CFs were co-cultured with MoV and MeK©
and treated with PBS or Ang II (100 nmol/L).

2. CMs or CFs were infected by Ad-sh-scramble or Ad-
sh-Ndufal3 for 24 h, then co-cultured with Mo%T and
MoK© and treated with Ang II.

3. MoWT and M¢© were treated with NLRP3 agonist
(BMS-986299,1 uM, HY-139396, MedChemExpress,
USA) for 24 h [19], then co-cultured with CMs or CFs
and treated with Ang II.

Cells were co-cultured for 24 h, then CMs, CFs or Mes
were collected for follow-up experiments.

Histopathological analysis

Heart tissues were fixed in 4% paraformaldehyde for 24 h
and embedded in paraffin. Blocks were sectioned to a thick-
ness of 5 um. Sections were stained with hematoxylin and
eosin (H&E), Masson’s trichrome and wheat germ agglu-
tinin (WGA) as previously described [17]. Immunohisto-
chemical staining was conducted using anti-CD68 (1:200
dilution, 28058-1-AP, Proteintech, Chicago, USA). Digital
images were captured under a microscope (DM6B Thun-
der, Laica, Wetzlar, Germany) and analyzed using Image J
software.

Dihydroethidium (DHE) and mitoSOX staining

Heart tissues were quickly removed, frozen, embedded in
OCT, and sectioned into 5 um. Sections were stained with
DHE (5 uM) or mitoSOX (5 uM) for 30 min at 37 °C. CMs
or CFs, co-cultured with Mes, were incubated with DHE (1
uM) or mitoSOX (1 uM) for 30 min at 37 °C. Images were
captured under a microscope (DM6B Thunder, Laica, Wetz-
lar, Germany) and analyzed using Image J software.

Immunofluorescence

Cells were fixed with 4% formaldehyde for 15 min, per-
meabilized with 0.1% Triton X-100 for 10 min. CMs were
incubated with anti-Actin, anti-Actinin, anti-Vimentin
(23660-1-AP, 66895-1-Ig, 10366-1-AP, Proteintech, Cam-
bridge, USA). CFs were incubated with anti-Actinin,
anti-Vimentin. Mes were incubated with anti-SGK3 and
anti-STAT3 (CL488-60199, Proteintech, Cambridge, USA).
Then cells were mounted with DAPI-containing Mounting
Medium (S2110, Solarbio, Beijing, China). Images were
acquired by a microscope (DM6B Thunder, Laica, Wetzlar,
Germany) and analyzed by Image J analysis software.

Western blot

Total protein from heart tissues or cells was extracted
with RIPA lysis buffer (Solarbio Science Technology Co.).
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Proteins (3540 pg) were fractionated by 10-15% SDS-
PAGE gels and transferred to PVDF membranes. Then, the
membranes were incubated with antibodies and observed
by the ECL Light Chemiluminescence Kit (Tanon, Shang-
hai, China). Antibodies against SGK3 (8156), Caspase-1
(E9R20), p-ERK1/2 (4370), IL-1B (12242), ERK1/2 (4695),
phospho-Smad2/3 (8828), CaNA (12238) and TGF-B (3711)
were obtained from Cell Signaling Technology (Danvers,
MA, USA); NLRP3 (19771-1-AP), Ndufal3 (10986-1-
AP), Smad2(12570-1-AP), Smad3(25494-1-AP), GAPDH
(6004-1-Ig), Goat Anti-Rabbit IgG (SA00001-2) and Goat
Anti-Mouse IgG (SA00001-1) were obtained from Protein-
tech (Chicago, USA). The protein intensities were analyzed
using Image J software as previously described [16].

Quantitative PCR (qPCR)

Total RNA was extracted from heart tissues or cells using
the RNAex Pro reagent (Accurate Biotechnology, Hunan,
China). The isolated RNA (1 pg) was reverse-transcribed
into complementary DNA with a reverse transcription kit
(AG11711, Accurate Biotechnology, Hunan, China). gPCR
amplification was performed with the RNAex Pro reagent
(Accurate Biotechnology, Hunan, China) by a QuantStudio
5 system (Thermo Fisher, MA, USA). The PCR primers
used in this study are shown in Table S1.

RNA sequencing

Total RNAs from the hearts of saline—treated WT mice, Ang
II-treated WT mice, and Ang II-treated SGK3 cKO mice
(n=3) were subjected to transcriptome analysis. Genes
with a P value lower than 0.05 and an absolute fold-change
value higher than 1 were considered differentially expressed
genes (DEGs). DEGs of the three groups (saline-treated
WT mice vs. Ang [I-treated WT mice, Ang [I-treated WT
mice vs. Ang II-treated SGK3 cKO mice) were identified
with the DESeq2 R package (1.16.1). Heat map analysis
was performed using the “heatmap” package of the R soft-
ware. KEGG and GO pathway enrichment analysis was per-
formed using the DAVID web service (https://david.ncifcrf.
gov/) by entering DEGs. GO analysis consisted of cellular
components (CC), biological processes (BP), and molecular
functions (MF). DEGs were transferred to the online data-
base STRING (https://string-db.org/) to analyze the pro-
tein—protein interaction (PPI) network of common DEGs,
and the results were imported into Cytoscape software for
visualization and correlation analysis. CytoHubba was used
to identify important genes in this network as hub genes.
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Mitochondrial complex | activity

