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Serine Protease Inhibitor A3N Expression Increases in the Brain, Liver, and
Blood After Cerebral Ischemia in Mice
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Objective: There is increasing research interest on the impact of ischemic stroke on organs beyond the cen-
tral nervous system, and it is now widely recognized that cerebral ischemia induces multiple alterations in
peripheral systems. Therefore, it is necessary to elucidate the systemic consequences of cerebral ischemia. Ser-
ine protease inhibitor a3 (SERPINA3), a secretory immune-related molecule produced primarily in the liver
and brain under normal conditions, is upregulated in response to inflammation. Here, we examined Serpina3n
gene expression in the brain and liver and evaluated plasma SERPINA3N protein concentrations following cer-
ebral ischemia using a mouse model. Methods: We examined changes in SERPINA3N levels in the brain, liver,
and blood over time using a mouse model of focal cerebral ischemia induced by middle cerebral artery (MCA)
occlusion for 4 h followed by reperfusion. Brain, liver, and blood samples were collected on days 1, 3, and 7 after
MCA occlusion (MCAOo). Serpina3n gene expression levels in the brain and liver were measured by quantitative
real-time polymerase chain reaction (qPCR), and plasma SERPINA3N levels were measured by enzyme-linked
immunosorbent assay (ELISA). Results: Serpina3n gene expression levels in the brain and liver were increased
on day 1 after MCAo. Plasma SERPINA3N protein levels were increased and peaked on day 1 after MCAo.
Conclusion: A mouse model of cerebral ischemia showed increased Serpina3n gene expression in the liver and
SERPINA3N protein level in plasma. This is the first study of the effects of plasma SERPINA3N protein levels
using a mouse model of cerebral ischemia.
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INTRODUCTION

Research on cerebral ischemia has focused primarily on
postischemic events within the brain, including excitotoxici-
ty, inflammation, oxidative stress, and disruption of the blood—
brain barrier (BBB), ultimately leading to cell death.D There is
increasing interest in the impact of ischemic stroke on organs
beyond the central nervous system, and it is now widely rec-
ognized that cerebral ischemia induces multiple alterations
in peripheral systems.? Cerebral ischemia also causes severe
injury to peripheral organs, which in turn exacerbates brain
damage and influences clinical outcomes.? Therefore, it is
essential to elucidate the systemic consequences induced by
cerebral ischemia.

In humans, SERPINA3 encodes the secretory immune-
related molecule anti-protease al-antichymotrypsin, which

is produced primarily in the liver and brain under homeo-
static conditions and is upregulated in response to systemic
inflammation.*% Serpina3n, the murine homologue, is known
to be upregulated in the brain following ischemic stroke,
where it attenuates brain injury by inhibiting neuroinflamma-
tion.® Therefore, inflammatory responses triggered by cer-
ebral ischemia may also alter the dynamics of SERPINA3N
levels in the liver. However, the temporal profile of Serpina3n
expression in the liver after cerebral ischemia has not been
elucidated. Here, we investigated the time course of Serpina3n
gene expression in the brain and liver using a mouse model of
cerebral ischemia.

In addition, plasma SERPINA3 levels have been report-
ed to be increased after the onset of ischemic stroke in human
patients.” Moreover, increased circulating SERPINA3 levels
have been associated with unfavorable outcomes in patients
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with intracerebral hemorrhage.® Therefore, elucidation of the
dynamics of circulating SERPINA3 after cerebral ischemia
may be helpful for predicting unfavorable outcomes. To our
knowledge, this is the first study to investigate the temporal
dynamics of SERPINA3N protein levels in the circulation fol-
lowing cerebral ischemia using a mouse model.

We first examined Serpina3n gene expression in the brain
and liver and subsequently evaluated plasma SERPINA3N
protein concentrations following cerebral ischemia.

METHODS

Animals Male ddY mice (6-8 weeks old, body weight
27-38 g; Japan SLC Inc., Shizuoka, Japan) were maintained
under a 12-h light/dark cycle (lights on from 7 am to 7 pm) in
an air-conditioned room (23°C + 2°C) with free access to food
(CE-2; Clea Japan, Tokyo, Japan) and water. All procedures
regarding animal care and use were performed in compliance
with the regulations established by the Experimental Animal
Care and Use Committee of Fukuoka University. At the end of
the experiment, whole blood was collected from mice under
anesthesia with 4.0% isoflurane (ViATRIS, Tokyo, Japan), fol-
lowed by harvesting of the brain and liver.

