RESEARCH ARTICLE

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

P21-Activated Kinase 2 as a Novel Target for Ventricular
Tachyarrhythmias Associated with Cardiac Adrenergic Stress

and Hypertrophy

Tao Li, Ting Liu, Yan Wang, Yangpeng Li, Leiying Liu, James Bae, Yu He, Xian Luo,
Zhu Liu, Tangting Chen, Xianhong Ou, Dan Zhang, Huan Lan, Juyi Wan, Yan Wei,
Fang Zhao, Xin Wang, Tao Li, Christopher L.-H. Huang, Chunxiang Zhang,* Ming Lei,*

and Xiaoqiu Tan*

Ventricular arrhythmias associated with cardiac adrenergic stress and
hypertrophy pose a significant clinical challenge. We explored ventricular
anti-arrhythmic effects of P21-activated kinase 2 (Pak2), comparing in vivo
and ex vivo cardiomyocyte-specific Pak2 knockout (Pak2°*°) or overexpression
(Pak2“'8) murine models, under conditions of acute adrenergic stress, and
hypertrophy following chronic transverse aortic constriction (TAC). Pak2 was
downregulated 5 weeks following the latter TAC challenge. Cellular
physiological, optical action potential and Ca?* transient, measurements,
demonstrated increased incidences of triggered ventricular arrhythmias, and
prolonged action potential durations (APD) and altered Ca* transients with
increases in their beat-to beat variations, in Pak2® hearts. Electron
microscopic, proteomic, and molecular biological methods revealed a
mitochondrial localization of stress-related proteins on proteomic and
phosphoproteomic analyses, particularly in TAC stressed Pak2°“® mice. They
further yielded accompanying evidence for mitochondrial oxidative stress,
increased reactive oxygen species (ROS) biosynthesis, reduced mitochondrial
complexes |-V, diminished ATP synthesis and elevated NADPH oxidase 4
(NOX4) levels. Pak2 overexpression and the novel Pak2 activator ]B2019A
ameliorated these effects, enhanced cardiac function and decreased the
frequencies of triggered ventricular arrhythmias. Pak2 activation thus protects
against ventricular arrhythmia associated with cardiac stress and hypertrophy,
through unique mechanisms offering potential novel therapeutic
anti-arrhythmic targets.

1. Introduction

Sudden cardiac death (SCD) accounts for
approximately half of all deaths related to
cardiovascular disease, posing a significant
international public health challenge.[!] Ma-
lignant ventricular arrhythmias constitute
the commonest cause of SCD. These of-
ten result from structural and electrical my-
ocardial remodeling in response to struc-
tural or functional stress.”] Despite ex-
tensive research and development, current
interventional anti-arrhythmic approaches,
including use of implantable cardioverter-
defibrillator and ventricular ablation de-
vices, remain limited by their ineffective-
ness in addressing the underlying disease
pathophysiology.>*!

Previous studies in both human and ani-
mal models had implicated mitochondrial
dysfunction in arrhythmogenesis.>¢l As-
sociated reductions in ATP synthesis and
increased reactive oxygen species (ROS)
production cause cellular and ionic mal-
function leading to altered automaticity, re-
entry and conduction block.%”! Increased
ROS may also induce cardiac arrhythmias
through directly oxidizing and thereby ac-
tivating Ca®* /calmodulin-dependent kinase
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I1 (CaMKII).[®] We have previously reported that activation of
signaling by the serine-threonine kinase p21-activated kinase 1
(Pak1) protects cardiomyocytes against ischemic cell injury and
hypertrophic stress.** The accompanying sarcolemmal and
mitochondrial dysregulation may offer promising therapeutic
targets for ameliorating arrhythmia.[57]

Recent new studies have also implicated Pak2 in the cellular
regulation of cardiac homeostasis. It confers cardio-protection
and is essential for normal ion channel activity, intracellular Ca**
handling, and cardiac contractility.'>! Pak2 is mostly localized
near endoplasmic reticulum (ER) and mitochondria. It may reg-
ulate the cardioprotective IRE (inositol-requiring enzyme)1/XBP
(X-box-binding protein)1-dependent unfolded protein response
(UPR).I'16] Mice with cardiac-specific Pak2 deletion showed de-
fective ER stress responses, cardiac dysfunction, and profound
cardiomyocyte death under conditions of tunicamycin-induced
ER stress or pressure overload. Their gene array analysis then
implicated the IRE1/XBP1-dependent pathway in this Pak2-
mediated regulation of protective and appropriate ER stress re-
sponses. Contrastingly, inducing Pak2 activation through genetic
overexpression or viral gene delivery improved ER function and
cardiac performance. It reduced apoptosis and protected from
heart failure.['>1¢] These findings implicate Pak2-mediated mod-
ulation of ER stress as cardioprotective in cardiac hypertrophy.

Currently, there is no direct evidence bearing on possible pro-
tective roles of Pak2 in mitochondrial oxidative stress and car-
diac injury. The present study explored possible cardioprotec-
tive effects of Pak2 on the incidence and generation of ventricu-
lar arrhythmias. Cardiomyocyte-specific Pak2 knockout (Pak2°)
or Pak2 overexpression (Pak28) mice were studied under acute
adrenergic, isoproterenol-induced, and chronic transverse aortic
constriction (TAC) induced pressure overload. Related electro-
physiological, Ca** homeostatic, cardiac hypertrophic, metabolic
and energetic changes were demonstrated at both the whole or-
gan and cellular levels. Furthermore, a Pak2 activator JB2019A
was also assessed for its anti-hypertrophic and anti-ventricular
arrhythmic effects.

Together the findings suggest that modulating mitochondrial
function and ROS production through targeting Pak2 may offer
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a strategy for managing ventricular arrhythmias and preventing
SCD. We corroborate these findings developing and utilizing a di-
rect Pak2 activator and demonstrating its cardioprotective effects.
Pak2 thus emerges as a promising therapeutic kinase target for
the development of novel effective anti-arrhythmic drugs.

