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HIGHLIGHTS GRAPHICAL ABSTRACT

« DNA-PKcs inhibition attenuates
sepsis-related MODS by preserving m
mitochondrial function and

homeostasis.

« Organ-specific deletion of DNA-PKcs
sustained myocardial contraction, Mitochondrial Mitochondrial e
liver function, and kidney e S apoptosis
performance in LPS-challenged mice.
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imbalance suppression

improving mitochondrial respiration.

« DNA-PKcs deficiency alleviated liver
dysfunction by inhibiting LPS-
induced mitochondrial oxidative
stress and apoptosis.

« DNA-PKcs deficiency attenuated
kidney dysfunction by normalizing
mitochondrial dynamics and
biogenesis, as well as mitophagy.
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Methods: Cardiomyocyte-specific DNA-PKcs knockout (DNA-PKcs©) mice, liver-specific DNA-PKcs
knockout (DNA-PKcst©) mice, and kidney tubular cell-specific DNA-PKcs knockout (DNA-PKcs™©) mice
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DNA-PKcs
MODS
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Heart
Mitochondria

were used to generate an LPS-induced sepsis model. Echocardiography, serum biochemistry, and tissue
microscopy were used to analyze organ damage and morphological changes induced by sepsis.
Mitochondrial function and dynamics were determined by qPCR, western blotting, ELISA, and mt-
Keima and immunofluorescence assays following siRNA-mediated DNA-PKCs knockdown in cardiomy-
ocytes, hepatocytes, and kidney tubular cells.

Results: DNA-PKcs deletion attenuated sepsis-mediated myocardial damage through improving mito-

chondrial metabolism. Loss of DNA-PKcs protected the liver against sepsis through inhibition of mito-
chondrial oxidative damage and apoptosis. DNA-PKcs deficiency sustained kidney function upon LPS
stress through normalization of mitochondrial fission/fusion events, mitophagy, and biogenesis.

Conclusion: We conclude that strategies targeting DNA-PKcs expression or activity may be valuable ther-
apeutic options to prevent or reduce mitochondrial dysfunction and organ damage associated with

sepsis-induced MODS.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Sepsis is a common cause of critical illness caused by an over-
active immune response to bacterial or viral infection [1]. Although
the incidence of sepsis is increasing, current therapeutic
approaches often show limited success [2]. Optimal care of the sep-
tic patients requires early recognition of symptoms and infectious
lesions and rapid intervention to mitigate the extent of the
immune response. If not treated in a timely manner, septic patients
can develop multiple organ dysfunction syndrome (MODS) [3].
MODS is defined as the progressive physiological dysfunction of
two or more organ systems where homeostasis cannot be main-
tained without intervention [4]. Once diagnosed with MODS, the
mortality of septic patients can be as high as 28-56%. Therefore,
MODS has been regarded as the end stage of a dysregulated sys-
temic inflammatory response. Multiple molecular events, such as
endothelial cell dysfunction, oxidative stress, platelet activation,
energy metabolism disorder, and uncontrolled cell death have
been reported to be involved in MODS [5-8]. However, the precise
mechanisms by which sepsis induces MODS remain to be defini-
tively established. Therefore, there are no available drugs for the
treatment of sepsis-induced MODS.

Mitochondria have an indispensable role in regulating cellular
metabolism and ATP production through the tricarboxylic acid cycle
and the respiratory chain. Besides, many intracellular signals
involved in cellular processes such as cell growth, proliferation, dif-
ferentiation, motility, cell-cell communication, tissue regeneration,
and apoptosis, are also influenced by mitochondrial dynamics and
function. Our previous studies reported dysregulated mitochondrial
homeostasis as a potential mechanism participating in organ dys-
function mediated by myocardial ischemic injury [9], chronic alco-
holic liver damage [10], sepsis-related acute kidney injury [11],
and hyperglycemia-induced cardiac microvascular dysfunction
[12]. Impairment of mitochondrial metabolism occurs early as a
consequence of pathogenic insults like those mentioned above.
Mitochondrial fission is then typically activated to rapidly augment
the number of mitochondria in order to increase ATP production effi-
ciency [13,14]. However, excessive mitochondrial fission induces
mitochondrial oxidative stress and mitochondrial membrane poten-
tial reduction, contributing to the leakage of pro-apoptotic proteins
from mitochondria to the cytosol [15,16]. Similar to our findings,
previous studies also reported the critical role played by mitochon-
drial damage in triggering sepsis-related damage in liver, kidney,
heart, and vessels [17,18]. Despite this evidence, the mechanisms
underlying mitochondrial dysfunction in the setting of sepsis-
related MODS remain incompletely understood.

