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HIGHLIGHTS

� JCAD is a membrane-associated protein,

mainly expressed by endothelial cells,

mediating the endothelial response to

acute hypoxia in the brain through the

PI3K/Akt pathway.

� JCAD activation results in inhibition of

cell survival and expression of

proinflammatory membrane receptor,

thus aggravating the ischemia/

reperfusion brain damage.

� JCAD knock-down by small interfering

RNA reduces brain damage in a mouse

model of acute brain ischemia.

� Circulating JCAD can be detected in

plasma of patients with acute ischemic

stroke, and its values predict the 90-day

risk of death.
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ABBR EV I A T I ON S

AND ACRONYMS

AIS = acute ischemic stroke

BBB = blood-brain barrier

CRP = C-reactive protein

HBMVEC = human brain

microvascular endothelial cell

H/R = hypoxia/reoxygenation

IgG = immunoglobulin G

I/R = ischemia/reperfusion

JCAD = junctional protein

associated with coronary artery

disease

NIHSS = National Institute of

Health Stroke Scale

PI3K = phosphoinositide-3-

kinase

siRNA = small interfering RNA

TEER = transendothelial

electric resistance

tMCAO = transient middle

cerebral artery occlusion

VCAM = vascular cell adhesion

molecule

VE-cadherin = vascular

endothelial-cadherin
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The role of junctional protein associated with coronary artery disease (JCAD) in acute ischemic stroke (AIS) has

not been investigated yet. To investigate its potential as a therapeutic target, transient middle cerebral artery

occlusion was induced in JCAD knockout mice, with improvement of stroke outcome and reduced blood-brain

barrier permeability and expression of vascular cell adhesion molecule (VCAM)-1. JCAD plays a deleterious role

in ischemia/reperfusion cerebral damage and associates with higher 90-day mortality in patients with AIS. JCAD

may thus represent a novel prognostic biomarker for patients with AIS, as well as a therapeutic target.

(JACC Basic Transl Sci. 2025;10:187–199) © 2025 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
A cute ischemic stroke (AIS) is one of
the leading causes of death and
disability in industrialized coun-

tries.1 The cornerstone of AIS treatment is
early reperfusion, by either systemic throm-
bolysis or mechanical thrombectomy.2 How-
ever, not all patients qualify for these
treatments, and only 30% to 35% of patients
undergoing systemic thrombolysis subse-
quently have a good neurological outcome.3

Therefore, despite the increasing availability
of early reperfusion techniques, novel phar-
macological treatments to improve the neurological
outcome of patients with AIS remain an unmet clin-
ical need.

Junctional protein associated with coronary artery
disease (JCAD), also known as uncharacterized
protein KIAA1462, is a recently discovered protein
associated with tight junctions.4 Genetic variants of
this protein were associated with an increased risk of
cardiovascular diseases in different genome-wide
association studies and preclinical investigations.5-7

JCAD colocalizes with cadherin 5, also known as
vascular endothelial (VE)-cadherin, in intercellular
junctions and is mainly expressed by endothelial cells
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in microvessels and arteries, where it regulates cell
survival, angiogenesis, and inflammation.8-10 Mech-
anistically, JCAD was shown to promote vascular
inflammation by inhibiting the phosphorylation of
the large tumor suppressor kinase 2, in response to
shear stress.8,9 Furthermore, JCAD promotes neo-
angiogenesis in tumoral tissue through the activa-
tion of the mitogen-activated protein kinase kinase
(MAPKK) extracellular-signal regulated kinase
(ERK).10 Recently, our research group demonstrated
that JCAD promotes the endothelial expression of
coagulation factor III, and subsequent arterial
thrombosis, through the phosphoinositide-3-kinase
(PI3K)/Akt pathway.11

In line with this recent evidence, JCAD holds
promise as a potential therapeutic target for the
treatment and prevention of cardiovascular dis-
eases,12 including AIS. In this paper, the potential
therapeutic role of JCAD in AIS was investigated in a
murine model of brain ischemia/reperfusion (I/R)
damage. The underlying molecular mechanisms were
then confirmed in human brain microvascular endo-
thelial cells (HBMVECs), and finally, the translational
relevance of JCAD in AIS was explored in human pa-
tients suffering from AIS.
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METHODS

A detailed description of the methods is provided in
the Supplemental Appendix.