Focal Cerebral Ischemia A focal cerebral ischemia mod-
el was established in male ddY mice according to the meth-
od described previously.!? Briefly, the mice were anesthe-
tized with 4.0% isoflurane using NARCOBIT-E instrument
(Natsume Seisakusho Co., Tokyo, Japan) and maintained with
1.5% isoflurane in 70% N,O and 30% O,. After making a mid-
line neck incision, the left common and external carotid arter-
ies were separated and ligated. An 8-0 nylon monofilament
(Echilon; Johnson & Johnson, Tokyo, Japan) coated with sil-
icone resin (Provil novo; Heraeus, Tokyo, Japan) was intro-
duced through a small incision in the common carotid artery
and advanced to a position 9 mm distal from the carotid bifur-
cation for occlusion of the middle cerebral artery (MCA). Rec-
tal temperature was maintained between 36.5°C and 37.5°C.
The mice were reanesthetized at 4 h after occlusion and rep-
erfusion was established by withdrawal of the filament. MCA
occlusion (MCAo0) was confirmed by examining forelimb flex-
ion after awakening from anesthesia, and these animals were
referred to as 4-hour MCA occlusion (4AhMCAo0) model mice.

Evaluation of Brain Damage At 1 day after MCAo, the
brain was removed and cut coronally into 4 slices 2 mm thick
using a mouse brain matrix. Each slice was stained with 2%
2,3,5-triphenyltetrazolium chloride (TTC; Sigma, St. Louis,
MO) and cerebral infarct volume was measured using NIH
Image, version 1.63 (National Institutes of Health, Bethesda,
MD).

Serpina3n mRNA Expression The levels of Serpi-
na3n mRNA expression were measured by quantitative real-
time polymerase chain reaction (qPCR). The brain and liver
were collected on days 1, 3, and 7 after MCAo. Total RNA
was extracted using TRI Reagent (Molecular Research Center
Inc., Cincinnati, OH) and purified using an RNeasy Mini kit
(Qiagen, Hilden, Germany). cDNA was synthesized from 1
ng of total RNA using ReverTra ACE qPCR RT Master Mix
(Toyobo Co., Ltd., Tokyo, Japan). Primers were designed with
reference to previous studies'-'? with the following sequenc-
es: Serpina3n, 5'-tggctatcttggctataaagggg-3' (sense), S'-attt-
gtcccaatgtctgegaa-3' (antisense); glyceraldehyde 3-phosphate
dehydrogenase (Gapdh), 5'-aacccatcaccatcttccag-3' (sense),
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5'-acatactcagcaccagcatcac-3' (antisense). qPCR was performed
using THUNDERBIRD SYBR qPCR Mix (Toyobo, Tokyo,
Japan) and a LightCycler 96 Instrument (Roche Ltd., Basel,
Switzerland). The relative gene expression was calculated
using the AACt method. Target gene expression was normal-
ized relative to Gapdh as an internal control in each sample.

Plasma SERPINA3N Assay Blood samples were col-
lected at 6 h, 1, 3, and 7 days after MCAo. The mice were
anesthetized with isoflurane, and blood samples (0.5-0.9
mL) were collected from the inferior vena cava. Plasma was
obtained after centrifugation at 5000 rpm for 10 min at 4°C.
Plasma SERPINA3N levels were measured by enzyme-linked
immunosorbent assay (ELISA) (Ray Biotech, Georgia, USA)
according to the manufacturer’s instructions.

Statistical Analysis Data are presented as the
mean + standard error of the mean (SEM). The extent of
infarct size was compared between the sham surgery and
4hMCAo groups using Student’s 7 test. Other data were evalu-
ated by one-way analysis of variance (ANOVA) with the Tuk-
ey-Kramer test. In all analyses, P < 0.05 was taken to indicate
statistical significance.

RESULTS

Infarct Volume After Cerebral Ischemia The infarct vol-
ume was significantly greater in 4hMCAo mice on day 1 after
MCAo compared to sham operation controls (#(12) =—13.41,
P <0.001, Student’s ¢ test) (Fig. 1).