DNA-dependent protein kinase (DNA-PK) is a serine/threonine
protein kinase that plays a crucial role in the cellular DNA damage
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response. DNA-PK consists of a catalytic subunit (DNA-PKcs) as
well as a Ku heterodimer composed of Ku70 and Ku80 subunits
[19]. Our previous research unmasked the contribution of DNA-
PKcs to the pathogenesis of lipotoxicity-mediated liver damage
[20]. We showed that diet-induced nonalcoholic fatty liver disease
caused NR4A1-mediated upregulation of DNA-PKcs in hepatocytes,
and the ensuing activation of the transcription factor p53 led to
aberrant mitochondrial fission through assisting Drp1 transloca-
tion from the cytoplasm onto the mitochondrial surface [20]. Sub-
sequently, we reported that in the setting of chronic ethanol-
induced liver injury increased expression of DNA-PKcs in hepatic
cells represses protective mitophagy, resulting in the accumulation
of dysfunctional mitochondria [10]. Consistent with our findings,
DNA-PKcs-induced, p53-dependent mitochondrial damage was
also identified as a mechanism underlying vascular calcification
[21]. Along these lines, deletion of DNA-PKcs was shown to confer
neuroprotection against kainate-induced excitotoxic injury, an
effect related to abrogation of Bax-induced apoptosis and mainte-
nance of mitochondrial function [22]. Similarly, we recently
demonstrated that ischemic cardiomyopathy in mice could be alle-
viated through specific ablation of DNA-PKcs in cardiomyocytes
[23]. We further showed that upon loss of DNA-PKcs, the levels
of Bax inhibitor-1 were increased, which prevented the activation
of Bax-dependent apoptosis [23]. Collectively, the above findings
demonstrate that DNA-PKcs exerts significant control over mito-
chondrial homeostasis in various cells and organs. Considering
the close relationship between DNA-PKcs and inflammation-
related organ dysfunction resulting from various pathogenic
insults, in this study we explored whether DNA-PKcs contributes
to sepsis-related MODS by impairing mitochondrial function and
dynamics.

Materials and methods
Mouse models

Cardiac-specific homozygous DNA-PKcs knockout
(DNA-PKcs*©) mice [23], liver-specific DNA-PKcs knockout
(DNA-PKcs*©) mice, and homozygous DNA-PKcs” mice, used as
the control group, were generated as previously described [10].
Kap™ mice (Stock No. 008781) were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). DNA-PKcs” mice were crossed
with Kap™® mice to generate kidney tubular cell-specific DNA-
PKcs knockout (DNA-PKcs™©) mice. Genetic background was
adjusted by crossing these mice with C57BL/6 inbred mice for
more than 5 generations. To establish a sepsis model [24], these
mice received LPS (20 mg/kg body weight) for 24-hour. Both sexes
of mice were randomly assigned to experimental groups. All ani-
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mal experiments were performed with randomization and alloca-
tion concealment and analyzed in a blind fashion, and were
approved by the Chinese PLA General Hospital Institutional Animal
Care and Use Committee.

Echocardiographic analysis

The echocardiographic method used in this study has been
described previously [25]. Mice were anesthetized using 12 pL/g
body weight of 2.5% Avertin (Sigma-Aldrich, USA), and echocardio-
graphy was performed using ultrasonography (Visual Sonics Vevo
770, Toronto, Canada) with a 30 MHz linear ultrasound transducer.
Two-dimensional guided M—Mode measurements of LV internal
diameter were obtained from at least three beats and then aver-
aged. LV end-diastolic diameter (LVEDD), interventricular septal
wall thickness (IVSWT), and posterior wall thickness (PWT) were
obtained at the time of the apparent maximal LV diastolic dimen-
sion, whereas LV end-systolic diameter (LVESD) was obtained at
the time of the most anterior systolic excursion of the posterior
wall. LV fractional shortening was calculated as follows: fractional
shortening=(LVEDD-LVESD)/LVEDD x 100. All the analyses were
performed in a blinded manner regarding the genotype of mice.