ANIMALS. All experiments were conducted in accor-
dance with the Swiss federal guidelines for the use of
animals in research and were approved by the
Cantonal Veterinary Office of Zurich in Switzerland
(license ZH101/20). Male and female mice on a C57BL/
6 background were employed. Genetically modified
mice were generously donated by Prof Zheng Gen Jin,
University of Rochester School of Medicine
and Dentistry.5

Two lines of genetically modified mice were used:
global JCAD knockout (Jcad�/�) and endothelial-
specific knockout (eJCAD�/�). Controls for Jcad�/�

mice were wild-type littermates (Jcadþ/þ)
(Supplemental Figures 1A and 1B), whereas control
mice for eJCAD�/� mice were Jcad “floxed” mice
(Jcadfl/fl) (Supplemental Figures 1C and 1D). All ex-
perimenters were blinded to the genotype of the an-
imals until the results were unmasked.

TRANSIENT MIDDLE CEREBRAL ARTERY OCCLUSION.

Acute brain I/R injury was induced by performing
transient middle cerebral artery occlusion (tMCAO),
as previously described.13,14 To assess the neurolog-
ical status, mice were scored according to the Beder-
son scale before the surgery and 2, 24, and 48 hours
after tMCAO.15 Motor coordination was measured by
the Rota Rod test, as previously described.13,16 Stroke
size was assessed postmortem by 2,3,5-
triphenyltetrazolium chloride (TTC) (Sigma-Aldrich)
staining, as previously described.16,17

CELLS. In vitro experiments were conducted on pri-
mary HBMVECs (Cell Systems).

IN VIVO AND IN VITRO JCAD SILENCING. In vivo
and in vitro silencing of JCAD was achieved by the
administration of a small interfering RNA (siRNA)
(Supplemental Figures 1E and 1F). The mouse-
specific JCAD siRNA and the scramble RNA control
for in vivo silencing were purchased from Santa
Cruz Biotechnology (sc-146454). The human-specific
JCAD siRNA and the scramble control for in vitro
silencing were purchased from Dharmacon (siGE-
NOME Human JCAD siRNA-SMARTpool). JetPEI
(Polyplus) and Lipofectamine RNAiMAX (Invitrogen,
Thermo Fisher Scientific) were used as transfection
reagents for in vivo and in vitro silencing,
respectively.

IN VIVO AND IN VITRO PI3K/AKT INHIBITION. The
PI3K/Akt inhibitor wortmannin (Enzo Life Sciences)
was used to confirm the role of this molecular
pathway as downstream effector of JCAD, as previ-
ously described.11

IN VITRO HYPOXIA/REOXYGENATION. Hypoxia/
reoxygenation (H/R) injury was induced in HBMVECs
as follows: cells seeded in 6-well plates (200,000
cells/plate) were incubated in a glove incubation
chamber (Invivo2 400, Baker Ruskinn) under hypoxic
conditions at 37 �C (0.2% O2, 5% CO2). Cells were kept
under hypoxic conditions for 4 hours, then oxygen
supply was restored for 4 hours.

TRANSENDOTHELIAL ELECTRIC RESISTANCE

MEASUREMENT. Transendothelial electric resistance
(TEER) measures the resistance of a cell monolayer as
an indicator of its physical and functional integrity.18

TEER was measured using the Z Theta system
(Applied Biophysics). Cells were exposed to H/R
injury or normoxia, as described in the previous sec-
tion, “In Vitro Hypoxia/Reoxygenation.” Reoxygena-
tion time was prolonged to 44 hours, for a total
experiment duration of 48 hours.

IMMUNOFLUORESCENCE STAINING ON FREE-FLOATING

BRAIN SECTIONS. Immunofluorescence staining of
immunoglobulin G (IgG), JCAD, and vascular cell
adhesion molecule 1 (VCAM1) was performed on brain
sections as previously described.19

CELL DEATH ASSESSMENT. Cell death was measured
as lactate dehydrogenase (LDH) concentration in the
supernatant of HBMVECs, using a commercial kit
(Cytotoxicity Detection Kit, Roche).

WESTERN BLOT. After measuring total protein con-
centration in cell lysates, protein expression was
assessed by Western blot analysis.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN

REACTION. Total RNA was isolated from HBMVECs
and the expression of JCAD messenger RNA was
measured by real-time polymerase chain reaction.

PATIENTS WITH AIS. In vivo and in vitro findings
were validated in 2 independent cohorts of patients
with AIS. Their study design and inclusion/exclusion
criteria for have been previously described.13,20-22

Both cohort studies were approved by respective
institutional ethics committees (Ethics Committee of
the “San Raffaele” Scientific Institute, Milan, Italy,
prot. STROKEMARKERS01 and Ethics Committee of
the University Hospital Basel, Basel, CH, prot.
EKBB#157/06) and were conducted in compliance
with the 1964 Declaration of Helsinki and its later
amendments. All participants provided written
informed consent.