Mitochondria from the Ad-sh-Ndufal3-treated CMs or CFs,
co-cultured with Mo™T and Mg, were isolated follow-
ing the protocol of the detection kits. The activity of mito-
chondrial complex I was measured on an enzyme-labeled
instrument at 340 nm using detection kits for complex I
(RXWB0434-96, Ruixin Biotech, Fujian, China).

Caspase-1 activity

Mes were treated with PBS or Ang II (100 nmol/L) along
with vehicle or NLRP3 agonist (BMS-986299, 1uM) for
24 h. Then the Caspase-1 activity was measured on enzyme-
labeled instrument at 405 nm using the Caspase-1 activity
assay kit (C1102, Beyotime, Shanghai, China) according to
the manufacturer’s instructions.

Patients

This study was approved by the Ethics Committees of
the Second Affiliated Hospital of Dalian Medical Univer-
sity (No. 2023 —239) and complied with the Declaration
of Helsinki standards. Blood samples were obtained from
40 patients with heart failure with reduced ejection frac-
tion (HFrEF), 19 patients with heart failure with preserved
ejection fraction (HFpEF), and 40 healthy controls at the
Second Affiliated Hospital of Dalian Medical Univer-
sity. Inclusion criteria: (1) diagnosis of HF was based on
the 2021 ESC Guidelines for the diagnosis and treatment
of acute and chronic HF [20]; (2) age> 18 years old; (3)
patients with clinical symptoms, signs, and medical his-
tory of heart failure were diagnosed as chronic heart fail-
ure by two or more attending physicians; (4) heart function
was above New York Heart Association functional class I;
(5) evidence of cardiac dysfunction by echocardiography,
left ventricular ejection fraction <40% (HFrEF) or >50%
(HFrEF). Healthy controls were defined as individuals with
normal heart function and no cardiovascular risk factors,
heart disease, or any family history of coronary artery dis-
ease, as previously described [15]. Patients and healthy con-
trols underwent physical examination, cardiac ultrasound
examination, and blood tests (Table S2). Written informed
consent was signed by the participants before sample col-
lection and data acquisition. Peripheral blood mononuclear
cells (PBMCs) were isolated from 3 mL of whole blood col-
lected in K2EDTA tubes. Ficoll-Paque Premium gradient
centrifugation was performed for the diluted blood sample
to isolate mononuclear cells.
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ELISA analysis of SGK3 and IL-1f

The serum samples were obtained after centrifugation
of whole blood collected in coagulant-containing tubes.
PBMCs were lysed with 80 pL of PBS through repeated
freeze-thaw cycles and centrifuged at 1000 x g for 10 min.
The culture medium from Mes was collected after treat-
ments with saline or Ang II for 24 h. Then, 50 uL of serum,
PBMC lysate or culture medium was added into a 96-well
microtiter plate. The optical density was measured at a wave-
length of 450 nm on a microplate reader. Levels of SGK3
(RX107069H, Ruixin Biotech, Fujian, China) in serum and
PBMC:s and levels of IL-1p (RX203063M, Ruixin Biotech,
Fujian, China) in culture medium were analyzed according
to the manufacturer’s protocols.

Statistical analysis

Statistical results were expressed with means +SD for nor-
mally distributed quantitative variables, and median (25-75
1Q) for other quantitative variables. The distribution of data
was assessed using the Shapiro-Wilk test. A two-tailed Stu-
dent’s t-test was applied to compare the two groups if both
groups exhibited normal distribution, whereas the rank-sum
test was employed if at least one group did not follow a
normal distribution. One-way ANOVA was utilized for the
comparison of three or more groups. Statistical analysis was
conducted using SPSS software version 19.0 (SPSS, Chi-
cago, IL, USA). A P value of <0.05 was deemed to be sta-
tistically significant.

Results

Macrophage-specific SGK3 deficiency attenuates
Ang ll-induced cardiac remodeling

Initially, we examined the expression of SGK3 in patients
with HF. Namely, PBMCs and serum were collected from
40 patients with HFrEF, 19 patients with HFpEF, and 40
healthy controls (Table S2). In comparison with the healthy
control group, the concentrations of SGK3 in both PBMCs
and serum were significantly increased in patients with
HFrEF and HFpEF (Fig. Sla and S1b). Hence, SGK3 may
play a role in cardiac remodeling. To investigate the contri-
bution of macrophagic SGK3 to pathological cardiac remod-
eling and dysfunction, we generated macrophage-specific
SGK3-deficient mice (SGK3 cKO) by crossing SGK3 flox/
flox mice with Lyz2-CRE mice. Subsequently, both WT
and SGK3 cKO mice were treated with saline or Ang II for
14 days. Echocardiography showed that Ang II infusion
enhanced cardiac performance in WT mice, as indicated by