Cell culture

HIC2 cells (American Type Culture Collection) were cultured in
high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with fetal calf serum (10%), 2 mM of L-glutamine, 100 U/
mL of penicillin, and 100 g/mL of streptomycin at 37 °C in 5%
CO,. Only cells with a low number of passages (6-10) were used
for the experiments. Normal human liver cells (L02), purchased
from American Type Culture Collection (Manassas, VA, USA) were
cultured in high-glucose DMEM supplemented with fetal calf
serum (10%), 2 mM of L-glutamine, 100U/mL of penicillin and
100 g/mL of streptomycin at 37 °C in 5% CO, [10]. HK2 cells (Amer-
ican Type Culture Collection) were cultured in high-glucose Dul-
becco’s Modified Eagle Medium (DMEM) [26] supplemented with
fetal calf serum (10%), 2 mM of L-glutamine, 100 U/mL of penicillin
and 100 g/mL of streptomycin at 37 °C in 5% CO,. To induce a sepsis
model in vitro, these cell lines were incubated with LPS (10 pg/ml
for 24 h) [24].

Western blotting

A total of 30 pg of tissue was minced and lysed in 2% SDS using a
glass homogenizer. Cell debris was pelleted at 13,000g for 10 min
at 4 °C. Protein concentration of supernatants was estimated using
the BCA assay using BSA as a standard. Samples were separated by
electrophoresis on 5%-15% gradient Bis-Tris SDS-Gels (Bio-Rad,
Hercules, CA, USA) and transferred to PVDF membranes. Protein
transfer was controlled by membrane staining with Direct Blue.
After blocking, membranes were incubated with primary antibod-
ies. The corresponding IgG HRP-conjugates were revealed using a
chemiluminescent substrate (BioRad) and images were scanned
by a luminescence image quantifier (ImageQuant LAS 4000, GE
Healthcare, Chicago, IL, USA).

Immunohistochemistry

The hearts from DNA-PKcs” andjor DNA-PKcs™© mice sub-
jected to LPS were frozen in optimal cutting temperature com-
pound (Sakura Finetek), sectioned, and stained with primary IL-6
(Abcam, ab208113) and MCP1 (Abcam, ab8101) antibodies at
1/150 dilution overnight at 4 °C. Sections were conjugated with
HRP antibody (Vector Laborato ries) at room temperature for 2 h
then covered with DAB (Vector Laboratories), nuclei were counter-
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stained in hematoxylin, and slides were mounted with Vectashield
mounting medium (Vector Laboratories). Subsequently, all fields
were observed under light microscopy (Nikon) at x 10 magnifica-
tion. Control experiments without primary antibody demonstrated
that the signals observed were specific. Positive areas for IL-6 and
MCP1 were semi-quantified by an image processing program (Ima-
ge]) according to our previous studies [27,28].

Mitophagy assay

Mito-Kemia (mt-Kemia) is a mitochondrially localized pH-
sensitive ratiometric probe that allows differential imaging of cyto-
plasmic and lysosomal mitochondrial localization. Determination
of mt-Kemia fluorescence ratio in cells has been described in our
previous study [25]. Following experimental treatments, we calcu-
lated cell areas with a high 561/457 fluorescence ratio, indicating
localization of mt-Kemia in lysosomes. For cell counting, cell bor-
ders were defined with fluorescence excitation set at 457 nm.

Elisa

Concentrations of mouse BUN (MyBioSource, Inc., MBS751125),
Creatinine (Cr, MyBioSource, Inc., MBS2540563), ASpartate
Transaminase (AST, MyBioSource, Inc., MBS8800779), ALanine
Transaminase (ALT, MyBioSource, Inc., MBS2022063), LDH (MyBio-
Source, Inc., MBS8801243), CK-MB ELISA kit (BioVision, Milpitas,
E4607), Troponin I (MyBioSource, Inc., MBS5316602), Caspase-3
(MyBioSource, Inc., MBS733100), ATP (MyBioSource, Inc.,
MBS724442), Caspase-9 (LifeSpan BioSciences, LS-F32788), GSH
(MyBioSource, Inc, MBS267424), GPX (MyBioSource, Inc.,
MBS776262), SOD (MyBioSource, Inc., MBS034842), Mitochondrial
complex respiration I (complex I, MyBioSource, Inc., MBS912812),
Mitochondrial complex respiration II (complex II, MyBioSource,
Inc., MBS108909), Mitochondrial complex respiration Il (complex
III, Abcam, ab287844), Lactic Acid (Creative Diagnostics, DEIA-
BJ2418), Bax (Abcam, ab233624) were measured using ELISA kits
according to the manufacturer’s instructions.