Circulating levels of JCAD were measured by
enzyme-linked immunosorbent assay (MBS9317264,
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FIGURE 1 Role of JCAD Expression in a Murine Model of Acute Brain Ischemia/Reperfusion by Transient Middle Cerebral Artery Occlusion

Effect of total JCAD knockout (ko) (Jcad�/�) on ischemic volume (A and B), motor coordination, assessed by RotaRod test (C), and neurological status, assessed by

Bederson scale score (D) Wild-type (Jcadþ/þ) littermates were used as control mice; n ¼ 7 Jcad�/� mice; n ¼ 6 Jcadþ/þ mice. Effect of endothelial-specific JCAD

knockout (eJcad�/�) on ischemic volume (E and F), motor coordination (G), and neurological status (H). Jcad “floxed” (Jcadfl/fl) littermates were used as control mice;

n ¼ 9 eJcad�/� mice; n ¼ 7 Jcadfl/fl mice. Effect of postischemic JCAD silencing by small interfering RNA (siJCAD) on ischemic volume (I and J), motor coordination (K),

and neurological status (L). RNA scramble (siSCR)-treated littermates were used as control mice; n ¼ 7 siJCAD mice; n ¼ 7 siSCR mice. Data are presented as mean �
SEM. Student’s t-test (A, E, I) and 2-way repeated measures analysis of variance with Sidak’s correction for multiple comparisons (C, D, G,H, K, and L); *P < 0.05;

**P < 0.01; and ***P < 0.001.
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MyBioSource), as previously reported.11 Both inter-
and intra-assay coefficients of variation were <15%.

STATISTICAL ANALYSIS. The statistical analysis was
conducted using the SPSS software package, version
29 (IBM), GraphPad Prism 8 (GraphPad Software), and
R 4.1.2 (R Foundation for Statistical Computing).
Statistical methods were previously described.23,24

A detailed description is provided in the
Supplemental Appendix.

RESULTS

ENDOTHELIAL JCAD WORSENS BRAIN ISCHEMIC

DAMAGE IN A MURINE MODEL OF AIS. The effects of
acute brain ischemia and early reperfusion were
modeled in vivo by tMCAO in mice. Jcad�/� mice had
a smaller ischemic lesion volume compared with their
littermate control mice (Figures 1A and 1B), with a
comparable perilesional edema (Supplemental
Figure 2A) 48 hours after tMCAO. Consistently,
Jcad�/� mice had a better neurological status, as
shown by the lower Bederson score, without signifi-
cant differences in motor coordination, as explored
by the RotaRod test (Figures 1C and 1D, Supplemental
Figure 2B). Since JCAD is mainly expressed in endo-
thelial cells,8-10 the tMCAO experiment was repeated
in eJcad�/� mice to confirm the endothelial-specific
effect of JCAD following brain I/R injury. In detail,
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FIGURE 2 Effect of H/R Injury in Human Brain Microvascular Endothelial Cells After JCAD Silencing

Cells were exposed to normoxia (A, C, and E) or hypoxia/reoxygenation (H/R) injury (B, D, and F). Cell death rate, assessed as lactic dehydrogenase (LDH) release in

silenced (siJCAD) and unsilenced (siSCR) cells (A and B). Endothelial monolayer integrity, assessed as trans-endothelial electric resistance, in silenced and unsilenced

cells (C and D, and E and F). Data are presented as mean � SEM. n ¼ 6, Student’s t-test (A, B, E, and F) and 2-way repeated measures analysis of variance with Sidak’s

correction for multiple comparisons (C and D); *P < 0.05; **P < 0.01; and ***P < 0.001. AUC ¼ area under the curve; other abbreviations as in Figure 1.
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the reduced ischemic volume in eJcad�/� mice, as
compared with control mice, was confirmed
(Figures 1E and 1F) with a significant difference in
perilesional edema (Supplemental Figure 2C). In line
with this, eJcad�/� mice also displayed a better
neurological performance without significant differ-
ences in motor coordination (Figures 1G and 1H,
Supplemental Figure 2D). Ultimately, the role of JCAD
as a potential pharmacological target was tested by
intravenously administering a siRNA against JCAD
upon reperfusion. Postischemic JCAD silencing yiel-
ded comparable results to genetic deletion of JCAD,
namely a significant reduction of ischemic volume
(Figures 1I and 1J), without a significant difference in
perilesional edema (Supplemental Figure 2E). Inter-
estingly, postischemic silencing of JCAD translated
into better motor coordination (Figure 1K) without a
significant difference in neurological status
(Figure 1L, Supplemental Figure 2F).