increased EF% and FS%, whereas these were reduced in
SGK3 cKO mice (Fig. 1a). WT mice exhibited character-
istics of cardiac hypertrophy, as reflected by the augmented
heart size, heart weight/body weight ratio (HW/BW), heart
weight/tibia length (HW/TL) ratio, myocyte cross-sectional
area, and the expression of hypertrophy-related genes (ANF
and BNP), which were notably mitigated in SGK3 c¢KO
mice after Ang II infusion (Fig. 1b and e). Moreover, SGK3
cKO substantially ameliorated Ang II-induced myocardial
fibrosis, along with reduced expression levels of fibrosis-
related genes (collagen I and collagen III) compared with
those in WT mice (Fig. 1f and g). Accordingly, Ang 11—
induced upregulation of p-ERK1/2, calcineurin A (CaNA),
TGF-B, and p-Smad2/3 protein levels in the WT group was
suppressed in the SGK3 cKO group (Fig. 1h and i). Nota-
bly, there was no significant difference in cardiac function,
cardiac remodeling, or signaling pathways between the WT
and SGK3 cKO groups after saline infusion (Fig. 1a and 1).
Taken together, these findings affirm the crucial role of mac-
rophagic SGK3 in the regulation of Ang II-induced cardiac
remodeling.

Ablation of SGK3 in macrophages suppresses Ang II-
induced inflammation and mitochondrial oxidative stress

Subsequently, we tested the effect of SGK3 on the accumula-
tion of proinflammatory cells (especially macrophages) and
mitochondrial oxidative stress levels in heart tissues. H&E
and immunostaining of heart tissues illustrated that Ang
II-induced elevation of proinflammatory cells infiltration
(including CD68-positive macrophages) and mRNA levels
of proinflammatory cytokines (IL-1p and IL-6) were mark-
edly lower in SGK3 cKO mice than in WT mice (Fig. 2a
and b). Furthermore, DHE and mitoSOX staining suggested
that SGK3 cKO significantly mitigated the Ang II-induced
increase in total superoxide and mtROS levels (Fig. 2¢). In
addition, the upregulated expression of NLRP3, Caspase-1,
and mature IL-1f in the Ang II-treated WT group was sup-
pressed in the SGK3 cKO group (Fig. 2d). Notably, there
was no significant difference in inflammation response, total
superoxide and mtROS levels, or signaling pathways of
heart tissues between the WT and SGK3 cKO groups after
saline infusion (Fig. 2a and d). These results suggest that
SGK3 knockout in macrophages contributes to both cardiac
inflammation and mitochondrial oxidative stress.

Loss of SGK3 in macrophages impedes
cardiomyocyte hypertrophy and fibroblast
activation in vitro

To further evaluate whether BM-derived SGK3-deficient
macrophages ameliorate Ang Il-caused cardiomyocyte
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{ Fig. 1 SGK3 cKO attenuates Ang II-induced cardiac hypertrophy and
fibrosis. WT and SGK3 c¢KO mice were treated with saline or Ang
II for 14 days. (a) Representative M-mode echocardiography of left
ventricular chamber in mice (left). Measurement of EF% and FS%
(n=6, right). (b) Representative gross images of whole hearts (scale
bar 5 mm). (¢) The ratios of HW/BW and HW/TL (n=12). (d) WGA
staining of heart sections (left), the quantification of the relative myo-
cyte cross-sectional area (n=06, scale bar 100 pm, right). (e¢) gPCR
analysis of ANF and BNP levels in heart tissues (n=4). (f) Masson
staining of heart sections (left), the quantification of the fibrotic area
(n=6, scale bar 100 pum, right). (g) qPCR analysis of COL I and
COL III levels in heart tissues (n=4). (h) Western blot analysis of
p-ERK1/2, ERK1/2, and CaNA in heart tissues, and quantification of
the relative protein levels (n=4). (i) Western blot analysis of TGF-},
p-Smad2/3, Smad2, and Smad3 in heart tissues, and quantification of
the relative protein levels (n=4). Data are expressed as mean+SD,
one-way ANOVA for multiple comparisons, *P<0.05, **P<0.01,
*¥**P <0.001, ¥***P <0.0001. HW/BW: heart weight to body weight;
HW/TL: heart weight to tibia length; EF%: ejection fraction; FS%:
fractional shortening; COL: collagen

hypertrophy, fibroblast activation, and mtROS accumula-
tion, we isolated and identified CMs and CFs with stain-
ing of a-actinin and vimentin (Fig. S2) and then co-cultured
CMs or CFs with Mo"T or M¢®®© in a transwell co-culture
system (Fig. 3a). The results showed that CMs co-cultured
with M@®© exhibited reduced myocyte size, levels of
hypertrophy-related genes (ANF and BNP), and protein lev-
els of p-ERK /2 and CaNA compared with those co-cultured
with MeWVT with Ang II treatment (Fig. 3b and e). M@X©
also significantly decreased Ang II-induced upregulation of
TGF-p and p-Smad2/3 protein expression as well as colla-
gen | and collagen III mRNA expression in CFs compared
with MW7 (Fig. 3f and g). Additionally, total superoxide
and mtROS levels in CMs and CFs co-cultured with MW T
were increased after Ang II treatment but were significantly
alleviated in those co-cultured with M@®X© (Fig. 3h and 1).