2. Results

2.1. Pak2 Deficiency Disrupts Ca** Homeostasis and Increases
Susceptibility to Ventricular Arrhythmias

We first investigated potential protective effects of Pak2 sig-
naling on ventricular arrhythmogenic tendency under condi-
tions of acute isoproterenol induced cardiac adrenergic stress
and chronic TAC induced ventricular hypertrophy. We compared
electrical stability and Ca** handling in hearts of Pak2 defi-
cient (Pak2%) and flox (Pak2f) mice, in an absence (Pak2%*°
and Pak29f groups) and 5-weeks following chronic hypertrophic
stress brought about by transverse aortic constriction (TAC)
(Pak2*° /TAC and Pak2/f/TAC groups) both in in vivo animals
and ex vivo whole hearts (Figure 1A). Intact Pak2° (n = 11) and
Pak2f (n = 13) mice exhibited similar baseline heart rates (HR),
electrocardiographic P wave durations, P-R intervals, QRS du-
rations, but there were prolonged QT intervals in Pak2*® mice
(Figure 1A and Table S3, Supporting Information). Following (5
min) isoproterenol induced acute adrenergic stress, Pak2*° mice
showed increased incidences, 57.58% (19/33), of ventricular tach-
yarrhythmias (VT) relative to 22.5% (9/40) of untreated controls,
particularly at higher pacing frequencies (Figure 1B-D). 5-weeks
following TAC, expression of Pak2 was significantly downreg-
ulated (Figure S2, Supporting Information). Pak2%°/TAC mice
then showed an exacerbated cardiac hypertrophy and dysfunction
(Figure S2, Supporting Information). They showed increased oc-
currences of ventricular ectopic beats and VI/VF (n = 7) com-
pared to Pak2/f/TAC mice (n = 4) on challenge with isoproterenol
and caffeine (Figure 1E,F). Survival curve analyses associated the
combination of Pak2 deficiency and TAC challenge with signifi-
cantly reduced overall survival rates (P < 0.05, Figure 1G).
Further investigations compared isolated Langendorff per-
fused Pak2*® (n = 8) and Pak27f (n = 8) hearts using com-
bined high-resolution dual-dye optical mapping of membrane
potentials (V,,) and Ca’* transients (CaT) (Figure 2). Both Pak2°
and Pak27f hearts showed no significant baseline differences in
their incidences of ventricular arrhythmias (Figure 2B). How-
ever, acute isoproterenol challenge selectively increased VT in-
cidences in the Pak2*° hearts (Figure S3D, Supporting Informa-
tion). Similarly, only 1 out of 8 Pak2f/TAC hearts, but 6 out of 8
Pak 2% [TAC hearts showed ventricular arrhythmias (P < 0.05, n
= 8 hearts for each group) (Figure 2B). Pak2*° hearts showed in-
creased durations of both action potentials (APD) and Ca?* tran-
sients, quantified as APDg, and CaTDs,. These effects were ac-
centuated in Pak2%°/TAC hearts (Figure S3A,B, Supporting In-
formation). These findings parallel prolongations in the corre-
sponding in vivo QT intervals (Table S3, Supporting Informa-
tion). These findings were corroborated by patch clamp elec-
trode action potential (AP) recordings from isolated single car-
diomyocytes from the different groups. In full and detailed agree-
ment with the optical mapping results, APDg, was increased in
Pak2%*° relative to Pak2¥f, Pak2°/TAC to Pak2/f/TAC as well
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Figure 1. Pak2 deficiency aggravates the inducibility of cardiac arrhythmias in mice challenged with acute isoproterenol (ISO) or chronic (5 weeks)
TAC challenge in vivo. A) The protocol scheme applied to Pak2f and Pak2<k® mice under acute isoproterenol (ISO) or chronic TAC challenge. B)
Representative in vivo cardiac electrophysiological recordings from Pak2f and Pak2<k° mice with different frequencies of burst stimulation. C) VT
inducibility during in vivo electrocardiogram measurements in Pak2/f and Pak2¢® mice before and after isoproterenol challenge. D) Quantification of
VT occurrence following the application of isoproterenol in Pak2//f and Pak2%® mice at different frequencies of burst stimulation. E) Representative in
vivo cardiac electrophysiological recordings from Pak2f/f and Pak2<ko mice at 5 weeks after sham or TAC surgery. F) Occurrence of ventncular ectopic
beats of PakZ‘(/‘c and Pak2k® mice at 5 weeks after sham or TAC surgery. G) Survival curves of four groups of mice after operation. *p < 0.05, **p < 0.01,
Hp < 0,001, *¥p < 0.0001.

as Pak2?° to Pak2?°/TAC and Pak2f to Pak27{/TAC cardiomy-  group using pacing cycle lengths (PCL) between 100 ms and
ocytes (Figure S3C, Supporting Information). 70 ms (Figure 2C). CaT alternans showed significantly higher

Further investigations of TAC-induced arrhythmic tendency ~ occurrences in Pak2°/TAC (n = 6) compared to Pak27'/TAC
explored occurrences and characteristics of CaT alternans  hearts (n = 6). CaT alternans analysis indicated that rapid pac-
(Figure 2C,D; Figure S3E, Supporting Information), V, /CaT la-  ing, between PCLs of 100 and 50 ms, increased CaT alternans
tencies (Figure S4, Supporting Information) and for re-entry ro-  ratios and incidences of amplitude alternans (>20%). Pak2 defi-
tors (Figure 2E,F). Typical CaT alternans are illustrated for each  ciency significantly aggravated the frequencies of this alternans

Adb. Sci. 2025, 2411987 2411987 (3 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

B e e T b TP
A : Baseline parameters analysis : B == NO VT
| Dual-Dye loading 7i ms li ms : 104" VT s
1 _ = g = &
i L > o N Ha = gl os o i7 ez
| o It Fi £
1 630nm longpass Splitter 0 < 1 ‘S
1 2 filter —) 20ms 0 ! o ©
1 3 635nm longpass | 1 g
! ) 8 Slter | £ Normal calcium handling : g 4
585/40nm
i Excitation light 1 =
| Langendorff Perfusion 530nm I
1 system e : Pak2” Pak2°"® Pak2” Pak2°k®
1 i sham TAC 5 wks
1
1 —
1 . Lo . ! r ]
. Qptical mapping signal acquisition system _ _ _ _ _ 0 ) D 1 )
L 1
'
PCL Pak2”+ sham Pak2°ko+ sham  Pak2”+ TAC 5 wks Pak2%°+ TAC 5 wks i ‘ i
. E 1
9 5'“” 6 < pakz"+sham | i
2 Ko
100 ms N\I\N\N\ I B
a N 504] = Paxz*+TACS wks
o ° 5 -4
s -
S0AU & 0.2 ] g -
. j 38
90 ms - ’% 0.0
E T v T r T v
E ! 100 20 80 70 60 50
Cycle length (ms)
50AU
] 257 m pak2+ sham

o QY NI I i B,

N
o

|
0

Incidence of large alternans(>20%)

1.5

%~ Ly 50

S WL G Y
0.0

E Pak2cke + TAC 5 wks

ES \Apex

W

(on

(&)

100 ms
a

SIAVAVAVAVAVAVAY,
< NNV

Pak2°*® + sham
B pak2”+ TAC 5 wks
B pak2°*® + TAC 5 wks

60 50
Cycle length (ms)

i,

90 ms

aLSLSLSLS

N hVAVAYAVAVAVAVA
O AVAVAVAYAVAVAVS

200 ms

% GT A
reentry

Pak2cke + TAC 5 wks

Figure 2. Pak2 deficiency aggravates the inducibility of VT and alternans in mice under chronic (5 weeks) TAC challenge in ex vivo hearts. A) Flow chart

of optical mapping scheme. B) VT inducibility in ex vivo Langendorff hearts after TAC challenge in Pak2//f

and Pak2%® mice. C) Heat maps (indicating

the spectral intensity differences of Ca?* transients) showing frequency-dependent CaT alternans during progressive decrements in cycle length between

100-70 ms. The corresponding CaT traces are also exhibited from the selected region within the boxes. D
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(Figure 2D). Both TAC (Figure S3E, Supporting Information),
and Pak2 deficiency also accentuated the effects of acute isopro-
terenol challenge in increasing frequencies of CaT alternans. Fi-
nally, examining V,, /CaT latencies demonstrating the coupling
of V,, and [Ca**]; dynamics showed that Pak2 deficiency aggra-
vated TAC-induced increments of V,, /CaT latency (Figure S4A,B,
Supporting Information).

Pak2%° [TAC hearts also exhibited APD alternans, and this led
to ectopic beats and rotor and re-entry formation (Figure 2E,F).
The membrane potential (V,,) traces demonstrated APD alter-
nans typically occurring at PCLs ~#90 ms. Further analysis of AP
conduction and the formation of VT revealed that APs normally
conducted in a direction from apex to base (a—b—c). In contrast,
when an ectopic beat occurred at site ¢, the conduction route re-
versed in direction running from c to a (cob—a). When the ec-
topic beat occurred at b, the conduction direction altered to either
btoaorbtoc(b—a/cor b—c—a), creating a re-entry arrhythmic
route (Figure 2E).

2.2. Pak2 Overexpression Rescues Isoproterenol or TAC-Induced
Cardiac Arrhythmias

We then developed a mouse Pak2"¢ model with inducible
cardiac-specific overexpression of wild type Pak2 driven by
Myh6-creERT (Figure S1, Supporting Information) to explore
effects of Pak2 overexpression on acute isoproterenol or TAC-
induced ventricular arrhythmias (Figure 3; Figure S5, Sup-
porting Information). Baseline echocardiographic analyses sug-
gested normal cardiac function in both Pak2“¢ and control
Pak2¥T (Rosa26CAG1SI-Pak2) mice (Figure S5C,D, Supporting In-
formation). Cardiac Pak2® mice exhibited reduced incidences
and durations of isoproterenol-induced ventricular arrhythmias
(Figure 3B,C; Figure SSE, Supporting Information). TAC, here
applied for 7 weeks, increased the frequency of ventricular ec-
topic beats from 8.33 + 1.20 to 173.00 + 14.11 (P < 0.001)
in control Pak2¥T mice, while Pak2 overexpression alleviated
the effect of TAC with decreasing ventricular ectopic beats to
39.23 £ 2.07 (P < 0.001) in the Pak2¢/TAC groups (Figure 3D;
Figure S5F, Supporting Information). Pak2 activation also sup-
pressed pressure overload—induced hypertrophy. Thus, wild type
(WT) WI/TAC but not Pak2?¢/TAC mice showed increases in left
ventricular mass and hypertrophy (Figure S5A,B, Supporting In-
formation) and left ventricular end-diastolic diameters, left ven-
tricular end-systolic diameter, and decreased fraction shortening
on echocardiographic analyses (Figure S5C,D, Supporting Infor-
mation) relative to unoperated controls.