The aforementioned experiments were all per-
formed in male mice, to reduce the variability due to
sex differences. To confirm the detrimental role of
JCAD in brain ischemia in females, tMCAO experi-
ment was conducted in female Jcad�/� mice, report-
ing comparable results in terms of ischemic lesion
volume (Supplemental Figures 3A and 3B), perile-
sional edema (Supplemental Figure 3C), motor coor-
dination (Supplemental Figure 3D), and neurological
status (Supplemental Figures 3E and 3F). Altogether,
targeting JCAD in male and female mice reduces
stroke-related disability and lesion volume.

JCAD PROMOTES CELL DEATH AND ENDOTHELIAL

PERMEABILITY AFTER H/R INJURY. Cellular and
molecular mechanisms mediated by JCAD in endo-
thelial cells after an ischemic injury were explored in
HBMVECs undergoing a H/R injury consisting of 4-
hour hypoxia and then 48-hour reoxygenation. The
expression of JCAD was inhibited by siRNA for 6
hours, with an 88% reduction of gene transcription
(Supplemental Figure 4A) and protein expression
(Supplemental Figure 4B) 24 hours after the silencing.
JCAD silencing was not associated with an increased
cell death (Supplemental Figure 4C).
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FIGURE 3 Molecular Effects of JCAD Silencing in Human Brain Microvascular Endothelial Cells Exposed to Nx or H/R Injury

Protein expression was assessed by Western Blot. Vascular endothelial cadherin (VE-cadherin) (A), occludin (B), claudin 5 (C), vascular cell adhesion molecule (VCAM)-1

(D), and intercellular adhesion molecule (ICAM)-1 (E). Data are presented as mean � SEM. n ¼ 6, 1-way analysis of variance with Tukey’s correction for multiple

comparisons; *P < 0.05; **P < 0.01; and ***P < 0.001. Nx ¼ normoxia; other abbreviations as in Figures 1 and 2.
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Compared with control cells, JCAD silenced cells
had a lower death rate after H/R injury. This differ-
ence was not observed in stable normal O2 conditions,
suggesting a promoting role for JCAD in H/R-induced
endothelial damage (Figures 2A and 2B). Next, the
endothelial barrier function was assessed as TEER,
showing a preserved monolayer integrity after 48
hours in JCAD-silenced cells, both in H/R and in
normal O2 (Figures 2C and 2D). However, when the
endothelial resistance was measured throughout
the entire observation time (area under the curve),
the difference reached statistical significance only in
cells undergoing H/R injury (Figures 2E and 2F). In
summary, this finding suggests that JCAD silencing
confers resistance to H/R injury in HBMVECs.

JCAD PROMOTES ENDOTHELIAL DAMAGE BY

INHIBITING THE PI3/AKT PATHWAY. Mechanisti-
cally, the deleterious effects of JCAD on the vascular
endothelium could be either the effect of: 1) a passive
leakage of the endothelial monolayer, due to a disrup-
tion of the tight junctions; or 2) actively increased
permeability, mediated by the inflammation. These



FIGURE 4 Role of Endothelial JCAD Expression in the Pathophysiology of Acute Brain Ischemia

Acute brain ischemia has been reproduced in mice with endothelial-specific JCAD deletion (eJcad�/�) by transient middle cerebral artery

occlusion. Effect of endothelial JCAD deletion on blood-brain barrier integrity, assessed by extravascular IgG immunostaining (A and B) after

transient middle cerebral artery occlusion. Effect of endothelial JCAD deletion on endothelial inflammation, assessed by immunostaining for

the vascular endothelial cell adhesion molecule (VCAM)-1 and the endothelial marker CD31 (C and D). Jcad “floxed” (Jcadfl/fl) littermates were

used as control mice. Data are presented as mean � SEM. Student’s t-test, n ¼ 8 eJcad�/� mice; n ¼ 7 Jcadfl/fl mice. *P < 0.05; **P < 0.01;