Temporal Dynamics of Serpina3n Expression in the
Brain and Liver After Cerebral Ischemia There were sig-
nificant differences in Serpina3n gene expression levels in
the brain (F(3, 28) = 14.45, P < 0.01-0.001) (Fig. 2A) and
liver (F(3, 28) = 24.14, P < 0.01-0.001) (Fig. 2B) between
4hMCAo mice and sham operation controls. Serpina3n gene
expression levels in the brain of 4hMCAo mice were signif-
icantly increased on days 1 (P < 0.01), 3 (P <0.001), and 7
(P <0.001) after MCAo compared to sham operation con-
trols, with the maximum expression level on day 3. On the
other hand, Serpina3n gene expression levels in the liver of
4hMCAo0 mice were significantly increased on days 1 (P <
0.001) and 3 (P <0.001) after MCAo compared to sham oper-
ation controls, with the maximum expression level on day 1.
In the 4hMCAo group, Serpina3n expression level in the liver
was significantly decreased on day 7 compared to days 1 and
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Fig. 1. Infarct Volume in 4-Hour MCA Occlusion Mice

Quantitative analysis of infarct volume in 4-hour MCA occlusion (4hMCAo0) and
sham operation control groups (n =7 per group). ***P < 0.001 versus sham. All values
are shown as the mean + SEM.
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Fig. 2. Serpina3n Gene Expression Levels in the Brain and Liver Were Increased After MCAo

(A) Serpina3n gene expression levels in the brain of sham operation control and 4hMCAo groups (n = 8 per group). **P < 0.01,***P < (0.001 versus sham. All values are shown
as the mean + SEM. (B) Serpina3n gene expression levels in the liver of 4hMCAo and sham operation control groups (n = 8 per group). ***P < 0.001 versus sham. T{P < 0.001

versus day 1. All values are shown as the mean + SEM.

3 after MCAo (both P < 0.001). By day 7 after MCAo, Serpi-
na3n gene expression levels in the liver in 4hMCAo mice had
returned to levels comparable to those in sham operation con-
trols.

Temporal Dynamics of Systemic SERPINA3N Levels
After Cerebral Ischemia There were significant differ-
ences in SERPINA3N protein levels in the blood between
4hMCAo mice and sham operation controls (F(4, 25) = 8.88,
P < 0.05-0.001) (Fig. 3). Plasma SERPINA3N protein levels
in 4hMCAo mice were significantly increased on days 1 (P <
0.001) and 3 (P < 0.05) after MCAo compared to sham oper-
ation controls, with the maximum expression level on day 1.
Plasma SERPINA3N protein levels in 4hMCAo mice were
significantly decreased at 6 hours (P < 0.01) and 7 days (P <
0.05) after MCAo compared to day 1 of 4hMCAo mice.

DISCUSSION

We investigated the temporal dynamics of Serpina3n gene
expression in the brain and liver, as well as plasma SERPI-
NA3N protein levels following cerebral ischemia using a
mouse model. The results showed that Serpina3n gene expres-
sion in the brain and liver, together with plasma SERPINA3N
protein levels, increased from day 1 after cerebral ischemia
and subsequently showed temporal fluctuations. To our knowl-
edge, this is the first report to demonstrate that cerebral
ischemia induces coordinated changes in Serpina3n expression
in both the brain and liver, accompanied by dynamic altera-
tions in plasma SERPINA3N protein concentrations.

In a mouse model of focal cerebral ischemia with 1 h of
MCAo, Zhang et al. reported that Serpina3n gene expression
in the brain was increased on day 1 after cerebral ischemia,
decreased on day 3 compared with day 1, and returned to
the level in sham operation controls by day 7.9 Consistent
with their findings, we also observed an increase in Serpi-
na3n gene expression in the brain from day 1 after cerebral
ischemia. SERPINA3, also known as a-1-antichymotrypsin,
is a serine protease inhibitor mainly produced in the liver and
brain in response to inflammation.? Therefore, the induction
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Fig. 3. SERPINA3N protein level in the blood was increased after MCAo

Quantitative analysis of SERPINA3N protein levels in 4hMCAo and sham
operation control groups at 6 h, 1, 3, and 7 days after MCAo (n = 6 per group).
*¥*P <0.01,***%P <0.001 versus sham. §1P < 0.01 versus day 1. All values are shown
as the mean + SEM

of Serpina3n gene expression after cerebral ischemia is like-
ly attributable to postischemic inflammatory responses. How-
ever, the duration of increased Serpina3n expression in the
brain differed between studies: persisting for at least 7 days
in our study but only 3 days in the study by Zhang et al. The
duration of arterial occlusion in models of cerebral ischemia
is known to be correlated with infarct volume and thus with
the severity of ischemic stroke.!® Moreover, ischemic stroke
severity has been suggested to be associated with the magni-
tude of the inflammatory response.'¥ In the present study, the
occlusion time was 4 h, which was longer than that in Zhang’s
model, suggesting that the inflammatory response may have
been more pronounced. Taken together, these findings sug-
gested that the duration of Serpina3n gene upregulation in the