Mitochondrial membrane potential determination

For TMRE (Tetramethylrhodamine ethyl ester, perchlorate)
quantification, cells were incubated in media containing
30 nmol/L TMRE at 37 °C for 10 min. Cells were analyzed using a
BioTek fluorescence reader with excitation at 549 nm and emission
at 575 nm.

Immunofluorescence

H9C2 cardiomyocytes were seeded in 12-well dishes containing
a cover glass. Cells were washed in PBS and fixed with 4% PFA at
room temperature for 20 min followed by permeabilization with
0.3% Triton X-100 in PBS for 5 min. The fixed cells were blocked
with 5% normal goat or donkey serum in PBS for 1 h at room tem-
perature and incubated with primary antibodies in PBS at 4 °C
overnight. Secondary donkey anti-mouse Alexa594 (ab150112,
Abcam, UK) or donkey anti-rabbit Alexa488 (ab150061, Abcam)
antibodies were used to detect immunoreactivity. Slides incubated
with non-immune IgG and secondary antibodies were used as neg-
ative controls. Slides were imaged using an upright fluorescence
microscope (DS-Ri2, Nikon, Japan). The primary antibodies used
in the present study were as follows: MMP9 (Abcam, ab204850,
1:500), VCAM1 (Abcam, ab271899, 1:500), IL6 (Abcam,
ab179570, 1:500), TNFo (Abcam, ab1793, 1:1000), TOM20 (Abcam,
ab78547, 1:500).
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Electron microscopy (EM) and histological analysis

Conventional EM was performed as described previously [28].
Hematoxylin and eosin, Sudan IV, and TER119 staining were
imaged using a Zeiss Axioscope 2 microscope and an AxioCamMR3
camera (Carl Zeiss, Germany). Image acquisition was performed
with AxioVision40 version 4.6.3.0 software (Carl Zeiss). To deter-
mine acute kidney injury, images were taken by an Olympus
BX51 using polarized light microscopy. All digitized images were
analyzed by Image Pro Plus Software 7.0 (Media Cybernetics).
Areas of interest were drawn within Image Pro Plus to measure
the acute kidney injury score as previously described [29].

Quantitative PCR

Total RNA was isolated from freshly harvested mouse tissues
using a single cell RNA purification kit (51800, Norgen Biotek,
Ontario, Canada). We measured RNA yield (58900, Norgen Biotek)
and performed reverse-transcriptase reactions (4106228, Bio-Rad)
according to the manufacturers’ instructions. Quantitative PCR was
performed for 40 cycles on a QuantStudio 6 Flex Real-Time PCR
system using TaqMan assays as recommended by the manufac-
turer, with GAPDH as control gene. We calculated fold difference
values of gene expression according to the delta-delta CT method.

Statistical analysis

All statistical analyses were performed with GraphPad Prism 9
(GraphPad Software). Normal distribution of data was assessed
using the Shapiro-Wilk test. For normally distributed data compar-
ing two experimental groups, statistical analyses were performed
using unpaired two-tailed t-tests. Statistical analyses of normally
distributed data from three or more groups were performed using
one-way ANOVA with post-hoc Tukey’s multiple comparison tests.
To determine the influence of two categorical independent vari-
ables on one continuous dependent variable, two-way ANOVA
with post-hoc Tukey’s multiple comparison tests were applied.
P < 0.05 was used to determine statistical significance. Normally
distributed data are presented as mean and standard error of the
mean.

Results
DNA-PKcs deletion attenuates sepsis-induced myocardial damage

To understand the role of DNA-PKcs in sepsis-related myocar-
dial damage, we used cardiac specific DNA-PKcs knockout (DNA-
PKcs™©) mice generated as described previously [9]. LPS was
administrated into DNA-PKcs” mice (control group) and DNA-
PKcs™© mice for 24 h. Echocardiography was used to observe
changes in myocardial function. As shown in Fig. 1A-C, left ventric-
ular ejection fraction (LVEF) was reduced in response to LPS
treatment, whereas this alteration could be attenuated by DNA-
PKcs depletion. In addition, the value of fractional shortening (FS)
was impaired by LPS in control but not in DNA-PKcs“© mice. Sim-
ilarly, the E/A ratio, a parameter related to myocardial relaxation,
was blunted in control mice but preserved upon DNA-PKcs abla-
tion. Serum levels of cardiac damage biomarkers, including LDH,
CK-MB, and Troponin T, were also significantly elevated in
LPS-treated control mice compared to DNA-PKcs“¥© mice (Fig. 1-
D-F). Next, electron microscopy was used to observe the effect of
DNA-PKcs deletion on myocardial ultrastructure in LPS-treated
mice. As shown in Fig. 1G, compared to the control (non-LPS)
group, LPS treatment induced myocardial swelling and muscle
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fiber dissolution. However, these alterations were undetectable
in LPS-treated DNA-PKcs© mice.