To test the role of SGK3 in proinflammatory response in
macrophages, MoV T and M@™®© were treated with Ang II
or PBS. Ang II infusion upregulated mRNA levels of IL-1f
and IL-6 and increased the concentration of IL-1f in the cul-
ture medium of Me™ T, which were reversed in MpK© (Fig.
S3a and S3b). Accordingly, the increased protein levels of
NLRP3, Caspase-1, and IL-1p in Mo"T were markedly
attenuated in Ang II-treated Mo compared with Ang 11—
treated Mo™ T (Fig. S3¢). Then, we found that SGK3 defi-
ciency reduced the Caspase-1 activity compared with Mo™ "
after Ang II treatment (Fig. S3d). Furthermore, silencing of
SGK3 reduced Ang II—induced nuclear STAT3 localization
in Mo (Fig. S3e), which acts as a vital transcriptional regu-
lator of NLRP3. These data suggest that SGK3 deficiency
inhibits IL-1pB release by the STAT3/NLRP3 pathway in
macrophages.

Identification of Ndufa13 as a key factor in SGK3-
based regulation of cardiac remodeling

To further confirm the underlying mechanism of SGK3’s
involvement in cardiac remodeling, we analyzed the tran-
scriptomes of saline-treated WT, Ang Il-treated WT, and
Ang Il—treated SGK3 cKO mice (n=3). Based on the
threshold of |log2FoldChange| > 1 and P value <0.05, we
screened 383 downregulated genes in the Ang Il-treated
WT group vs. the saline-treated WT group. Then, 415
upregulated genes were found in the Ang II-treated SGK3
cKO group vs. the Ang II-treated WT group. The Venn dia-
gram (Fig. 4a) showed 185 DEGs that were downregulated
in the Ang II-treated WT group compared with the saline-
treated WT group while upregulated in the Ang II-treated
SGK3 cKO group. A heat map (Fig. 4b) was created to show
the expression patterns of these 185 DEGs. To evaluate the
biological functions of these DEGs, we performed GO and
KEGG enrichment analyses. The results revealed significant
enrichment in terms related to energy metabolism, particu-
larly linked to mitochondria and ROS production (Fig. 4c
and f).

A DEG-encoded protein interaction network was con-
structed using STRING and visualized using Cytoscape.
Next, the cytoHubba plugin was used to identify the hub
genes. By intersecting the results of the five cytoHubba algo-
rithms (MCC, MNC, DMNC, Degree, and Closeness), we
identified five hub genes, namely AtpSk, Cox5b, Ndufal3,
Uqcrq, and Atp5Se. These genes were the most important
biomarkers in the PPI network and may play a pivotal role
in the pathogenesis of Ang II-induced cardiac remodeling
(Fig. S4a). Furthermore, we performed qPCR of heart tis-
sue to validate the genes selected from RNA sequencing and
found that downregulated gene expression of Ndufal3 in
the Ang Il-treated WT group was ameliorated in the Ang
II-treated SGK3 cKO group, which was confirmed by
immunoblotting CMs and CFs in the in vitro studies (Fig.
S4b and S4c). Taken together, Ndufal3 was singled out as a
contributor to macrophagic SGK3-mediated effects in Ang
[I-induced cardiac remodeling.

SGK3, via Ndufa13, regulates Ang ll-induced cardiac
remodeling

To determine whether SGK3 plays a crucial role in cardiac
remodeling via Ndufal3-mediated mtROS, we adminis-
tered tail vein injections of AAV9-sh-scramble or AAV9-
sh-Ndufal3 to the WT or SGK3 cKO group, followed by
Ang 1II infusion for 2 weeks. We found that EF%, FS%,
heart size, HW/BW, HW/TL, myocyte cross-sectional area,
myocardial fibrosis, and mRNA levels of ANF, BNP, colla-
gen I, and collagen III were significantly exacerbated in the
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Fig. 2 SGK3 cKO protect against Ang II-caused inflammation and
mtROS. WT and SGK3 cKO mice were treated with saline or Ang
II for 14 days. (a) Representative H&E staining (upper) and CD68
immunohistochemistry (lower) in the heart tissues. Quantification of
CD68-positive area (n=6, right). (b) qPCR analysis of the mRNA
expression of IL-1f and IL-6 in heart tissues (n=4). (¢) DHE (upper)