and ***P < 0.001. ko ¼ knockout.
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hypotheses were tested in vitro, and no significant
difference in the expression of tight junction proteins
(VE-cadherin, occludin, and claudin 5) was observed
after H/R injury or in normal O2 conditions
(Figures 3A to 3C). Conversely, a reduced expression
of VCAM1 was observed after H/R injury in JCAD-
silenced cells compared with control cells
(Figure 3D). No significant difference in intercellular
adhesion molecule 1 (ICAM1) expression was
observed between silenced and scramble transfected
cells (Figure 3E). The blood-brain barrier (BBB)
permeability was explored by immunofluorescence in
eJcad�/� mice and control littermates, after tMCAO. A
smaller area of IgG extravasation was observed in
eJcad�/� mice (Figures 4A and 4B). Based on the
above-reported observations in HBMVECs, the effect
on BBB permeability was attributed to a reduced
expression of pro-inflammatory molecules, as
confirmed by a reduced VCAM1 expression in the
ischemic penumbra of eJcad�/� animals (Figures 4C
and 4D).
Potential molecular mechanisms underlying these
observations were investigated with a targeted
approach, based on the existing literature.10,11 Akt
phosphorylation was increased in JCAD silenced cells,
after both H/R and normoxia (Figure 5A), whereas no
difference was observed in the p38 and ERK phos-
phorylation (Figures 5B and 5C). The evidence
collected so far suggests that JCAD promotes cell
death and inflammation upon H/R injury through the
inhibition of the PI3K/Akt pathway.

To confirm this hypothesis, we wanted to test
whether the inhibition of the PI3K/Akt pathway by
wortmannin could abolish the protective effect of
JCAD knock-down in H/R injury. In HBMVECs, the
expression of JCAD was silenced by siRNA, as
described in the preceding text. Cells were then
treated with the PI3K/Akt inhibitor before undergoing
H/R injury, as described in the preceding text. When
measuring endothelial integrity by TEER, PI3K/Akt
inhibition restored the unsilenced phenotype after
both H/R and normoxia (Figures 5D to 5G). To confirm



FIGURE 5 Role of the PI3K/Akt Signaling in Mediating the Physiological Effect of JCAD in Acute Brain Ischemia

Continued on the next page
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the in vivo relevance of this mechanism, wortmannin
was administered to eJcad�/� mice before tMCAO. In
line with results obtained in vitro, wortmannin
partially restored the native wild-type phenotype in
terms of ischemic volume (Figures 5H and 5I).

CIRCULATING LEVELS OF JCAD PREDICT 90-DAY

MORTALITY IN PATIENTS WITH AIS. To confirm the
translational relevance of JCAD in the pathophysi-
ology of AIS, circulating JCAD was measured in 2 co-
horts of patients presenting AIS.

The first cohort (n ¼ 23) was compared with a
control population (n ¼ 18) without acute neurolog-
ical symptoms, matched for age, sex, and cardiovas-
cular risk factors. The demographic, clinical, and
biochemical features of patients and control subjects
were previously reported.22 Whereas subjects in the
control group had circulating JCAD levels below the
limit of detection, patients with AIS displayed
persistent elevated levels of circulating JCAD 6 and 24
hours after the onset of symptoms (Figure 6A).

Demographic, clinical, and biochemical features of
the second cohort of patients are reported in Table 1.
The 90-day overall mortality in this cohort was 11.9%
(30 events). A strong independent association was
observed between 90-day mortality and circulating
JCAD, measured within 48 hours from the onset of
neurological symptoms (Figure 6B). Patients with
higher values of circulating JCAD also had a higher
risk of death during the follow-up (Figure 6C). The
association between circulating JCAD was indepen-
dent of established risk factors, namely age, clinical
severity at the admission (measured as National
Institute of Health Stroke Scale [NIHSS]), concomitant
presence of heart diseases, and C-reactive protein
(CRP) levels (Supplemental Table 1). Interestingly,
circulating JCAD and CRP were significantly corre-
lated (Table 2), and in a linear regression model
including NIHSS, the concomitant presence of heart
disease, heart rate, high-density lipoprotein choles-
terol, and white blood cells count, JCAD was an in-
dependent predictor of circulating CRP, in line with
in vivo and in vitro findings (Figure 6D, Supplemental
Table 2). Because CRP is a well-established biomarker
FIGURE 5 Continued

Human brain microvascular endothelial cells were exposed to Nx or H/R

ERK (B), and p38 (C) in siJCAD and siSCR human brain microvascular end

transendothelial electric resistance, in unsilenced cells, silenced cells, an

of variance (D and F) and Student’s t-test (E and G). Acute brain ischem

(eJcad�/�), and eJcad�/� mice treated with wortmannin by transient midd

of variance with Tukey’s correction for multiple comparisons (A to C, E, G

comparisons (D and F); n ¼ 8 eJcad�/� þ wortmannin mice; n ¼ 7 eJcad�

Figures 1 to 3.
of systemic inflammation and cardiovascular risk,25

the observed association between JCAD and mortal-
ity after AIS could be mediated by systemic inflam-
mation. This hypothesis was confirmed by a
mediation analysis (Supplemental Figure 5). Alto-
gether in AIS patients, JCAD is increased after stroke
and increased JCAD levels are associated with mor-
tality risk after stroke.