Vol. 9, No. 2 (2026)

brain after cerebral ischemia may depend on ischemic stroke
severity, including the period of arterial occlusion and infarct
size. Furthermore, Serpina3n reduces mRNA expression of the
inflammatory cytokines Interleukin-6(IL-6) and Tumor Necro-
sis Factor-a(TNF-a) in the brain, thereby mitigating brain
injury.'® In addition, Serpina3n deficiency increases infarct
volume and enhances BBB disruption.'® Therefore, in this
study, Serpina3n, whose expression of which increases follow-
ing cerebral infarction treatment, may possess a function that
suppresses damage caused by cerebral infarction.

SERPINA3 is known to be primarily produced in the liv-
er and brain in humans.» In the present study, we examined
the temporal dynamics of Serpina3n gene expression in the
liver, a peripheral organ outside the primary site of cerebral
ischemia. We found a significant increase in Serpina3n gene
expression in the liver beginning on day 1 following cerebral
ischemia. Recent studies have demonstrated that brain inju-
ry following cerebral ischemia affects peripheral organs, and
that brain—liver interactions influence stroke outcomes.!7!8)
Consistent with these findings, the observed increase in Serpi-
na3n gene expression in the liver suggested that liver-derived
SERPINA3N may play a role in mediating systemic responses
induced by cerebral ischemia.

It has been reported that plasma SERPINA3N protein lev-
els are increased in conditions such as spinal cord injury!
and steroid-dependent muscular dystrophy.2” Therefore, it is
conceivable that plasma SERPINA3N protein levels are also
increased in diseases originating from the central nervous sys-
tem. We demonstrated here that plasma SERPINA3N pro-
tein levels increased from day 1 after ischemia and remained
elevated up to day 3 in a mouse model of cerebral ischemia.
This finding supports clinical observations of increased plas-
ma SERPINA3 levels in patients with ischemic stroke.” SER-
PINA3 is known to be induced in response to inflammatory
stimuli.2) Inflammatory cytokines in cerebral infarction reach
peak expression levels in the blood and brain within hours to
24 hours after onset.?? Our study showed that plasma SERPI-
NA3N protein levels were not increased at 6 hours post-cer-
ebral ischemia but peaked on day 1. Therefore, the observed
increase in plasma SERPINA3N protein levels in this study
was likely a secondary response to inflammation following
cerebral ischemia. Furthermore, Serpina3 mRNA is scarce-
ly detected in blood,?» and SERPINA3 is known to be pri-
marily produced in the liver.2) Furthermore, SERPINA3 pro-
duced in hepatocytes has been reported to be secreted into
the blood in response to inflammatory stimuli or tissue inju-
ry.2® Therefore, the increased Serpina3n expression in the liv-
er observed in this study may have contributed to the elevat-
ed plasma SERPINA3N protein levels. Furthermore, following
cerebral ischemia, neuronal cell death and disruption of the
BBB occur, leading to the leakage of various brain substanc-
es and cytokines into the periphery.2 The increase in Serpi-
na3n gene expression in the brain observed in this study may
have contributed to the elevated plasma SERPINA3N pro-
tein levels. Therefore, the observed increase in plasma SER-
PINA3N protein levels in this study was likely due to con-
tributions from both the liver and brain expression induction.
Moreover, elevated plasma SERPINA3 level in patients with
intracerebral hemorrhage has been shown to be associated
with poor outcomes, suggesting its potential as a prognostic
monitoring marker.®? Taken together, these findings suggest-
ed that dynamic changes in plasma SERPINA3N protein lev-
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els after cerebral ischemia may serve as a potential biomarker
for unfavorable outcomes.

Serpina3n gene expression levels were increased in both
the brain and liver following cerebral ischemia. In addition,
plasma SERPINA3N protein levels were also elevated after
ischemia. These findings provided insights into the dynamics
and potential roles of SERPINA3N in the post-ischemic peri-
od. Moreover, plasma SERPINA3N protein level may reflect
postischemic changes in the brain and liver and could serve as
a predictive biomarker for ischemic stroke outcomes.
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