@ Springer

and mitoSOX (lower) staining of heart sections and quantitative
results (n=06, right). (d) Western blot analysis of NLRP3, Caspase-1,
and IL-1p in heart tissues, and quantification of the relative protein
levels (n=4). Data are expressed as mean+SD, one-way ANOVA
for multiple comparisons, **P <0.01, ¥***P<0.001, ****P <0.0001.
Scale bar: 100 pm. DHE: Dihydroethidium
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Fig. 3 SGK3-deficient macrophages reduced cardiomyocyte hyper-
trophy, fibroblast activation and mtROS levels. (a) The structure of
co-culture system. CMs or CFs were seeded in the lower chamber of
a 24-well transwell device, and M(pWT and M<p°K0 were added to the
upper chamber, then treated with Ang II or PBS for 24 h. (b) CMs were
stained with a-actin (red), DAPI (blue) was used as a nuclear marker.
(¢) Quantification of myocyte size (n=>5, right). (d) qPCR analysis of
ANF and BNP mRNA levels in CMs (n=3). (e) Western blot analy-
sis of p-ERK1/2, ERK1/2, and CaNA in CMs, and quantification of
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the relative protein levels (n=3). (f) Western blot analysis of TGF-f,
p-Smad2/3, Smad2 and Smad3 in CFs, and quantification of the rela-
tive protein levels (n=3). (g) qPCR analysis of COL I and COL III
mRNA levels in CFs (n=3). (h) DHE (upper) and mitoSOX (lower)
staining of CMs and quantitative results (n=15). (i) DHE (upper) and
mitoSOX (lower) staining of CFs and quantitative results (n=>5). Data
are expressed as mean =+ SD, one-way ANOVA for multiple compari-
sons, ¥*P<0.05, ¥*P<0.01, ¥***P<0.001. Scale bar: 100 um. DHE:
Dihydroethidium; COL: collagen
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4 Fig. 4 Identification of differentially expressed genes and enrichment
analysis. (a) Bulk RNA-seq analysis of the transcriptome of the hearts
of saline-treated WT mice, Ang II-treated WT mice, and Ang II-treated
SGK3 cKO mice (n=3). Venn plot showing the overlapped genes
among differentially expressed genes (DEGs) which a total of 185
DEGs were downregulated in the Ang II-treated WT group vs. saline-
treated WT group, while upregulated in the Ang II-treated SGK3 cKO
group vs. Ang Il-treated WT group (Jlog2 FC| > 1, p<0.05). (b) The
heatmap shows the expression of the 185 DEGs. (¢) KEGG pathway
enrichment results. (d) GO cell component (CC) enrichment results.
(e) GO molecular function (MF) enrichment results. (f) GO biologi-
cal process (BP) enrichment results. KEGG: Kyoto Encyclopedia of
Genes and Genomes; GO: Gene ontology

AAV9-sh-Ndufal3-WT group compared with the AAV9-
sh-scramble-WT group, and these effects were blocked by
macrophage SGK3 deficiency (Fig. 5a and f). Furthermore,
relative to the AAV9-sh-scramble-WT group, the protein
levels of p-ERK1/2, CaNA, TGF-B, and p-Smad2/3 were
further activated in the AAV9-sh-Ndufal3-WT group but
were inhibited in the AAV9-sh-Ndufal3-SGK3 cKO group
(Fig. 5g and h). Additionally, the reduction of Ndufal3
significantly enhanced the infiltration of proinflamma-
tory cells (including CD68-positive macrophages), mRNA
expression of IL-1p and IL-6, total superoxide and mtROS
levels, and protein levels of NLRP3, Caspase-1, and IL-1p,
whereas SGK3 cKO ameliorated these outcomes (Fig. 6a
and d).

To further investigate the role of Ndufal3 in the SGK3
regulation of cardiomyocyte hypertrophy and fibroblast acti-
vation, we further infected CMs or CFs with Ad-shRNAs
to reduce the levels of Ndufal3 and then co-cultured them
with Me™T and M under Ang II treatment (Fig. 7a).
We found that knockdown of Ndufal3 further enhanced
Ang Il-caused myocyte hypertrophy, mRNA levels of
ANF and BNP, and protein levels of p-ERK1/2 and CaNA
in CMs co-cultured with Me"T. However, these effects
were suppressed in Ad-sh-Ndufal3-CMs co-cultured with
Mo®XO (Fig. 7b and d). Furthermore, Ad-sh-Ndufal3-CFs
co-cultured with MW" exhibited an additional increase in
protein expression of TGF-B and p-Smad2/3 and mRNA
expression of collagen I and collagen III compared with
Ad-sh-Scramble-CFs co-cultured with Mo™'. However,
these effects were hindered when co-culturing with Mp®*©
(Fig. 7f and g). In addition, we measured the mitochondrial
complex I activity of CMs and CFs in the co-culture sys-
tem and found that Ad-sh-Ndufal3-CMs or CFs showed an
increased mitochondrial activity, which was reduced by co-
culturing with M@“©(Fig. 7h). Moreover, compared with
the Ad-sh-scramble groups, we found that the deficiency of
Ndufal3 further magnified Ang II—caused total superoxide
and mtROS levels in CMs and CFs co-cultured with MW 1,
whereas these effects were mitigated through co-culturing

with Me®© (Fig. 7i and j). Hence, these in vitro data sug-
gest that deficiency of SGK3 in macrophages regulates
cardiomyocyte hypertrophy and fibroblast activation by
Ndufal3-mediated mtROS in CMs and CFs.