The nature and extent of the inflammatory response have been
regarded as key regulators of septic cardiomyopathy. Therefore, we
asked whether DNA-PKcs deletion was associated with repression
of inflammation in the LPS-exposed myocardium. Immunohisto-
chemistry assays confirmed that the expression of IL6 and MCP1
were induced by LPS in control cardiomyocytes but was instead
unaffected after deletion of DNA-PKcs (Fig. 1H-K). Moreover, qPCR
analysis of myocardial tissue demonstrated that the levels of IL-6,
TNFa, and MCP1 were rapidly increased after exposure to LPS
(Fig. 1L-N). However, stimulation of pro-inflammatory cytokine
secretion was obviously inhibited in DNA-PKcs“© mice. These
results demonstrated that DNA-PKcs knockdown significantly
reduces sepsis-related myocardial damage in mice.

DNA-PKcs deletion normalizes mitochondrial metabolism in LPS-
treated cardiomyocytes

To investigate the cardioprotective mechanisms of DNA-PKcs
deletion in the setting of myocardial sepsis, we focused on poten-
tial changes in mitochondrial function, a main determinant of car-
diomyocyte contraction and relaxation. As shown in Fig. 2A, ATP
generation in H9C2 cardiomyocytes was significantly repressed
by LPS, whereas this alteration was not observed in DNA-PKcs-
depleted cells. Moreover, after LPS exposure, glucose levels were
increased, whereas the concentration of lactic acid was reduced,
in culture media from control, but not DNA-PKcs-depleted, car-
diomyocytes (Fig. 2B-C). These results indicated that DNA-PKcs
ablation rescues defective glucose metabolism induced by LPS in
cardiomyocytes. To further analyze whether mitochondrial ener-
getics in cardiomyocytes are regulated by DNA-PKcs during sepsis,
mitochondrial respiratory function was next assessed. As shown in
Fig. 2D-E, compared to the control group both mitochondrial state-
3 and state-4 respiration rates were blunted by LPS, while these
changes were attenuated upon deletion of DNA-PKcs. Based on
these findings, ELISA was next used to analyze potential changes
in the activity of the mitochondrial respiratory complex. As shown
in Fig. 2F-H, compared to the control group, the activities of com-
plexes I-IIl were reduced upon exposure to LPS and this alteration
could be prevented by DNA-PKcs deletion. These results indicated
that mitochondrial metabolism and respiration can be sustained by
DNA-PKcs deletion in LPS-exposed cardiomyocytes.

Deletion of DNA-PKcs reduces sepsis-related liver dysfunction

Our previous studies reported the contribution of DNA-PKcs to
mitochondrial dysfunction associated with alcohol-related liver
damage [10]. In the present study, we used hepatocyte-specific
DNA-PKcs knockout (DNA-PKcs' ®) mice to investigate whether
DNA-PKcs is also implicated in sepsis-related liver injury through
induction of mitochondrial dysfunction. After LPS administration,
peripheral blood was collected and serum levels of ALT and
AST, and the AST/ALT ratio, were determined by ELISA. Compared
to the control group, LPS treatment elevated ALT, AST, and the
AST/ALT ratio. However, DNA-PKcs deletion prevented LPS-
mediated liver dysfunction through normalization of the concen-
trations of ALT and AST (Fig. 3A-C). As in septic cardiomyopathy,
the inflammatory response is a key factor involved in sepsis-
related liver dysfunction. Therefore, immunofluorescence was
applied to observe potential changes in MMP9 and VCAM1, two
proteins involved in extracellular matrix degradation and
leukocyte-endothelial cell adhesion, respectively. As shown in
Fig. 3D-F, compared to the control group hepatic expression of both
MMP9 and VCAM1 was rapidly increased in response to LPS
administration. However, LPS treatment failed to alter the
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administered LPS. (D-F) ELISA was used to analyze the concentrations of LDH, CK-MB, and Troponin T in mouse serum. (G) Electron microscopy was used to assess myocardial
ultrastructure. (H-K) Immunohistochemistry was used to detect the expression of IL-6 and MCP1 in myocardium after LPS treatment. (L-N) qPCR was applied to analyze the

transcription of IL-6, TNFa, and MCP1 in cardiac tissue. *p < 0.05.

