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ARTICLE
Pinocembrin attenuates hemorrhagic transformation after

delayed t-PA treatment in thromboembolic stroke rats by
regulating endogenous metabolites

Ling-lei Kong', Li Gao?, Ke-xin Wang?, Nan-nan Liu?, Cheng-di Liu', Guo-dong Ma', Hai-guang Yang', Xue-mei Qin? and Guan-hua Du'

Hemorrhagic transformation (HT) is a common serious complication of stroke after thrombolysis treatment, which limits the clinical
use of tissue plasminogen activator (t-PA). Since early diagnosis and treatment for HT is important to improve the prognosis of
stroke patients, it is urgent to discover the potential biomarkers and therapeutic drugs. Recent evidence shows that pinocembrin, a
natural flavonoid compound, exerts anti-cerebral ischemia effect and expands the time window of t-PA. In this study, we
investigated the effect of pinocembrin on t-PA-induced HT and the potential biomarkers for HT after t-PA thrombolysis, thereby
improving the prognosis of stroke. Electrocoagulation-induced thrombotic focal ischemic rats received intravenous infusion of t-PA
(10 mg/kg) 6 h after ischemia. Administration of pinocembrin (10 mg/kg, iv) prior t-PA infusion significantly decreased the infarct
volume, ameliorated t-PA-induced HT, and protected blood-brain barrier. Metabolomics analysis revealed that 5 differential
metabolites in the cerebral cortex and 16 differential metabolites in serum involved in amino acid metabolism and energy
metabolism were significantly changed after t-PA thrombolysis, whereas pinocembrin administration exerted significant
intervention effects on these metabolites. Linear regression analysis showed that lactic acid was highly correlated to the occurrence
of HT. Further experiments confirmed that t-PA treatment significantly increased the content of lactic acid and the activity of lactate
dehydrogenase in the cerebral cortex and serum, and the expression of monocarboxylate transporter 1 (MCT 1) in the cerebral
cortex; pinocembrin reversed these changes, which was consistent with the result of metabolomics. These results demonstrate that
pinocembrin attenuates HT after t-PA thrombolysis, which may be associated with the regulation of endogenous metabolites. Lactic
acid may be a potential biomarker for HT prediction and treatment.
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INTRODUCTION

Stroke is a disease that seriously threatens human health and is
the leading cause of death and disability worldwide. Stroke can
be classified as ischemic stroke or hemorrhagic stroke, and
approximately 10%-20% of stroke patients experience hemorrhagic
stroke [1]. Hemorrhagic transformation (HT), which is intracerebral
hemorrhage that occurs after acute cerebral ischemia and signifi-
cantly increases the mortality and disability of stroke, is a common
serious complication of stroke. Restoration of blood supply to the
ischemic area is widely used as a treatment for stroke. Tissue
plasminogen activator (t-PA) is the only drug approved by the FDA
for clinical thrombolytic therapy, but the narrow therapeutic time
window and high occurrence of HT limit the clinical application of
t-PA. Clinical studies have shown that t-PA thrombolysis increases the
risk of HT by ten times and mortality by up to 60% [2]. The
therapeutic time window of t-PA has been extended from 3 to 4.5 h,
but this window still does not meet clinical needs, as only 3.4%-5.2%
of patients can receive t-PA therapy for ischemic stroke [3]. Therefore,
methods to extend the therapeutic window of t-PA, decrease the risk

of HT, and ultimately increase the overall efficacy of t-PA therapy, are
urgently needed.

Considering that thrombolytic therapy is widely applied to treat
acute ischemic stroke, it would be helpful to be able to predict the
occurrence of HT. In addition, due to differences in pathogenesis,
treatment, and prognosis, it is crucial to distinguish HT from acute
ischemic stroke. Once HT occurs, the decision to treat ischemic
stroke is complex. Early prediction of HT is very helpful in guiding
the precise treatment of ischemic stroke, thereby preventing
adverse consequences and poor prognosis. At present, the
diagnosis of HT is not straightforward and is challenging. In the
clinic, image-based strategies are used to diagnose HT and
provide relatively accurate results, such as computed tomography
and magnetic resonance imaging [4, 5. However, these strategies
are costly, time-consuming, and not widely available and can only
be used to diagnose certain subtypes of HT. Therefore, it is
necessary to find a novel method that can be used to accurately
predict HT. Biomarkers seem to be useful tools for predicting HT
after t-PA thrombolysis, and there are many studies on HT
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Fig. 1 The chemical structure of pinocembrin.

biomarkers. Previous studies have suggested that some biomar-
kers are related to HT occurrence, such as MMP-9, VEGF, and
neutrophils [6]. However, these biomarkers have not been
successfully used for clinical diagnosis or treatment, and new
biomarkers need to be discovered.

Metabolic disorders play an important role in ischemic brain
injury, and understanding the underlying mechanisms is critical to
the development of effective treatments. Metabolomics is used to
analyze and compare changes in the metabolic profiles of
endogenous metabolites in tissues and body fluids to determine
the overall metabolic status under physiological or pathological
conditions, and help identify potential disease-related biomarkers
[7, 8]. When stroke occurs, metabolic dysfunction in the brain
leads to changes in endogenous metabolites, including those
related to energy metabolism, carbohydrate metabolism, and lipid
metabolism, and aggravates brain injury [9]. By comparing the
change in endogenous metabolites under healthy conditions and
after stroke, effective strategies for treating and improving the
prognosis of stroke can be identified. However, the changes in
metabolomics that occur after t-PA thrombolysis are not clear.