SGK3-deficient macrophages suppress mtROS in
CMs and CFs by inhibiting IL-1p release

We further confirmed that deletion of SGK3 suppressed
mtROS in CMs and CFs by inhibiting IL-1p secretion
via the NLRP3/Caspase-1/IL-1PB pathway. We first treated
Mo™T and M®© with the NLRP3 agonist (BMS-986299,
1 uM) or vehicle for 24 h before co-cultivating with CMs
or CFs (Fig. 8a). CMs co-cultured with BMS-986299-
Moe"T showed increased myocyte size, as well as higher
mRNA levels of ANF and BNP compared with those co-
cultured with vehicle-Me"™T, which were decreased in
CMs co-cultured with BMS-986299-MgX© (Fig. 8b and
d). Similarly, BMS-986299-M¢" T significantly increased
mRNA levels of collagen I and collagen III in CFs, whereas
this effect was attenuated in CFs co-cultured with BMS-
986299-M¢XC (Fig. 8e). Moreover, MeW! treated with
BMS-986299 amplified Ang II-induced total superoxide
and mtROS levels in CMs and CFs compared with the
control group, but co-culture with M®© attenuated this
effect (Fig. 8f and g). Mechanically, BMS-986299 further
increased the concentration of IL-1 in the culture medium
of Me™T, whereas this increase was attenuated in the cul-
ture medium of BMS-986299-Me°K® (Fig. S5a). In addi-
tion, mRNA levels of IL-1p and IL-6; protein expression
levels of NLRP3, Caspase-1, and IL-1B; and Caspase-1
activity were further upregulated in MW" treated with
BMS-986299, but this effect was suppressed in Mec°
(Fig. S5b and S5d). Therefore, these findings suggest that
SGK3 regulates IL-1p secretion via the NLRP3/Caspase-1/
IL-1B pathway in macrophages, thereby contributing to
cardiac remodeling.

To investigate the involvement of Ndufal3 in IL-1B-
mediated mtROS in CMs and CFs, we infected CMs or
CFs with Ad-Ndufal3 to increase Ndufal3 protein levels,
followed by treatment with recombinant rat IL-1B pro-
tein. Our findings revealed that the protein expression of
Ndufal3 was reduced in CMs and CFs treated with IL-18
compared with the control group (Fig. S6a and S6b).
Furthermore, IL-1f significantly increased total superox-
ide and mtROS levels in both CMs and CFs, which was
attenuated in CMs and CFs treated with Ad-Ndufal3 (Fig.
S6¢ and S6d). Taken together, our study demonstrated that
IL-1B modulated mtROS in CMs and CFs via the involve-
ment of Ndufal3.
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{ Fig.5 SGK3 via Ndufal3 regulates cardiac hypertrophy and fibrosis in
vivo. (a) Representative M-mode echocardiography of left ventricular
chamber in mice (left). Measurement of EF% and FS% in each group
(n=8, right). (b) Representative gross images of whole hearts (scale
bar 5 mm, left). The ratios of HW/BW and HW/TL (n=09, right). (c)
WGA staining of heart sections (n=6, left), the quantification of the
relative myocyte cross-sectional area (n =06, right). (d) qPCR analysis
of ANF and BNP levels in heart tissues (n=4). (e¢) Masson staining of
heart sections (n =6, left), the quantification of the fibrotic area (n=26,
right). (f) gPCR analysis of COL I and COL III levels in heart tissues
(n=4). (g) Western blot analysis of Ndufal3, p-ERK1/2, ERK1/2, and
CaNA in heart tissues, and quantification of the relative protein levels
(n=4). (h) Western blot analysis of TGF-, p-Smad2/3, Smad2, and
Smad3 in heart tissues, and quantification of the relative protein levels
(n=4). Data are expressed as mean+ SD, one-way ANOVA for multi-
ple comparisons, *P<0.05, **P<0.01, ***P<0.001. HW/BW: heart
weight to body weight; HW/TL: heart weight to tibia length; EF%:
ejection fraction; FS%: fractional shortening; COL: collagen

Discussion

In this study, we identified a previously unrecognized role
of macrophagic SGK3 in Ang Il-induced cardiac remod-
eling. The concentrations of SGK3 were elevated in both
PBMCs and serum from patients with HF. Macrophage-spe-
cific SGK3 deficiency attenuated inflammatory response,
thereby ameliorating cardiac hypertrophy, fibrosis, mtROS,
and dysfunction in Ang Il-infused heart tissue in vivo.
Mo®KO suppressed hypertrophy of CMs and activation of
CFs in a co-culture system in vitro. Moreover, the absence
of SGK3 led to a decreased IL-1 release by inhibiting the
STAT3/NLRP3/Caspase-1/IL-1p pathway in macrophages,
which increased Ndufal3 level and suppressed Ndufal3-
mediated mtROS in CMs and CFs. Consequently, these
results indicate SGK3 as a potent contributor to the progres-
sion of cardiac remodeling. A schematic is shown in Fig. 9.