expression of MM9 and VCAMT in liver tissue from DNA-PKcs!<©
mice. Consistent with these findings, the transcription of IL-1, IL-
6, and TNFo was primarily enhanced by LPS in the livers of control
mice but not in those from DNA-PKcs"*° mice (Fig. 3G-I). These
observations indicate that sepsis-related liver dysfunction is
greatly attenuated by DNA-PKcs inhibition.

DNA-PKcs depletion inhibits LPS-mediated oxidative stress and
apoptosis in hepatocytes

To further assess the hepatoprotective effects of DNA-PKcs dele-
tion during sepsis, we investigated potential alterations in markers
of oxidative stress and apoptosis, two factors known to contribute
to sepsis-related hepatic failure. Thus, fluorescent detection of
mitochondrial and cytoplasmic ROS generation was performed in
both control and DNA-PKcs-depleted LO2 hepatocytes treated with
LPS. As shown in Fig. 4A-C, the levels of both mitochondrial and
cytoplasmic ROS in control cells were drastically augmented in
response to LPS treatment. In contrast, the production of mito-
chondrial and cytoplasmic ROS was inhibited in DNA-
PKcs-deficient hepatocytes (Fig. 4A-C). Furthermore, we found that
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after LPS treatment the expression of the intracellular anti-
oxidative enzymes GSH, GPX, and SOD was suppressed in control
cells, but was instead maintained at near-normal levels after dele-
tion of DNA-PKcs (Fig. 4D-F). These data suggested that silencing of
DNA-PKcs preserves cellular antioxidant activities and thus neu-
tralizes excessive ROS production in hepatocytes in the setting of
sepsis-mediated liver dysfunction.

To assess the potential relationship between DNA-PKcs
expression and sepsis-induced apoptosis, the expression of
caspase-3 and caspase-9, two major apoptotic markers, was
measured through ELISA in cultured hepatocytes. As shown in
Fig. 4G-H, compared to the control group, the expression of
caspase-3 and caspase-9 was stimulated by LPS in control hepa-
tocytes but not in DNA-PKcs-depleted cells. Mitochondria-
dependent apoptosis is primarily regulated by mitochondrial
permeability transition pore (mPTP) opening and Bax activation.
ELISA results showed that following LPS stimulation both Bax
expression and mPTP opening were increased in control but
not in DNA-PKcs-depleted hepatocytes (Fig. 41-]). These results
suggest that DNA-PKcs silencing inhibits LPS-induced, mitochon-
drial initiated apoptosis in hepatocytes.
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DNA-PKcs deletion sustains kidney function during experimental
sepsis

To investigate the action of DNA-PKcs in sepsis-related kidney
dysfunction, kidney tubular cell-specific DNA-PKcs knockout
(DNA-PKcs™%) mice were used. Kidney function was first deter-
mined by ELISA. As shown in Fig. 5A-B, compared to non-LPS

treated mice, serum levels of BUN and creatinine (Cr) were signif-
icantly higher in LPS-treated control mice. However, compared to
the latter group the concentrations of BUN and Cr were relatively
lower in DNA-PKcs™© mice. H&E staining was next applied to
assess renal tubular damage in the experimental groups. As shown
in Fig. 5C, the tubular injury index was increased after exposure to
LPS in control mice, whereas this phenotypic alteration was not
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observed in DNA-PKcs™° mice. Subsequently, immunofluores-
cence staining of IL-6 and TNFa was conducted to verify whether
DNA-PKcs deletion had an anti-inflammatory effect. As shown in
Fig. 5D-F, after LPS administration increased expression of IL-6
and TNFo was observed in renal tissue from control mice, and
these changes were markedly attenuated in DNA-PKcs™° mice.
In accordance with these findings, qPCR assays showed that the
transcription of IL-6 and TNFo was upregulated by LPS exposure
in control mice, but downregulated instead upon deletion of
DNA-PKcs in tubular cells (Fig. 5G-H). In sum, these data highlight
the protective effect of DNA-PKcs silencing in sepsis-mediated kid-
ney dysfunction.