Finally Pak2"¢/TAC hearts did not show remodeled V,, and
Ca** optical mapping (Figure 3E-H; Figure S5, Supporting In-
formation), Ca?" transient alternans, including CaT alternans ra-
tios and incidences (>20%) (Figure 3E,F) shown by Pak2?° hearts
(Figure 2C,D). In contrast, progressively paced WT/TAC hearts
showed AP traces suggesting rotor formation and re-entry phe-
nomena (Figure 3G) and V,,/CaT heat maps (Figure 3H) suggest-

www.advancedscience.com

ing pro arrhythmic abnormal Ca?* handling and coupling with
Vv,

me

2.3. Isolated Single Pak2 Ventricular Myocytes Show Abnormal
Ca%* Dynamics

We next studied Ca’* transients in Pak2*°, Pak2?°/TAC, Pak2f
and Pak27/TAC ventricular myocytes (Figure 4). The Pak2%°
myocytes from both acute isoproterenol and chronic 5-week
TAC challenged hearts showed higher incidences of spontaneous
Ca?* transients (SCT) and Ca®* oscillations (CO) than the cor-
responding controls (Figure 4A—C). Additionally, myocytes from
Pak2%° /TAC hearts showed significantly prolonged Ca®* tran-
sient decay time constants (Figure 4D-G).

2.4. Defective Mitochondrial Biosynthesis and Oxidative
Phosphorylation in Pak2¢° Hearts

The above results implicated Pak2 in maintaining cardiac elec-
trical stability and Ca** homeostasis. To determine the under-
lying signaling pathways, we conducted proteomics and phos-
phoproteomics analyses in ventricular tissues from Pak2,
Pak2%° [TAC, Pak2f and Pak2/f/TAC mice.

First, multiple group comparison of the proteomes was per-
formed for the distinct Pak2f versus Pak2*° genotypes in
sham versus TAC conditions (Table S4, Supporting Informa-
tion). Of 4203 screened expressed proteins, 1268 differentially
expressed proteins were already associated with cardiac stress.
Pak 2% /TAC mice exhibited elevated levels of such stress asso-
ciated proteins, reflected in their highest proteomic and phos-
phoproteomic changes (Figure 5A,D). KEGG and GO enrich-
ment studies revealed enriched oxidative phosphorylation related
metabolic pathways in Pak2?°/TAC relative to Pak27 /TAC hearts
in the proteomics (Figure 5B,C) and phosphoproteomics arrays
(Figure 5E,F). Further analysis (Figure 5G) showed that each set
represents significantly different proteins and phosphoproteins
for Pak2*°/TAC versus Pak2/f/TAC, and Pak2*°/TAC versus
Pak 2 respectively. Of these, 123 proteins overlapped between
the Pak2%°/TAC and Pak27f/TAC groups and 90 proteins over-
lapped between the Pak2?°/TAC and Pak2%*° groups. Compar-
ing the TMT and PP proteomics results suggest a marked corre-
lation between the proteomics and phosphoproteomics changes
between Pak2%*°/TAC and Pak2f/TAC groups (Figure SH). Af
ter performing enrichment analysis on the significantly dif-
ferent proteins in the proteomics and phosphoproteomics of
the Pak2*°/TAC versus Pak2f/TAC groups, the relevant pro-
teins enriched in the oxidative phosphorylation and tricarboxylic
acid cycle pathways were analyzed for correlations between the
phosphoproteomics and proteomics. The results indicate that
the expression correlation of these proteins is also consistent
(Figure 5I).

The Weighted Gene Co-Expression Network Analysis
(WGCNA) method was used to identify protein modules

group (n = 6 hearts for each group). Large alternans ratio (>20%) are counted for evaluation of the severity of CaT alternans. E) Typical AP traces
during VT induced by progressive pacing; the activation map shows that the initiation positions for ectopy and reentry overlap with regions harboring
the most severe AP alternans. F) Typical consecutive phase maps during VT in a Pak2?® mouse heart, showing the fast re-entry rotors meandering on
the epicardium without losing the coupling of AP and CaT, along with the corresponding AP and CaT traces. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Cardiac specific Pak2 overexpression attenuates isoproterenol or TAC-induced cardiac arrhythmias and Ca?* alternans. A) The protocol scheme
for Pak2¥T (Rosa26CACLSL-Pak2y and Pak2<te mice with acute isoproterenol (ISO) or chronic TAC challenge. B) VT inducibility during in vivo electrocar-
diogram measurement in Pak2¥T and Pak2®® mice before and after isoproterenol challenge with rapid pacing for 100 stimuli each. C) Quantification
of VT duration in the application of isoproterenol in Pak2WT and Pak2<'® mice in vivo. D) Calculation of ventricular ectopic beats after TAC challenge
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associated with sample phenotypes. First, the proteomic data of
the four groups were preprocessed, filtering out low-expression
proteins and standardizing the remaining proteins. A soft
threshold power f = 6 was selected to construct the weighted
network, ensuring the network’s scale-free property. Through
hierarchical clustering analysis, five protein modules were
identified, each containing highly correlated proteins in the
co-expression analysis. These modules were named with differ-
ent colors, such as the blue module, yellow module, etc. It was
found that the turquoise module was significantly associated
with phenotype severity (r = 0.94, P < 0.01) (Figure 5K). The
turquoise module, the most associated with the sample pheno-
type in the Pak2°/TAC group, was then subjected to KEGG
and GO pathway enrichment analysis. These pathways indicated
associations with cardiomyopathy, oxidative phosphorylation,
and other related processes (Figure 5J). The WGCNA method
was also used to identify phosphorylated protein modules asso-
ciated with sample phenotypes across the four groups. Through
hierarchical clustering analysis, 18 protein modules were iden-
tified. Correlation analysis between these modules and sample
phenotype data revealed that the turquoise module was signif-
icantly associated with phenotype severity (r = 0.89, P < 0.01)
(Figure 5M). The turquoise module, most correlated with the
sample phenotype in the Pak2?°/TAC group, was subjected to
KEGG and GO pathway enrichment analysis. The pathways indi-
cated associations with cardiomyopathy and the tricarboxylic acid
cycle (Figure 5L).

We further investigated oxidative stress and mitochondrial
structure and function in each group (Figure 6). ROS levels
in the Pak2/f/TAC and Pak2?°/TAC groups were significantly
higher than in the corresponding sham groups (P < 0.0001).
This associates TAC-induced chronic cardiac stress with higher
ROS damage. Furthermore, the Pak2*°/TAC showed higher
ROS levels than Pak2/f/TAC hearts (Figure 6A,B). Mitochondrial
structure was observed using transmission electron microscopy
(TEM) (Figure 6C). Dysmorphic mitochondrial structures were
more prominent in Pak2° /TAC cardiomyocytes compared to the
corresponding controls. ATP biosynthesis was significantly de-
creased in the Pak2°/TAC group (Figure 6D), in parallel with
the mitochondrial morphological changes.

Differential proteomics analysis demonstrated that the most
enriched subcellular location of these stress related proteins
was within mitochondria (Figure GE; Figure S6, Supporting
Information). The differential protein numbers in mitochon-
dria were 112 (19.28% of total proteins) in Pak2°/TAC com-
pared to Pak2*° mice, and 169 (22.59% of total differential
proteins) in Pak2*°/TAC mice compared to Pak27f/TAC mice
(Figure 6E; Figure S6, Supporting Information). Further anal-
ysis suggested that mitochondria ETC complex I-V were sig-
nificantly decreased in Pak2%°/TAC hearts compared to the
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remaining three groups (Figure GF). Expression and activity
of Complex I (NDUFs) were significantly down-regulated in
Pak2% TAC hearts (Figure 6G-I). Additionally, the deficiency
of Pak2 alone is shown to be insufficient to cause significant
damage.