DISCUSSION

The herein-described results show that JCAD plays a
detrimental role in acute brain I/R injury in mice.
This effect is mediated by endothelial JCAD as
confirmed by the experiments in the eJcad�/� mice.
This finding is in line with previous studies report-
ing that JCAD is mainly expressed in vascular
endothelial cells.7,26 Importantly, postischemic
silencing of JCAD resulted in a significant reduction
of ischemic brain volume, comparable to the genetic
deletion of the protein. This suggests that JCAD has
an active role during acute brain ischemia and the
subsequent reperfusion phase. More importantly,
the deleterious effect of JCAD can be pharmacolog-
ically blocked during reperfusion, making it a po-
tential therapeutic target to restrain reperfusion
injury on top of thrombolysis or mechanical
thrombectomy.

Mechanistically, the activation of JCAD upon I/R
damage leads to increased permeability of the BBB, as
a consequence of vascular inflammation, as suggested
by the reduced expression of VCAM1 in eJcad�/� mice.
This result is in line with previous evidence from
transcriptomic analysis in human coronary artery
endothelial cells.5

In vitro results show that JCAD impairs endothelial
monolayer integrity after H/R injury, inducing
cellular death and inflammation through the PI3K/Akt
pathway. More in details, H/R injury activates JCAD,
leading to Akt dephosphorylation. Because dephos-
phorylated Akt cannot translocate into the nucleus,
its transcriptional activity is blocked. The PI3K/Akt
pathway plays a paramount role in cell proliferation
and survival by inhibiting apoptosis and promoting
injury. Protein expression was assessed by Western blot analysis. Phosphorylation of Akt (A),

othelial cells; n ¼ 6, 1-way analysis of variance. Endothelial monolayer integrity, assessed as

d silenced cells treated with the PI3K/Akt inhibitor wortmannin (D to G); n ¼ 6, 2-way analysis

ia has been reproduced in Jcad “floxed” (Jcadfl/fl), endothelial-specific JCAD knockout mice

le cerebral artery occlusion (H and I). Data are presented as mean � SEM. One-way analysis

, and H) and 2-way repeated measures analysis of variance with Sidak’s correction for multiple
/� þ vehicle; n ¼ 7 Jcadfl/fl mice. *P < 0.05; **P < 0.01; and ***P < 0.001. Abbreviations as in

https://doi.org/10.1016/j.jacbts.2024.09.009
https://doi.org/10.1016/j.jacbts.2024.09.009
https://doi.org/10.1016/j.jacbts.2024.09.009
https://doi.org/10.1016/j.jacbts.2024.09.009


FIGURE 6 Circulating Levels of JCAD in Patients With Acute Ischemic Stroke

Circulating levels of JCAD assessed in control subjects (n ¼ 18) and in patients with acute ischemic stroke (n ¼ 23) 6 and 24 hours after the

onset of symptoms. Data are presented as median, maximum, minimum, and Q1-Q3. Kruskal-Wallis test with Dunn’s correction was used for

multiple comparisons; *P < 0.05; **P < 0.01; and ***P < 0.001 (A). Nonlinear relationship between circulating JCAD levels and 90-day

mortality. The dashed horizontal line indicates no effect with median JCAD values serving as reference. For visual clarity, the dose-response

curve has been truncated at the 90th percentile of the JCAD distribution. The model has been adjusted for age, National Institutes of Health

Stroke Scale (NIHSS) at admission, CRP, and history of heart disease. Covariates are all dichotomized (B). Kaplan-Meier curve depicting the

survival of patients with high vs low circulating levels of JCAD (C). Linear relationship between JCAD and CRP. Linear regression was adjusted

for NIHSS (dichotomized), history of heart disease, and heart rate (D).
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the cell cycle progression.27 Accordingly, inhibition
of this pathway produces an imbalance between
proapoptotic and antiapoptotic signals, resulting in
a net prevalence of cell death. The role of Akt in
inflammation is controversial, as it is proin-
flammatory in immune cells, such as lymphocytes
and macrophages, where it induces proliferation
and differentiation towards proinflammatory phe-
notypes.28,29 Conversely, the activation of the PI3K/
Akt system has shown anti-inflammatory effects in
the central nervous system.30