DNA-PKcs deletion sustains mitochondrial homeostasis in LPS-treated
renal tubular cells

Our recent studies in a mouse model of acute kidney injury
identified abnormal mitochondrial dynamics, defective mitophagy,
and impaired mitochondrial biogenesis as key molecular bases of
tubular cell damage in response to ischemic stimulus [29,30].
Therefore, we asked whether DNA-PKcs also impacts mitochon-
drial genesis and turnover during sepsis-related kidney dysfunc-
tion. Immunofluorescence demonstrated that mitochondrial
fragmentation was induced by LPS in human renal proximal tubu-
lar HK2 cells (Fig. 6A-C). As shown in Fig. 6 D-G, this effect was
accompanied by increased levels of the mitochondrial fission-
related genes Drpl and Mff and decreased transcription of the
mitochondrial fusion-related genes Mfn2 and Opal. In contrast,
these transcriptional changes were largely attenuated in DNA-
PKcs-deficient HK2 cells (Fig. 6D-G). These data suggest that
knockdown of DNA-PKcs sustains mitochondrial morphology
through normalization of the balance between fission and fusion
events in kidney tubular cells exposed to LPS.

Mitophagy was next assessed in HK2 cells using the mt-Keima
reporter assay. Results showed that mitophagy was impaired by
LPS in control cells (Fig. 6H-I). In contrast, following treatment
with LPS, DNA-PKcs deletion rescued mitophagic activity, as evi-
denced by an increased number of acidic puncta (Fig. 6H-I). Mito-
chondrial biogenesis is primarily regulated by transcriptional
levels of Pgclo and Tfam. Results of qPCR assays showed that LPS
inhibited Pgclo and Tfam mRNA expression in control but not in
DNA-PKcs-depleted tubular cells (Fig. 6]-K). These results demon-
strate that DNA-PKcs silencing maintains homeostatic balance of
mitochondrial fission/fusion events and preserves both mitophagy
and mitochondrial biogenesis in LPS-challenged kidney tubular
cells.

Discussion

MODS is the commonest cause of death in septic patients.
Although the pathophysiological mechanisms of MODS have been
largely elucidated, its molecular bases remain incompletely char-
acterized and current treatments are often ineffective [31]. Thus,
this study was undertaken in an attempt to elucidate the func-
tional involvement of DNA-PKcs in mitochondrial dysfunction in
heart, liver, and kidney during development and progression of
sepsis-induced MODS. Our results demonstrated that DNA-PKcs
inhibition attenuates sepsis-related MODS by preserving mito-
chondrial function and homeostasis. Through morphometric and
histological analyses, we showed that organ-specific deletion of
DNA-PKcs significantly sustained myocardial contraction, liver
function, and kidney performance in LPS-challenged mice. Molecu-
lar assays further illustrated that DNA-PKcs deficiency supported
cardiomyocyte function through improving mitochondrial
respiration and alleviated liver and kidney dysfunction by
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inhibiting LPS-induced mitochondrial oxidative stress and apopto-
sis in hepatocytes and normalizing mitochondrial dynamics and
biogenesis, as well as mitophagy, in kidney tubular cells. These
results indicate that DNA-PKcs plays a contributing role in
sepsis-induced MODS through disturbing key mitochondrial bio-
logical processes. Therefore, targeted therapies repressing DNA-
PKcs expression or function represent promising strategies for pre-
vention and treatment of sepsis-induced MODS.