2.5. NOX4/ROS Mediated Activation of the CaMKII Pathway
Contributes to the Effects of Pak2 on TAC-Induced Cardiac
Electrical Remodeling

The electrophysiological experiments above demonstrated abnor-
mal intracellular Ca** dynamics and their coupling to V,,. This
was further investigated comparing expression of CaMKII and
the NOXs, NOX2 and NOX4, related to oxidative stress path-
ways, between Pak2%°, Pak2%f, Pak2?° /TAC and Pak27f/TAC
hearts. NOXs are major main sources of cardiomyocyte ROS pro-
duction and Pak2 knockout had previously been reported to in-
fluence the NOX4/ROS pathway.'”18] NOX4 was significantly
increased in the Pak2°/TAC hearts, in comparison with ei-
ther Pak2® or Pak27f/TAC hearts (Figure 6],K). NOX2 expres-
sion was similar between the different groups. Expression of ox-
idative and phosphorylated CaMKII (ox-CaMKII and p-CaMKII)
and correspondingly, ROS levels, were increased in Pak2° /TAC
mice compared to Pak2%° and higher in Pak2%/TAC than Pak2ff
(Figure 6],K). Similarly, ROS levels in acutely isoproterenol-
challenged Pak2?° hearts were significantly higher than that
of acutely isoproterenol-challenged Pak27f and of unchallenged
Pak2%*° hearts. Thus, Pak2 knockout aggravated the effects of
isoproterenol challenge on NOX4, CaMKII and ROS production
(Figure 6L-O). Oxygen consumption rate (OCR) was measured
as a parameter of mitochondrial respiration activity based on
the quantification of oxygen consumption. The activity of mito-
chondrial respiration was measured by the sequential addition
of ADP, oligomycin (OA), Carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP) and antimycin A (AA). The maximal
respiration level and spare respiration of OCR were significantly
decreased by TAC treatment relative to sham. Moreover, Pak2
knockout aggravated TAC-induced mitochondrial dysfunction
(Figure 6P,Q).

2.6. Pak2 Overexpression Rescues Isoproterenol and
TAC-Induced Mitochondrial Structural and Functional Damage

Experiments comparing Pak2'8, Pak2?¢/TAC, Pak2¥T and
Pak2¥TTAC demonstrated that Pak2 overexpression reduced
ROS production and ameliorated mitochondrial changes in-
duced by TAC in contrast to findings in Pak2° (Figure 7A,B).
Pak2'¢ /TAC cardiomyocytes showed reduced numbers of dis-
ordered and swollen mitochondria structures compared to

for 5 weeks in WT and Pak2% mice in vivo with isoproterenol and caffeine challenge. E) Heat maps (indicating the spectral intensity difference of Ca?*
alternans) showing frequency-dependent CaT alternans during progressive decrements of pacing cycle length between 100-70 ms. Corresponding CaT
traces are also exhibited from the selected region within the boxes. F) Calculation of CaT alternans ratio for each group (n = 4-7 hearts). Large alternans
ratio (>20%) are counted for evaluation of the severity of CaT alternans. G) Typical AP traces during VT in a Pak2%T mouse heart after TAC for 7 weeks
induced by a progressive pacing; activation map shows the initiation positions of ectopy and reentry overlap with a region harboring the most severe AP
alternans. H) Typical consecutive phase maps during VT, showing the fast reentry rotors meandering on the epicardium without losing the coupling of
AP and CaT, along with the corresponding AP and CaT traces. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Adb. Sci. 2025, 2411987 2411987 (7 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED APV g

SCIENCE NEWS

Open Access,

www.advancedsciencenews.com www.advancedscience.com

A 05s

B == Normal PCT mmCa® oscillation C

=3 pak2” + control

1009 _ 3 Pak2°k© + control
. 80- B3 pak2” +1S0
& Pak2°k° + 1SO
[}
© 60
o
Pak2™ + control  Pak2°%° + control =
5 40
o
S (%]
O 20
' 0 T = T
0 1<n<3 4<n
Pak2™ +150 Pak2°k° + 10 Premature Ca®" transients (n) per cell
D E m Normal PCT M ca* oscillation
0.5s Pak2”+sham Pak2°k° + sham ‘
|| Pl
M - ,.'k,..!\‘ JlL [l*-, JL,.[}\, [L,

Pak2""+ sh Pak2°*° + sh
Pak2 + TAC 5 wks Pak2cko + TAC 5 wks a sham a sham

00

Pak2™ + TAC 5 wks Pak2°%° + TAC 5 wks

F G
405 =3 Pak2” + sham 7 o
1 o
- =1 Pak2°*® + sham @ Pa2”® Pakd
— 80 Pak2”" + TAC 5 wks 0.5 **
s Bl Pak2°k° + TAC 5 wks _ —_
7] » 0.4
g 60 i ~ o
g ] | & 0.3+ b
5 40 | 9 N
] ] 1 2 0.2- % ©0° o® o
o i A | <)
20 o = o
H | A I B o o 21 oo
| ] | 17
0 T o W |-|I M — 2 OOO
0 1<n<3 4<n
0.0 T ,
Premature Ca2” transients (n) per cell sham TAC 5 wks

Figure 4. Pak2 deletion aggravates isoproterenol and TAC-induced disruptions of cardiac intracellular calcium homeostasis. A) Calcium fluorescence
was measured in isolated ventricular myocytes from Pak2f/f and Pak2%® mice after acute isoproterenol treatment. B) The pie diagrams of occurrence
of premature Ca®* transients (PCT) and Ca?* oscillation (CO) from the indicated groups. C) The statistical histogram of severity of Ca®* transient
abnormality from the indicated groups. D) Calcium fluorescence was measured in isolated cardiomyocytes from Pak2f/f and Pak2® mice after sham
or TAC surgery for 5 weeks. E) The pie diagrams of occurrence of PCT and CO from the indicated groups. F) The statistical histogram of severity of
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**p < 0.01, ***p < 0.001.
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Figure 5. Pak2 deletion aggravates TAC-induced cardiac oxidative stress. A) Heat map showing differentially expressed protein with proteomics in
heart tissue from Pak2f/f and Pak2<ko mice with sham or TAC surgery for 5 weeks. B) KEGG enrichment analysis of differentially expressed protein
from Pak2/f and Pak2?® mice at 5 weeks after TAC surgery. C) GO enrichment analysis of proteomics in heart tissue from different treatments. D)
Heat map showing differentially expressed protein with phos-proteome in heart tissue from different treatments. E) KEGG enrichment analysis of
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Pak2*° /TAC cardiomyocytes (Figure 7C). We investigated the
possible underlying involvement of the NOX4/ROS/CaMKII
pathway in these cardioprotective effects of Pak2 overexpres-
sion. Pak2"8/TAC showed lower NOX4, ox- and p/t-CaMKII ex-
pression than Pak2%T/TAC cardiomyocytes (Figure 7D,E). Fi-
nally, acute isoproterenol challenged elicited lower increases in
ROS production and p-CaMKII expression in Pak2¢ than in
Pak2VT hearts, even at doubled isoproterenol concentrations
(Figure 7F—H).

2.7. The Pak2 Activator |B2019A Rescues the Pro-Arrhythmic
Effects of Acute Isoproterenol Challenge and Chronic
TAC-Induced Cardiac Hypertrophy, Reducing Mitochondrial
Structural Damage and ROS Production

To investigate the therapeutic viability of Pak2 as a novel thera-
peutic target for cardiac hypertrophy and arrhythmias, we devel-
oped the small molecule Pak2 activator JB2019A. This demon-
strated a dose-dependent Pak2 activation (Figure 8A). To better
understand the binding pose of JB2019A toward Pak2, we applied
Autodock Vina to dock JB2019A into the predicted Pak2 struc-
ture generated by Alphafold2.' This suggested that JB2019A
binds to a site within the auto-inhibitory domain (AID) of Pak2
(Figure 8A). This suggests that JB2019A induces an allosteric
conformational change in Pak2, stabilizing its active form. West-
ern blotting further confirmed increased phosphorylated Pak2 ex-
pression upon treatment with JB2019A, indicating higher Pak2
activation (P < 0.001, Figure 8B). The increased activation of Pak2
by JB2019A reduced arrhythmia and cardiac remodeling in both
acute adrenergic and chronic TAC stress conditions (Figures 8
and 9). With acute isoproterenol challenge, JB2019A decreased
VT occurrences (55%, 22/40, P < 0.001) in Pak2%t, while having
aminimal effects (to 84.62%, n=11/13, P> 0.05) in Pak2° mice
(Figure 8C-F).