The herein presented results suggest that JCAD is
activated in response to the H/R injury in brain
endothelial cells. In turn, JCAD inhibits the PI3K/Akt
signaling causing inflammation and programmed cell
death, eventually leading to the increased perme-
ability of the BBB and the progression of the H/R
damage. The role of JCAD as a regulator of the PI3K/
Akt pathway was previously demonstrated in the
context of shear-stress mediated atherosclerosis and
arterial thrombosis.8,11 In the current setting of
brain I/R injury, the causal role of the PI3K/Akt
pathway was confirmed by the retrieval of the
unsilenced phenotype in JCAD silenced cells, as
well as in eJcad�/� mice treated with the PI3K/Akt
inhibitor wortmannin.

The exact molecular mechanism by which JCAD
interacts with the PI3K/Akt pathway still needs to be



TABLE 2 Demographic, Clinical, and Biochemical Features

Associated With Circulating JCAD

r P Value

Age 0.072 0.24

Sex 0.031 0.61

Medical history

Smoker 0.009 0.88

Hypertension 0.083 0.18

Diabetes mellitus �0.061 0.32

Hypercholesterolemia �0.057 0.35

Heart disease 0.133 0.029

Peripheral artery disease 0.023 0.71

Clinical features

NIHSS, >5 vs #5 0.136 0.025

Heart rate 0.209 0.001

Systolic blood pressure �0.025 0.70

Diastolic blood pressure �0.026 0.69

Biochemical features

White blood cells 0.199 0.001

Fasting blood glucose 0.118 0.065

Creatinine �0.034 0.58

Total cholesterol �0.114 0.075

HDL-cholesterol �0.133 0.037

LDL-cholesterol �0.101 0.12

C-reactive protein 0.223 <0.001

Significant Spearman correlations are highlighted in bold.

Abbreviations as in Table 1.

TABLE 1 Demographic, Clinical, and Biochemical Features of the Population at Hospital

Admission With Acute Ischemic Stroke According to Mortality Status

Total
(N ¼ 282)

90-Day Death

P Value
No

(n ¼ 252)
Yes

(n ¼ 30)

Male 110 (39.0) 96 (38.1) 14 (46.7) 0.43

Age, y 75 (63-82) 74 (61-81) 83 (78-87) <0.001

Age quartiles, y

18-61 75 (23.7) 74 (98.7) 1 (0.3) <0.001

62-75 76 (24.1) 72 (94.7) 4 (5.3)

76-81 76 (24.1) 66 (86.8) 10 (13.2)

$82 89 (28.2) 69 (77.5) 20 (22.5)

Medical history

Smoker 97 (34.4) 89 (34.9) 9 (30.0) 0.69

Hypertension 212 (75.2) 189 (75.0) 23 (76.7) 0.99

Diabetes mellitus 53 (18.8) 47 (18.7) 6 (20.0) 0.81

Hypercholesterolemia 71 (25.2) 61 (24.2) 10 (33.3) 0.27

Heart disease 122 (43.3) 100 (39.7) 22 (73.3) <0.001

Peripheral artery disease 21 (7.4) 19 (7.5) 2 (6.7) 0.99

Clinical features

NIHSS 5 (3-10) 4 (2-8) 15 (8-25) <0.001

Biochemical features

Fasting blood glucose, mmol/L 6.1 (5.5-7.5) 6.0 (5.4-7.4) 6.2 (6.0-7.7) 0.34

Creatinine, mmol/L 75.0 (62.5-88.5) 75.0 (62.0-88.0) 80.5 (63.5-93.8) 0.18

Total cholesterol, mmol/L 4.4 (3.7-5.1) 4.4 (3.8-5.2) 4.1 (3.3-4.8) 0.14

HDL-cholesterol, mmol/L 1.3 (1.1-1.6) 1.3 (1.1-1.6) 1.3 (1.0-1.7) 0.97

LDL-cholesterol, mmol/L 2.4 (1.8-3.0) 2.4 (1.8-3.1) 2.0 (1.6-2.9) 0.30

C-reactive protein, mg/dL 3.2 (3.0-8.7) 3.1 (3.0-8.6) 13.1 (3.8-37.5) <0.001

Values are n (%) or median (Q1-Q3). Significant differences are highlighted in bold.

HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein; NIHSS ¼ National Institute of Health Stroke
Scale.
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elucidated. To the best of current knowledge, no
phosphatase activity has been demonstrated for
JCAD; however, we previously showed that JCAD
colocalizes with Akt,11 suggesting that JCAD may
prevent the phosphorylation of Akt via competitive or
noncompetitive occupation of the phosphorylation
site.

Similarly, the mechanism linking hypoxia to JCAD
activity still needs to be further elucidated. Since no
hypoxia-responsive element has been reported in the
JCAD promoter, a transcriptional effect seems un-
likely. To date, JCAD is described as an adaptor pro-
tein between the tight junctions and the
cytoskeleton.4,10 Indeed, in its N-terminal region,
JCAD presents a homology site with the adaptor
proteins Rho-associated protein kinases, which con-
fers affinity to the junctional protein VE-cadherin.7,9

Hence, the loss of interaction between the tight
junctions and the cytoskeleton could be the event
triggering the activation of JCAD. In other words, in
healthy endothelial cells, JCAD is bound to VE-
cadherin and the cytoskeleton. However, following
cellular injury disrupting the cytoskeleton integrity or
cell-to-cell adhesion, JCAD is released in the cytosol,
where it promotes Akt dephosphorylation. Finally,
the relationship between hypoxia and the PI3K/Akt
pathway is quite complex. Briefly, the PI3K/Akt
signaling promotes the expression of the hypoxia
inducible factors, the proteins orchestrating the
cellular response to hypoxia.31 Therefore, the activa-
tion of this pathway has paramount importance in
response to the H/R injury. Nevertheless, the induc-
tion of the PI3K/Akt in response to hypoxia has been
observed only in some cell types.32 In light of this
previous evidence, JCAD may represent an endoge-
nous modulator of the response to hypoxia in endo-
thelial cells.

Finally, the current findings in cells and mice could
be confirmed in human subjects with AIS. Circulating
JCAD was increased following acute brain ischemia,
in line with previous observations in patients with
myocardial infarction.11 Furthermore, circulating
JCAD is a predictor of mortality in patients with AIS,
as high levels of JCAD were associated with a reduced
90-day survival beyond established risk factors (ie,
age, clinical severity, concomitant heart disease, and
systemic inflammation). The clinical data also
confirmed the strong association of JCAD with
neurological impairment, as assessed by the NIHSS,
as well as systemic inflammation, as reflected by CRP
and white blood cell count. In particular, CRP is a
well-established prognostic factor in AIS,33 and the
mediation analysis confirmed the association be-
tween JCAD and systemic inflammation. According to



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: JCAD

is a membrane-associated protein, mainly expressed

by endothelial cells, mediating the endothelial

response to acute hypoxia in the brain through the

PI3K/Akt pathway. JCAD activation results in inhibi-

tion of cell survival and expression of proinflamma-

tory membrane receptor, thus aggravating the

ischemia/reperfusion brain damage.

TRANSLATIONAL OUTLOOK: The recent intro-

duction of siRNA technology for therapeutic uses

makes JCAD a suitable pharmacological target to

improve the outcome of patients with AIS, holding

promise as a future add-on therapy on top of early

brain reperfusion. Circulating JCAD may also repre-

sent a potential novel prognostic biomarker in AIS, for

which no established prognostic biomarker has been

so far implemented in clinical practice.
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this evidence, JCAD may also have a role in clinical
practice as prognostic factor, to improve risk stratifi-
cation, or as a therapeutic target, to improve the
prognosis of patients with AIS.

STUDY LIMITATIONS. Any future application of JCAD
as a disease biomarker or even as a therapeutic target
would need appropriate validation in larger cohorts
and dedicated clinical trials. Furthermore, the
mechanistic explanations herein provided may be
cautiously considered, because the exact biological
function of JCAD still needs to be further elucidated.
In particular, JCAD seems to have pleiotropic effects
on multiple intracellular signaling pathways; hence,
the observed effect on brain ischemia could be
mediated by unaddressed mechanisms, beyond the
described PI3K/Akt pathway. This is consistent with
the finding of a partial phenotype rescue by the
administration of wortmannin in vivo.

CONCLUSIONS

The present study shows for the first time to our
knowledge that JCAD is actively involved in the
endothelial response to hypoxia during acute brain
ischemia, where it worsens the I/R damage by
inducing cell death and inflammation. Human data
confirm that circulating JCAD is a predictor of mor-
tality in patients with AIS.
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