A fundamental characteristic of sepsis-induced MODS is
extensive systemic inflammation compromising the normal func-
tion of cells within different tissues and organs [32]. Sepsis-
induced systemic inflammation is accompanied by dysfunctional
coagulation, another important feature of MODS, resulting in
endothelial and immune cell dysfunction and cellular and molec-
ular alterations, including augmented glycolysis with hyperlac-
tatemia, oxidative stress, endoplasmic reticulum stress, and
apoptosis, in affected cells [33-36]. Based on evidence of
impaired ATP production, enhanced oxidative stress, and apopto-
sis induction, previous studies proposed mitochondrial dysfunc-
tion as a potential mechanism underlying sepsis-related MODS
[37-39]. The present study provides further evidence that the
mitochondrion is a key target in sepsis. Common features of
mitochondrial dysfunction, such as impaired metabolism and
respiratory function, redox imbalance, increased fragmentation
and decreased biogenesis, as well as repressed mitophagy
[27,40-42] were detected in mouse heart, liver, and kidney tis-
sues after exposure to LPS. Our molecular analyses identified
specific alterations in mitochondrial function and/or dynamics
in each organ studied. Decreased ATP supply as a result of
LPS-induced mitochondrial metabolic disorder is associated with
an inability of cardiomyocytes to contract and relax normally.
Increased mitochondrial oxidative stress may trigger activation
of the mitochondria-dependent apoptosis pathway, as observed
in hepatocytes challenged with LPS. Our findings also show that
abnormal mitochondrial dynamics, such as excessive fission and
defective fusion, contributes to LPS-mediated mitochondrial
damage and dysfunction in kidney tubular cells. Under normal
circumstances, mitochondrial quality control mechanisms assure
that abnormal mitochondria are recycled by mitophagy and
replaced through biogenesis. However, in some pathological set-
tings such as sepsis, these mechanisms fail, resulting in the accu-
mulation of damaged mitochondria, as observed in kidney
tubular cells. Thus, and in accordance with previous studies
[37-39], our present data demonstrated that crucial
mitochondria-specific processes are disrupted by sepsis. Based
on these findings, development of mitochondrial protective
strategies represent an important step in order to prevent and
treat sepsis-related MODS.

Although mitochondrial dysfunction is a well-established initial
signal of sepsis-induced MODS, the resulting alterations in the
mitochondrial regulatory network have not yet been studied inten-
sively. The present findings suggest that DNA-PKcs expression pro-
motes mitochondrial damage in heart, liver, and kidney during
sepsis-induced MODS, and are thus in accordance with previous
studies assessing the role of DNA-PKcs in different pathological
conditions. For example, DNA-PK has been reported to promote
mitochondrial metabolic decline during aging [43]. Activation of
DNA-PKcs through simulated microgravity is associated with
apoptosis in human promyelocytic leukemia cells through a mech-
anism involving ROS overproduction and Bax activation [44]. Nota-
bly, defects in DNA-PKcs contribute to symptoms of severe
combined immunodeficiency (SCID), and restored expression of
the mitochondrial heat shock proteins mtHsp70 and Hsp60 and
increased response to anticancer drugs was observed in DNA-
PKcs-deficient mouse SCID fibroblasts [45]. These data uncover
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the close and complex relationship between DNA-PKcs activation
and mitochondrial damage.

Several reports addressed the molecular mechanisms by which
DNA-PKcs modulates inflammation. For example, upon induction
by double-stranded DNA, the absent in melanoma 2 (AIM2) inflam-
masome interacts with DNA-PKcs to limit its activation, which pro-
motes apoptosis by reducing Akt activation. Accordingly, impaired
apoptosis in Aim2~/~ cells could be reversed by DNA-PK inhibitors
[46]. Another study showed inhibition of genotoxic stress induced
by NF-kB, a classical activator of the cellular response to inflamma-
tion and DNA damage, in DNA-PKcs deficient cells [47]. Similarly,
experiments in an ovalbumin-induced asthma murine model
demonstrated a key role for DNA-PK in regulating asthma-
induced inflammation, as administration of NU7441, a DNA-PKcs
inhibitor, suppressed the inflammatory response in lung airway
cells [48]. Meanwhile, in virus infection DNA-PK has been regarded
as a DNA sensor for IRF-3-dependent innate immunity [49]. Taken
together, these results demonstrate that DNA-PKcs functions as a
regulator of inflammation through multiple mechanisms.

There are several limitations in our study. First, since we used
only LPS to establish the sepsis-related mouse MODS model
in vivo, the effects of DNA-PKcs inhibition on MODS triggered by
other sepsis mediators may turn to be different. Besides, the
molecular mechanisms by which sepsis would mediate DNA-
PKcs activation, as well as those underlying DNA-PKcs-induced
mitochondrial damage, were not specifically explored. Further
studies should also address whether DNA-PKcs can be detected
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in the blood and whether DNA-PKcs activity is involved in patho-
genic interactions between various organs during sepsis.

Conclusions

In sum, tissue-specific DNA-PKcs ablation markedly attenuates
MODS symptoms in heart, liver, and kidney through preventing
mitochondrial dysfunction triggered by sepsis. Therapies targeting
DNA-PKcs and mitochondrial homeostasis may thus provide sub-
stantial benefits for septic patients through alleviating the occur-
rence of MODS.
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