In WT hearts, TAC challenge increased incidences of ventricu-
lar ectopic beats from 14.33 + 2.33 to 167.29 + 13.33 (P < 0.001),
but JB2019A then alleviated this effect with a decreased 50.38
+ 12.89 (P < 0.001) incidence. JB2019A also ameliorated TAC-
induced cardiac hypertrophy (Figure 8G-I): TAC for 5 weeks
increased cardiomyocyte cross-sectional areas and HW/BW ra-
tios; JB2019A inhibited this effect. In contrast, JB2019A alone in
the absence of TAC challenge did not affect the cardiomyocyte
cross sectional areas and HW/BW ratios. Echocardiographic anal-
ysis revealed that JB2019A rescued TAC-induced cardiac dys-
function (Figure 8],K). JB2019A treatment also reduced oxida-
tive stress, decreasing ROS levels and mitochondrial structural
changes (Figure 9A—C). It inhibited TAC induced increments
in ox-CaMKII (Figure 9D,E); such an inhibition of the CaMKII
pathway might protect against oxidative stress, including mito-
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chondrial damage, providing a potential anti-arrhythmic target
(Figure 9A-E).

Finally, we examined Pak2 and NOX4 expression in human
cardiac tissue (Figure 9F,G). Pak2 was reduced and NOX4 in-
creased in atrial appendage tissue from cardiopulmonary bypass
patients with atrial fibrillation compared to patients with sinus

rhythm.

3. Discussion

Malignant ventricular arrhythmias associated with structural
and electrical myocardial remodeling in response to myocar-
dial stress, importantly contribute to incidences of cardiovas-
cular death.?] They constitute a significant public health chal-
lenge, yet relatively little is understood of the underlying dis-
ease pathophysiology.>* Previous human and animal evidence
had implicated an associated mitochondrial dysfunction in such
arrhythmogenesis.>®! In particular, associated ATP deficiencies
and increased production of reactive oxygen species (ROS) have
been implicated in a pro-arrhythmic cellular and ionic channel
malfunction.[®”]

Of p2l-activated kinases, previous studies implicated
Pakl1/Akt/eNOS signaling in a protection of cardiomyocytes
against ischemic cell injury.[?”] The less extensively studied Pak2
is mostly localized near endoplasmic reticulum (ER) and mito-
chondria. Recent reports had implicated cardiac-specific Pak2
deletion in defective ER stress responses, cardiac dysfunction,
and cardiomyocyte death with tunicamycin-induced ER stress
or pressure overload. Contrastingly, Pak2 activation produced
by genetic overexpression or viral gene delivery cardioprotected
against such effects.'>'%] The present studies go on to investigate
Pak2 as a similarly promising therapeutic target for ameliorating
ventricular tachyarrhythmia.l®’] It traces such actions to alter-
ations in ion channel function, intracellular Ca?* homeostasis
at the cellular, indices of cardiac contractile function at the
whole heart,>] and mitochondrial and energetic signaling at the
organelle and molecular levels for the first time.

Our study provides several lines of evidence implicating Pak2
as an anti-oxidative stress kinase acting on ventricular electro-
physiology and Ca?* handling. Cardiac Pak2 deficiency in mice
increased ventricular arrhythmic susceptibility and disrupted cel-
lular Ca?* handling under acute isoproterenol induced adrener-
gic stress or TAC-induced chronic pressure overload. Pak2%° and
Pak27f mice exhibited similar baseline conduction of cardiac elec-
trical activity. However, both the acute and chronically stressed
Pak2%*° mice showed increased incidences of ventricular tach-
yarrhythmias (Figures 1 and 2; Figure S2 and Table S3, Support-
ing Information). The latter was prevented by both Pak2 overex-
pression and Pak2 activation by the small molecule Pak2 activator
JB2019A (Figures 3 and 8). These findings implicate Pak2 as a po-
tential therapeutic target for preventing ventricular arrhythmia.

phos-proteomics in heart tissue from different treatments. F) GO enrichment analysis of phos-proteomics. G) Venn graph showing the significantly
different proteins and phosphoprotein for Pak2k®/TAC versus Pak2f/f/TAC, and Pak2%®/TAC versus Pak2?®/sham respectively. H) Comparing the
correlation between the proteomic and phosphoproteomic changes for TMT and PP proteomics results of each sample between Pak2<k®/TAC and
Pak2f/f/TAC. 1) the relevant proteins enriched in the oxidative phosphorylation and tricarboxylic acid cycle pathways were analyzed for correlation between
the phosphoproteomics and proteomics. K,M) The WGCNA method used to identify protein modules associated with sample phenotypes for proteomic
(K) and phosphoproteomic arrays (M). J,L) The turquoise module, which is most associated with the sample phenotype, was subjected to KEGG and
GO pathway enrichment analysis for proteomic (J) and phosphoproteomic arrays (L).
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Figure 6. Pak2 deletion aggravates cardiac dysfunction by impairing mitochondrial function. A) Representative fluorescence images shows ROS levels of
Pak2ff and Pak2° mice at 5 weeks after sham or TAC surgery. Scale bar 100 um. B) Quantification of panel A. C) Representative transmission electron
microscopy images of Pak2/f and Pak2¢® mice at 5 weeks after sham or TAC surgery. Scale bar 1 um. D) ATP content in Pak2//f and Pak2%® mice at 5
weeks after sham or TAC surgery. E) Pie diagrams showing the subcellular location of differentially expressed protein in Pak2//f and Pak2<k® mice at 5

Adb. Sci. 2025, 2411987 2411987 (11 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Possible causal mechanisms underlying the increased arrhyth-
mic susceptibility in Pak2 deficiency were further studied by
high-resolution optical mapping of Ca?* transients (CaT) and
membrane potentials (V,,) in intact perfused hearts, and con-
focal microscopy line scan optical imaging and electrophysio-
logical studies in isolated cardiomyocytes. Studies using both
acutely and chronically challenged Pak2?° hearts demonstrated
(Figure 2; Figure S2, Supporting Information) disturbed Ca’*
handling, including increased CaT alternans and systolic Ca?*
leaks, and abnormal AP waveforms. These disturbances likely
contribute to the formation of re-entry and onset of arrhythmias.
Thus, Pak2 could play a vital role in maintaining the integrity of
the cardiac electrical conduction system and Ca?" homeostasis
under both acute and chronic hypertrophic stress conditions.

Consistent with its homologies with Pakl, Pak2 also ap-
peared to reduce oxidative stress. Previous reports had de-
scribed Pak1-mediated attenuation of NCX-dependent Ca?* over-
load that prevented triggered arrhythmic activity by suppress-
ing NOX2-dependent ROS production.?!l Our investigations
here implicated Pak2 in maintaining mitochondrial function.
Both isoproterenol and TAC challenged Pak2*° hearts showed
increased ROS production. In parallel with this, hypertrophic
Pak2%° /TAC hearts exhibited a more pronounced downreg-
ulation of mitochondrial respiratory chain complex I-V pro-
teins and their phosphorylation levels compared to Pak2/f/TAC
hearts. These changes were accompanied by mitochondrial struc-
tural damage and reduced ATP production (Figures 5 and 6).
In contrast, both Pak2 overexpression and JB2019A adminis-
tration ameliorated the TAC-induced mitochondrial structural
changes and inhibited the rise in ROS levels following both
acute isoproterenol and chronic TAC challenge (Figure 7-9).
These findings implicate Pak2 kinase activation as a poten-
tial novel therapeutic target for cardiac hypertrophy and its
arrhythmias.

Proteomics and phosphoproteomic studies showed that Pak2
deficiency associated Pak2°/TAC hearts with increases, particu-
larly in mitochondrial related, proteins. KEGG and GO enrich-
ment analysis implicated oxidative phosphorylation pathways:
Pak2%° [TAC hearts particularly showed decreased expression of
ETC complexes, increased ROS release, inhibited complex I and
ATP production, and abnormal mitochondrial structure.