The involvement of the SGK family in cardiac diseases
has been analyzed in previous studies [21-24]. It has been
shown that SGK1 inhibitors can improve heart function
and reduce heart injury and ROS in ischemia/reperfusion
(I/R) injury rats [21]. Moreover, the inhibition of SGK1 pre-
vents TGF-B1-induced fibroblast activation via the MAPK/
ERK1/2/p38/JNK pathway through the regulation of
FoxO3a and ROS [22]. Conversely, SGK3 overexpression
in cardiomyocytes modulates myocardial repair after I/R
injury through the regulation of the GSK-3f pathway [23].
Another study has indicated that activation of SGK3 and its
downstream GSK-3p/B-catenin/cyclin D1 pathways facili-
tates cardiomyocyte proliferation and myocardial regenera-
tion after myocardial infarction [24]. Nevertheless, the role
of macrophagic SGK3 in Ang II-induced cardiac remodel-
ing has not been elucidated. Contrary to the effects of SGK3
on I/R injury, we revealed that macrophage-specific dele-
tion of SGK3 attenuated cardiac hypertrophy, fibrosis, and
inflammation by suppressing mtROS.

ROS play a crucial role in the pathogenesis of HF, diabetic
cardiomyopathy, I/R injury, and Ang II-induced pathologi-
cal cardiac hypertrophy [11, 12, 25, 26]. There is increasing
evidence that the upregulation of ROS production in car-
diomyocytes leads to a cascade of adverse effects, includ-
ing further ROS production, mitochondrial DNA damage,
cardiac hypertrophy, fibrosis, inflammation, and cardiac
dysfunction. mtROS, the major cellular source of ROS, are
implicated in many diseases. Decreased mtROS genera-
tion and suppressed NLRP3 inflammasome activation are
involved in obesity-induced cardiac remodeling and dys-
function [27]. In addition, the inhibition of mitochondrial
dysfunction and mtROS production has been demonstrated
to suppress Ang [I-induced cardiac hypertrophy [28].

According to a recent study, Ndufal3, a gene associ-
ated with the mitochondrial oxidative respiratory chain,
can affect mitochondrial membrane potential, the respira-
tory chain, and intracellular ROS levels [12, 13]. Ndufal3
knockout results in complex I assembly disruption and
embryonic lethality [29]. It has been shown that partial loss
of Ndufal3 causes an electron leak within mitochondrial
complex I, leading to an increase in hydrogen peroxide,
STAT3 dimerization, and Bcl-2 upregulation, which sig-
nificantly suppresses the infarct size during the I/R process
[12]. Moreover, knockdown of Ndufal3 decreases complex
I activity and increases ROS production [30]. However, the
role of Ndufal3 in Ang II-induced cardiac remodeling is not
yet known, nor is the relationship with SGK3. Consistent
with the results from RNA sequencing, our study showed
that Ndufal3 expression was significantly downregulated in
Ang Il—treated heart tissues and cells both in vitro and in
vivo. Knockdown of Ndufal3 resulted in decreased mito-
chondrial complex I activity and additional mtROS acti-
vation in CMs and CFs, which were suppressed by SGK3
deficiency.

Recent studies have revealed that crosstalk between
macrophages and CMs or CFs plays an important role
in the development of cardiac disease in co-culture sys-
tems. Many cytokines (IL-1B, TNF-a, IL-12, IFN-B, and
CXCL10/IP10) or exosomes released from macrophages
act directly on CMs to decrease ROS, cardiomyocyte apop-
tosis, cardiomyocyte pyroptosis, or cardiomyocyte hyper-
trophy [31-35]. Moreover, activated macrophages increase
the secretion of inflammatory factors (GRN, IL-1p, TNF-a,
IL-6, CCL5, CXCL3, IFN-B, and CXCL10/IP10) and pro-
mote myofibroblast activation and collagen synthesis by
binding or antagonizing the receptors on CFs [35-38]. In
our study, reduced IL-1f secretion via inhibiting the activa-
tion of NLRP3 in M®®© increased Ndufal3 expression in
CMs and CFs in Ang Il-treated co-coculture system, which
effectively inhibited mtROS-mediated myocardial hypertro-
phy through the ERK1/2/CaNA pathways and myocardial
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Fig. 6 SGK3 via Ndufal3 regulates inflammation and mtROS in vivo.
(a) Representative H&E staining (upper) and CD68 immunohisto-
chemistry (lower) in the heart tissues. Quantification of CD68-posi-
tive area (n =06, right). (b) qPCR analysis of the mRNA expression of
IL-1pB and IL-6 in heart tissues (n=4). (¢) DHE (upper) and mitoSOX
(lower) staining of heart sections and quantitative results (n =6, right).
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(d) Western blot analysis of NLRP3, Caspase-1, and IL-1B in heart
tissues, and quantification of the relative protein levels (n=4). Data
are expressed as mean + SD, one-way ANOVA for multiple compari-
sons, *P<0.05, ¥**P<0.01, ***P<0.001. Scale bar: 100 um. DHE:
Dihydroethidium
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Fig. 7 SGK3-deficient macrophages suppress Ndufal3-silence-