In parallel with the increased ROS levels, Pak2°/TAC hearts
showed increased NOX4 but not NOX2 levels, compatible with
their increased ROS production. Similarly, cardiac tissue from
AF patients (Figure 9), showed a Pak2 downregulation and NOX4
upregulation implicating these changes in human atrial fibrilla-
tion. Similarity, both isoproterenol and TAC challenged Pak2*°
hearts showed increased oxidative and phosphorylated CaMKII
levels reflecting CaMKII activation. These changes were allevi-
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ated in Pak2“® mediated Pak2 overexpression or with Pak2 acti-
vation with the agonist JB2019A in WT.

Such findings suggest that Pak2 could act on targets involv-
ing established effects of increased ROS whether direct, or indi-
rectly through oxidizing or directly enhancing CaMKII signaling.
These may phosphorylate and activate Ca?*-homeostatic proteins
such as cardiac ryanodine receptors or cardiac SERCA,[??! or be
involved in ion channel remodeling. The resulting dysregulation
of calcium handling and ion channel function could ultimately
lead to development of cardiac arrhythmias.[?22*] Here, Pak2 ac-
tivation would appears to counteract the detrimental effects of
oxidative stress on CaMKII signaling, restoring normal calcium
homeostasis and ion channel function. In recent modernized
classifications of antiarrhythmic drugs such a potential novel
therapeutic target would then add to available upstream Class VII
modulators of longer-term myocardial remodeling, complement-
ing its classes 0-VI of short acting antiarrhythmic drugs directed
at specific ion channels.[?*]

4. Conclusion

In summary, our findings identify Pak2 as a novel regulator of
ROS-induced CaMKII activation and abnormal Ca?* dynamics
in stressed hearts. CaMKII activation is likely driven by NOX4-
mediated mitochondrial oxidative stress, particularly excessive
ROS production within the mitochondria. Thus, Pak2’s regula-
tion of ROS production and Ca?* homeostasis may represent a
therapeutic target for alleviating cardiac ventricular arrhythmias
associated with adrenergic stress and pathological hypertrophy.

5. Experimental Section

All animal experiments were performed on mice in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and approved by
the Animal Care and Use Committee of the Southwest Medical Univer-
sity, Sichuan (China) (No: 20160930) conforming with national guidelines
under which the institution operates.

Animal Breeding:  All mice including mutant and wild-type (WT) litter-
mates used in this study were maintained in a specific pathogen-free (SPF)
animal center at constant temperature (25-27 °C) and humidity (45%—
50%), on a 12 h/ 12 h light/dark cycle at the Southwest Medical Univer-
sity, Peoples Republic of China. Mice had free access to sterilized drinking
water and food pellets.

Generation of Pak2f and Pak2?© Mouse Models:  The Pak2//f mice were
homozygous Pak2 flox mice with two LoxP sites flanking exon 2 of Pak2
constructed using the CRISPR/Cas9 technique by the Shanghai Biomodel
Organism Science & Technology Development Co., Ltd. (Shanghai, China)
(See the Data supplement and Figure S1, Supporting Information for de-
tails). Cardiomyocyte-specific Pak2 knockout mice (Pak2%°) were gen-
erated from the Pak2/f mice mated with mice expressing cyclization

weeks after TAC surgery in the comparison between the Pak2¢® /TAC and Pak2//f/TAC groups. F) Heat map showing differentially expressed mitochondrial
respiratory electron transport chain protein in Pak2f and Pak2k® mice at 5 weeks after sham or TAC surgery. G) Representative immunoblotting images
showing NDUFB6, NDUFS8, NDUFA8 protein from indicated groups. H) Quantification of G (n = 4 mice for each group). 1) Statistical graph of relative
activity of mitochondrial complex I. ]) Representative immunoblotting images showing NOX4, NOX2, ox-CaMKIl, p-CaMKII and t-CaMKII protein from
indicated groups. K) Quantification of | (n = 4 mice for each group). L) Representative fluorescence images shows ROS levels of Pak2//f and Pak2ck
mice after 30 min isoproterenol treatment. Scale bar 100 pm. M) Quantification of L. N,O) Representative immunoblotting images and statistical graph
showing the effect of acute isoproterenol on p-CaMKIl in Pak2//f and Pak2%© mice (n = 4 mice for each group). P,Q) OCRs were analyzed by seahorse
extracellular flux analyses involving sequential injection of ADP, oligomycin (OA), trifluorocarbonyl cyanide phenylhydrazone (FCCP), and antimycin A
(AA). *p < 0.05, **p < 0.01, *¥*%p < 0.001, **%p < 0.0001.
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Figure 7. Cardiac-specific Pak2 overexpression attenuates TAC or isoproterenol-induced cardiac oxidative stress and abnormalities in mitochondrial
structure. A,B) Representative fluorescence images (A) and statistical graph (B) shows ROS levels of Pak2%T and Pak2<'® mice at 7 weeks after sham or
TAC surgery. Scale bar 100 um. C) Representative transmission electron microscopy images of Pak2%T and Pak28 mice at 7 weeks after sham or TAC
surgery. Scale bar 1 um. D) Representative immunoblotting images showing NOX4, ox-CaMKII, p-CaMKII and t-CaMKII protein in Pak2¥T and Pak2<t
mice at 7 weeks after sham or TAC surgery. E) Quantification of D (n = 4 mice for each group). F,G) Representative fluorescence images (F) and statistical
graph (G) shows ROS levels of Pak2¥T and Pak2'¢ mice at 7 weeks after sham or TAC surgery. Scale bar 100 um. H) Representative immunoblotting
images and statistical analysis showing p- CaMKII and t- CaM KII protein in Pak2WT and Pak2<'® mice after sham or acute isoproterenol treatment (n = 4
mice for each group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 8. Pak2 activator JB2019A attenuates TAC-induced cardiac hypertrophy and susceptibility to ventricular arrhythmia. WT mice were subjected to
sham or TAC surgery for 5 weeks. DMSO or JB2019A (80 mg kg™'/d, i.p.) was injected for 4 weeks from 1 weeks after sham or TAC surgery. A) Chemical
structure of Pak2 activator JB2019A. Docking model of Alphafold2 predicted Pak2 structure and its activator JB2019A. Key residues involved in JB2019A
binding are labeled. Hydrogen bonds and distances are highlighted in yellow; B) Representative immunoblotting images showing p-Pak2 protein level
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recombination enzyme (Cre) under the a-myosin heavy chain (a-MHC)
promoter. The genotypes for the Pak2f and Pak2?® mice were verified
using PCR (Figure S1, Supporting Information). The primers are shown in
Table S1 (Supporting Information). The efficiency of the Pak2 knockouts
was confirmed by Western blotting (Figure S1, Supporting Information).

Generation of Pak2”8 Mouse Models: The Rosa26“AS15Pak2 mice were
heterozygous conditional Pak2 overexpression mice in which CAG-LSL-
Pak2-WPRE-polyA was inserted at the site of Gt (ROSA) 26S or (ENS-
MUSG00000086429) (Rosa 26) using the CRISPR/Cas9 technique by the
Shanghai Biomodel Organism Science & Technology Development Co.,
Ltd. (Shanghai, China) (See Data supplement and Figure S1, Support-
ing Information for details). Cardiomyocyte-specific Pak2 over-expression
mice (Pak2'8) were generated from the Rosa26°ACSL-Pak2 mice mated
with mice expressing cyclization recombination enzyme coupled with
ERT (Cre-ERT) under a a-myosin heavy chain (Myh6) promoter. The
Rosa26CACLSLPak2 mice were used as Pak2¥T controls. Genotypes for the
Pak2°'8 mice were verified using PCR (Figure S1, Supporting Information).
The primers were shown in Table S1 (Supporting Information). The effi-
ciency of Pak2 overexpression was also confirmed using Western blotting
(Figure S1, Supporting Information).

Experimental Groups: Studies involving acute isoproterenol induced
adrenergic stress compared results from test and control mice both not
subject to any surgical procedures. Those involving chronic TAC-induced
hypertrophic (for 5 weeks or 7 weeks in studies of Pak2*® and Pak28 re-
spectively) stress utilized mice subject to respective TAC and sham proce-
dures. Of experimental groups, the experiments compared Pak2?® with
Pak2f/f genotypes, apart from the comparisons of Pak2<& with Pak2¥T
(Rosa26CACGLSLPak2) hearts. Studies testing the effects of JB2019A, used
Pak2° and Pak2/" mice both not subject to any surgical procedures in
testing the effects of acute isoproterenol induced adrenergic stress. WT
mice were used to test the effect of JB2019A on chronic TAC induced hy-
pertrophic stress.

Surface ECG Recording in Intact Animals:  Experiments on intact mice
were performed under 1%-2% isoflurane anesthesia using a gas anes-
thesia machine (RWD Life Science, Shenzhen City, Guangdong Province,
China). In vivo surface ECG monitoring to assess for ventricular tachy-
cardia with regular waveforms (VT), or arrhythmia with irregular fibrillat-
ing waveforms (VF) used multichannel recording (MP150, BIOPAC Sys-
tems Inc, USA). Cardiac stimulation used electrodes directly placed on the
cardiac surface through a thoracotomy connected to a stimulator (SEN-
7203, Nihon Kohden, Japan). A burst pacing protocol applied series of 50
(for Pak2%® mice) or 100 (for Pak2t8 mice) stimuli with successive cycle
lengths (CLs) of 90, 70, 50, and 30 ms, before and following an intraperi-
toneal (i.p.)_isoproterenol (10 mg kg™") injection to increase arrhythmic
susceptibility. Additionally, animals in the TAC group were exposed to iso-
proterenol (2 mg kg™', i.p.) and caffeine (160 mg kg™’, i.p.) to test for
induced ventricular arrhythmia in an absence of applied stimulation as
previously described.[?%]

Optical Mapping in Intact Hearts:  Electrophysiological function in in-
tact isolated hearts was assessed using the optical mapping system
equipped with an EMCCD camera as previously described.[?¢] Briefly, each
mouse was anesthetized with 2%-5% isoflurane using the gas anesthesia
machine. 10 min following an intraperitoneal heparin (3.5 U g~") injec-
tion, the heart from the adult mouse was quickly removed. The isolated,
spontaneously beating, heart was placed in physiological Tyrode solution
(in mM) (128 NaCl, 20 NaHCO;, 1.18 NaH,PO,, 1.05 MgCl,, 4.7 KCl, 11

www.advancedscience.com

glucose, 1.35 CaCl,, pH adjusted to 7.4 with NaOH) equilibrated with 95%
O, and 5% CO,. The aorta was cannulated and Langendorff-perfused at
a constant 68-74 mmHg pressure at a 1-2 ml min~! flow rate at 37 °C.
The heart was subsequently slowly perfused over 10 min with Tyrode so-
lution containing 0.4 uM RH237 (Santa Cruz Biotechnology, USA). The
Ca?* dye Rhod-2 AM (Thermo Fisher Scientific, UK) was administered as
a 50 ul bolus (stock solution: T mg ml~" in DMSO) over a 5 min period
and recirculated for 45 min in the presence of 0.5 mM probenecid. Af-
ter dye loading, the spontaneously beating hearts were moved to a spe-
cial chamber for optical mapping under an upright microscope equipped
with a high-speed EMCCD camera (Evolve 512, Photometrics, Tucson, AZ,
United States). The excitation light was provided by a four light emitting
diode MacroLED lamps with 525 nm (Cairn Research, UK) for excitation of
RH237 and 530 nm LEDs for excitation of Ca?*-sensitive dye Rhod-2. Data
was acquired at 1000 frames s~'. Recorded image files were uploaded into
ElectroMap optical mapping analysis open source software.[?627] To ex-
plore for ventricular arrhythmic tendency the burst pacing procedure was
applied at the apexes of the Langendroff-perfused hearts using pulse cycle
lengths (PCL) from 100 to 20 ms.

Echocardiographic Analysis in Intact Hearts:  Mice were terminally anes-
thetized with 2%-5% isoflurane using the gas anesthesia machine.
Transthoracic M-mode echocardiographic recordings used the Vevo3100
micro-ultrasound imaging system (Fujifilm VisualSonics Inc., Canada) fol-
lowing manufacturer’s instructions. Three measurements taken at end-
systole (s) and end-diastole (d) were averaged to calculate correspond-
ing values of intraventricular septal thickness. Ejection fraction (EF) and
fractional shortening (FS) were also obtained from the recorded measure-
ments.

Hematoxylin and Eosin (H & E) Staining: Hearts removed from mice
terminally anesthetized with 2%-5% isoflurane using the gas anesthesia
machine were transferred to 4% polyformaldehyde for fixation. Cardiac
slice and haematoxylin and eosin (H & E) staining were performed fol-
lowing our previous protocol.[?8] Images were acquired using a BX63 au-
tomated microscope (Olympus, Japan) to scan the entire film under the
%20 objective lens automatically. Mean cross-sectional areas were calcu-
lated through ~200 randomly selected cardiomyocytes measured using
Image | software.

Transmission Electron Microscopy: Transmission electron microscopy
(TEM) was performed to determine the subcellular structure of heart tis-
sue following the different challenges (TAC or isoproterenol) used in this
study as described previously.[?8] Briefly, cardiac tissue from the differ-
ent experimental groups were fixed with 3% glutaraldehyde in phosphate
buffer, then post-fixed with 1% osmate, and dehydrated with gradient ace-
tone. Tissues were infiltrated by a solution of epoxy resin and acetone em-
bedded in epoxy resin. Ultra-thin sections (50 nm) were cut and mounted
on copper grids, stained with uranyl acetate and lead citrate in the dark at
room temperature. Ultrastructural images were obtained under transmis-
sion electron microscopy (JEM-1400PLUS, Japan) at 80 kV.

Western Blotting: 20 ug total protein for each lane was separated us-
ing 5% stacking gel and 10% separation gel, and transferred to a PVDF
membrane (Millipore, USA). The membrane was incubated in TBST con-
taining 5% non-fat milk for 2 h at room temperature to block non-specific
binding and was incubated with the primary antibody (1:1, 000) overnight
at 4 °C. The antibodies used in this study were listed in Table S2 (Sup-
porting Information). The membrane was incubated with the horseradish
peroxidase (HRP) conjugated goat anti-rabbit or mouse 1gG (BBI, China)

from WT mice with DMSO or JB2019A treatment (n = 4 mice for each group). C) Representative in vivo cardiac electrophysiological studies of Pak2f/f
and Pak2%° mice with different frequencies of burst stimulation. D) Representative in vivo electrophysiological recordings from WT mice at 5 weeks
after sham or TAC surgery. Cardiac arrhythmia was induced with isoproterenol (2 mg kg™") and caffeine (160 mg kg™"). Arrows indicate the ventricular
ectopic beats (EB). Scale bar: 1's or 0.2 s. E) statistical graph showing the VT occurrence of C. F) Statistical graph of ventricular ectopic beats in the
four groups of mice injected with isoproterenol and caffeine. G) Representative anatomic images and cardiac longitudinal morphology of WT heart at 5
weeks after sham or TAC surgery with DMSO or |B2019A treatment. Scale bar, 5 mm (Upper panel). Scale bar, 2.5 mm (Lower panel). H) WGA staining
of heart tissue from indicated groups. Scale bar, 50 um. I) HW/BW (mg/g) ratio and cell cross-sectional area of WT heart at 5 weeks after sham or TAC
surgery with DMSO or JB2019A treatment (n = 4-7 mice). J) Echocardiographic analysis of WT heart at 5 weeks after sham or TAC surgery with DMSO
or |B2019A treatment. K) Quantification of echocardiography parameters in | (n = 3-7 mice). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 9. Pak2 activator |B2019A attenuates TAC-induced cardiac oxidative stress and abnormalities in mitochondrial structure. A) Representative fluo-
rescence images shows ROS levels of WT mice 5 weeks after sham or TAC surgery with DMSO or JB2019A treatments. Scale bar 100 um. B) Quantification
of A. C) Representative transmission electron microscopy images of WT mice at 5 weeks sham or TAC surgery with DMSO or JB2019A treatments. Scale
bar 1 um. D,E) Representative immunoblotting images and statistical graph showing ox-CaMKII and t-CaMKII protein expressed 5 weeks after sham
or TAC surgery with DMSO or JB2019A treatments (n = 4 mice for each group). F) Representative immunoblotting images showing Pak2 and NOX4
protein levels in the myocardium of control patients and patients with atrial fibrillation. G) Quantification of F. *p < 0.05, **p < 0.01, ***p < 0.001,

ventricle was then cut into small pieces which were filtered when the heart

secondary antibody (1:3000) for 1 h at room temperature. The membrane
became flaccid. The cell suspension was then pelleted and centrifuged

was incubated in chemiluminescent HRP Substrate (Millipore, USA) at

room temperature for 30 s, then imaged with the Universal Hood Il Sys-
tem (Bio-Rad, USA).