induced cardiomyocyte hypertrophy and fibroblast activation in vitro.
(a) The structure of co-culture system. Ad-sh-Scramble or Ad-sh-
Ndufal3 treated CMs or CFs were seeded in the lower chamber, and
MoWT and M®© were added to the upper chamber, then treated with
Ang II. (b) CMs were stained with a-actin (red), DAPI (blue) was
used as a nuclear marker. (¢) Quantification of myocyte size (n=5,).
(d) qPCR analysis of ANF and BNP mRNA levels in CMs (n=3).
(e) Western blot analysis of Ndufal3, p-ERK1/2, ERK1/2, and CaNA
in CMs, and quantification of the relative protein levels (n=3). (f)
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Western blot analysis of TGF-B, p-Smad2/3, Smad2, and Smad3 in
CFs, and quantification of the relative protein levels (n=3). (g) gPCR
analysis of COL I and COL III mRNA levels in CFs (n=3). (h) The
Complex I activity of CMs and CFs (n=6). (i) DHE (upper) and mito-
SOX (lower) staining of CMs and quantitative results (n=>5). (j) DHE
(upper) and mitoSOX (lower) staining of CFs and quantitative results
(n=5). Data are expressed as mean +SD, one-way ANOVA for mul-
tiple comparisons, *P<0.05, **P<0.01, ***P<0.001. Scale bar:
100 um. DHE: Dihydroethidium; COL: collagen
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Fig. 8 SGK3-deficient macrophages aggravate hypertrophy and fibro-
sis through NLRP3. (a) The structure of co-culture system. CMs or
CFs were seeded in the lower chamber of a 24-well Transwell device,
and BMS-986299- or vehicle-treated MW and Mo®K© were added to
the upper chamber, then treated with Ang II. (b) CMs were stained with
a-actin (red), DAPI (blue) was used as a nuclear marker. (¢) Quanti-
fication of myocyte size (n=35). (d) qPCR analysis of ANF and BNP
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mRNA levels in CMs (n=3). (e) qPCR analysis of COL I and COL III
mRNA levels in CFs (n=3). (f) DHE (upper) and mitoSOX (lower)
staining of CMs and quantitative results (n=5). (g) DHE (upper) and
mitoSOX (lower) staining of CFs and quantitative results (n=5). Data
are expressed as mean=+ SD, one-way ANOVA for multiple compari-
sons, ¥*P<0.05, ¥**P<0.01, ***P<0.001. Scale bar: 100 um. DHE:
Dihydroethidium; COL: collagen
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Fig. 9 Mechanism diagram of SGK3 on Ang Il-induced cardiac
remodeling. Briefly, SGK3 deficiency decreases IL-1B release by
inhibiting NLRP3/Caspase-1/IL-1p pathway in macrophage, which

fibroblasts activation by TGF-B/Smad2/3 pathways. We
further investigated the interaction between SGK3 and
NLRP3, and no chain contacts were found between SGK3
and NLRP3 using the ZDOCK method [39]. Then, we
determined the ZDOCK score values of SGK3 and STAT3
(a transcription factor of NLRP3) was 1401.25. Our study
demonstrated that SGK3 deficiency reduced the Ang II-
induced nuclear localization of STAT3 in macrophages,
leading to the activation of NLRP3 and secretion of IL-1f.
Our study has some limitations. First, other mechanisms
may also be involved in the crosstalk between SGK3-
deficient macrophages and CMs or CFs in Ang II-induced
cardiac remodeling, such as ncRNA or exosomes [33, 40].
Second, we did not demonstrate the mechanism by which
IL-1B upregulates Ndufal3 expression in CMs and CFs.
Third, we were unable to detect the level of SGK3 in mono-
cytes of patients with HF. Finally, we did not elucidate the
exact mechanisms by which SGK3 interacts with STAT3.
Hence, further studies are needed to confirm our findings.

A
pro-IL-1B

//I;,IL—1 R

NDUFA13

Smad2/3® )

Cardiac Fibrosis

Ang Il infusion

increases Ndufal3 expression and decreases mtROS in CMs and CFs,
thereby suppressing cardiac hypertrophy and fibrosis

Conclusion

This study demonstrates that SGK3 promotes a proinflamma-
tory process in macrophages via the NLRP3 pathway, thereby
aggravating myocardial hypertrophy and fibrosis by Ndufal3-
mediated mtROS. Therefore, SGK3 may be a potential thera-
peutic target for Ang II-induced cardiac remodeling.
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