Isolation of Adult Cardiomyocytes and Line Scanning Laser Confocal Mi-
croscopy:  Adult ventricular cardiomyocytes were isolated from a Langen-
dorff perfused preparation. 10 min following an intraperitoneal heparin
(3.5U g7 ") injection, the heart from the adult mouse was quickly removed.
Its aorta was retrograde perfused with Ca?*-free Tyrode solution compris-
ing (in mM): NacCl 135, KCl 5.4, MgCl, 1, NaH,PO, 0.33, HEPES 10 and
glucose 10 (pH to 7.3-7.4 adjusted with NaOH). The heart was then per-
fused with Ca%*-free Tyrode solution containing 132.6 U ml~" collagenase
type Il (Worthington Biochemical, Lakewood, NJ, USA) for ~15 min. The

Adv. Sci. 2025, 2411987 2411987 (16 of 18)

at 500 rpm for 30 s. The cells were then resuspended in different solu-
tions depending on their intended use. Cells used for Ca?* imaging were
re-calcified with a Ca?*-containing Tyrode’s solution gradient, with a final
Ca?* concentration of 1.8 mM. The fresh isolated single cardiomyocytes
were then loaded with Fluo-4 AM (Invitrogen, Cat. No: F14217) for intra-
cellular Ca?* staining prior to line scan using confocal microscopy (Zeiss
980, Germany). Cells used for patch clamp were stored in KB solution for
later use.

Patch Clamp Recording: Freshly isolated adult ventricular cardiomy-
ocytes from mice in the different treatment groups were used for patch
clamp electrode action potential recording using a EPC10 amplifier and
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PatchMaster software (Heka Elektronik, Lambrecht, Germany) as in the
previous study. Current clamp mode was used to record the action po-
tential in a whole-cell configuration. Short current pulses (800-1000 pA,
5-10 ms) with a frequency of 1 Hz was delivered to the cell to induce ac-
tion potentials. The pipette solution consisted of (in mM): K aspartate
100, KCl 40, MgCl, 1.0, HEPES 5.0, K,-ATP 3.0, pH 7.2 with KOH. The
bath solution consisted of (in mM): NaCl 135, KCl 5.4, CaCl, 1.8, MgCl,
1.0, NaH,PO, 0.33, HEPES 10, glucose 10, pH 7.3-7.4 with NaOH. The
AP duration (APD) at 80% repolarization (APDgg) was determined.

ROS Measurement:  Superoxide-sensitive dye dihydroethidium (DHE)
(Cat. No: #HY-D0079, MedChemExpress, USA) was used for ROS mea-
surement. Mouse cardiac tissues were embedded in Tissue-Tek OCT
(Thermo Fisher, USA). Cross-sections (10 um) of cardiac tissues were in-
cubated with DHE (10 uM in 0.01% DMSO) at 37 °C for 30 min in a humid-
ified dark chamber. Red DHE fluorescence was detected with an Olympus
IX83 microscope (Olympus, Japan) at room temperature.

ATP Level and Electron Transport Chain (ETC) Complex | Activity Measure-
ment:  The cardiac tissue was extracted and cleaned with PBS: 10 times
the volume of PBS was added, the tissue was then broken up by homoge-
nization 20 times and ultrasonication for 30 s, then centrifuged at 5000 g
at 4 °C for 3 min. The supernatant was taken for measurement of mito-
chondrial electron transport chain (ETC) complex | activity using the ETC
transport chain Complex | assay kit (#A089-1-1, Nanjing Jiancheng Bio-
engineering Institute (Nanjing, China) following the manufacturer’s pro-
tocol. ATP levels were measured by the ATP Determination kit (Invitrogen,
#2262562) following the manufacturer’s protocol.

Proteomics and Phosphoproteomics Array: Cardiac samples in each
group were acquired and rapidly treated with liquid nitrogen and then kept
at —80 °C. Each group included four individual cardiac samples. About
100 mg of cardiac tissue for each sample was extracted for protein prepa-
ration for proteomics and phosphoproteomics array constructed in Novo-
gene Co. Ltd. (Beijing, China). TMT labelling of peptides, separation of
fractions, peptide/protein identification and quantification, transition li-
brary construction, and the functional analysis of protein and differentially
expressed proteins (DEP) for proteomics and phosphoproteomics were
conducted according to the standard experimental and analysis protocol.

Preparation for Ligand and Binding Modeling:  Open Babell?°] was used
for the ligand preparation of JB2019A to create a PDBQT file that could be
recognized by the docking software. The Pak2 protein structure was down-
loaded from the Alphafold2!'®! protein structure database (AOA851KSL5
(AOA851KSL5_VIDCH)). Flexible loops with a very low per-residue confi-
dence score were removed using UCSF ChimeraX[3%] to avoid the block of
active sites by these loops in the docking process. The putative binding of
JB2019A to Pak2 was examined using Autodock Vinal®'l which is an open-
source program for molecular docking. Docking models were visualized
and generated using UCSF ChimeraX.[30]

Clinical Samples: The human atrial appendage tissues were provided
by the Affiliated Hospital of Southwest Medical University, China after ap-
proval by the local ethics committee of the Affiliated Hospital of Southwest
Medical University, China (No: KY2023363). The study conformed to the
principles of the Declaration of Helsinki. Human atrial appendage tissue
samples were acquired from patients either in sinus rhythm or in atrial
fibrillation undergoing cardiopulmonary bypass. The total protein of atrial
appendage tissues was extracted and used to investigate the expression
of Pak2 and other protein molecules.

O, Consumption Rates of Mitochondria from Cardiac Tissue: Mitochon-
dria from cardiac tissue were isolated according to kit instructions (Bey-
otime C3606). The O, consumption rates (OCR) of isolated intact mito-
chondria were measured with a Seahorse XFe24 analyzer (Agilent Tech-
nologies, Santa Clara, CA). Freshly isolated cardiac mitochondria were
transferred to a XFe24 microplate, and the microplate filled with Mito-
chondrial Assay Solution (MAS, in mM): 220 mannitol, 70 sucrose, 10
MgCl,, 2 HEPES, 1 EGTA, 10 KH,PO, and BSA 0.02% (w/v) at pH 7.2
to a final volume of 500 pl containing succinate (10 pM; Sigma). The OCR
was measured in response to sequential injection of ADP (4 mM,; Sigma),
oligomycin (OA, 2.5 ug ml~'; MCE), trifluorocarbonyl cyanide phenylhy-
drazone (FCCP, 4 uM; MCE), and antimycin A (4 uM; Sigma), at 37 °C.
The respiratory rates are reported as oxygen flux per mass, and all read-
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ings were normalized to ug of mitochondrial protein (pmol O,/min/ug
protein).

Statistical Analysis:  Continuous data were presented as means + SEM
and analyzed by two-way analysis of variance (ANOVA), assessing for inde-
pendent and interacting effects of the multiple factors on each measured
variate. The least significant difference (LSD) test was then used to evalu-
ate significant differences for further multiple group comparisons. In com-
parisons of two groups, differences were evaluated using unpaired Stu-
dent’s t-test. The chi-squared (y2) test was applied to analyze incidences
of arrhythmias. Statistical analysis was carried out using Graphpad Prism
9.0 (Dotmatics) software. A P-value of < 0.05 was considered statistically
significant.
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Supporting Information is available from the Wiley Online Library or from
the author.
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