Pinocembrin (5,7-dihydroxyflavanone) (Fig. 1) is a natural
flavonoid compound extracted from propolis that was obtained
through high-throughput screening technology by our laboratory.
It is a novel drug with effects against cerebral ischemia drug, and
it is now in Phase Il clinical trials (https://clinicaltrials.gov/ct2/
show/NCT02059785). Pinocembrin protects against cerebral ische-
mia by improving cerebral blood flow, decreasing oxidative stress,
and protecting the neurovascular unit [10]. Recent studies have
found that pinocembrin alleviates cerebral hemorrhage injury by
inhibiting the inflammatory response [11]. Our previous results
also indicated that pinocembrin extended the therapeutic window
of t-PA thrombolysis [12]. However, whether pinocembrin
attenuates HT after t-PA treatment by interfering with endogen-
ous metabolites is unknown.

In the present study, the neuroprotective roles of pinocembrin
in t-PA-induced HT were confirmed, and the changes in
endogenous metabolites and metabolic pathways after t-PA
thrombolysis and pinocembrin treatment were investigated by
metabolomics. The findings may contribute to the discovery of
potential biomarkers for predicting HT and expanding the clinical
indication of pinocembrin.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (weight 260-280g) were supplied by
Beijing Vital River Laboratory Animal Technology Co. Ltd and
housed in a temperature (22-24 °C) and humidity (<40%) controlled
room with free access to food and water. All procedures were
approved by the Animal Care and Use Committee of the Peking
Union Medical College and the Chinese Academy of Medical
Sciences.
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Rat model of electrocoagulation-induced thrombotic focal
ischemia

A rat model of thrombotic focal ischemia induced by electro-
coagulation was established as previously described [12, 13]. After
anesthesia with 10% chloral hydrate (4 mL/kg), the common
carotid artery (CCA) was placed in the clip of the YLS-14B
thrombosis tester (Jinan Yiyan Technology Development Co., Ltd.,
Jinan, China), and electrical stimulation (1.00 mA) was delivered for
240 s to form a thrombus. The thrombus was crushed and flushed
into the ICA (internal carotid artery). The CCA was clamped for an
additional 15 min, and then the animal was returned to the cage.

Experimental groups and drugs

Rats were randomly assigned to four groups: the sham group,
which included rats that underwent the same surgical procedure
as those in the other groups except stimulation of the CCA; the
vehicle group, which included rats that underwent surgery and
received saline; the t-PA group, which included rats that
underwent surgery and received t-PA; and the t-PA + pinocem-
brin (t-PA + pino) group, which included rats that underwent
surgery and received t-PA and pinocembrin. Six hours after
ischemia, t-PA (10 mg/kg, Boehringer Ingelheim, Germany) was
given, 10% as a bolus and 90% as a continuous infusion for 20
min through the tail vein. Pinocembrin (10 mg/kg, purity > 99%,
Institute of Materia Medica) dissolved in saline was given 5 min
before t-PA injection via the tail vein. Previous studies have
shown that 10 mg/kg is the most effective dose of t-PA in rat
stroke models [12]. All rats were sacrificed 24 h after ischemia.
In all, 128 SD rats were used; 15 of the rats were excluded due
to death, 18 were excluded due to a lack of neurological
impairment, and 33 rats were recruited for the experiments.

Animal behavioral tests

The forelimb function test, rotating rod test, and inclined plane
test were performed, and neurological scores were evaluated 24 h
after ischemia. Longa’s five-point scale was used to measure
neurological function. Animals without neurological symptoms
and those that died after surgery were excluded, and other rats
were recruited. The forelimb function test, rotating rod test and
inclined plane test were used to evaluate motor coordination and
hemiparesis of the forelimbs and hindlimbs as previously reported
[13]. (1) Forelimb function test: the rats were hung from a thick
rope with a diameter of 0.5 mm simultaneously from both fore
paws. Performance was scored as follows: 1 point, both paws
gripped the rope; 2 points, one paw gripped the rope; and 3
points, neither paw gripped the rope. (2) Rotating rod test: each
rat was placed on an elevated rod rotating at a speed of 22 rpm
per 60 s. Performance was scored as follows: 0 points, the animal
walked on the rod for more than 60's; 1 point, the animal walked
on the rod for less than 60 s; 2 points, the animal fell off right after
rotation started; and 3 points, the animal fell off the rod before
rotation started. (3) Inclined plane test: each rat was placed on an
inclined plane with an angle of 80° three times for habituation. In
each trial, the duration for which the rat held its position in the
middle of the plane was determined. Rats that were able to hold
their position for 120 s or longer were given a score of 120s.

Infarct volume analysis

The animals were anesthetized 24 h after ischemia, and then the
brains were excised and cut into 2-mm-thick slices. The slices were
immersed in 1% 2,3,5-triphenyltetrazolium chloride (TTC) (T8877,
Sigma-Aldrich Chemical Co,, St. Louis, MO, USA) in PBS for 30 min at
37°C and fixed in 4% formalin. Images were obtained with a
computer and scanner. The infarct area, the area of the correspond-
ing structure on the contralateral side, and the area of the
corresponding structure on the ipsilateral side were calculated with
Image) software (NIH, Bethesda, MD, USA). The following formula
was used to calculate the infarct volume while correcting for edema
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and atrophy: percentage of infarct volume = [total infarct volume —
(ipsilateral hemisphere volume — contralateral hemisphere volume)l/
contralateral hemisphere volume x 100%.

Brain water content

The wet/dry method was used to determine the water content in
the brain. Twenty-four hours after ischemia, brains were quickly
removed and dried in an oven at 110 °C for 24 h. The brain water
content was calculated as (wet weight — dry weight)/wet weight x
100%.

Spectrophotometric assay of hemoglobin content

Rats were anesthetized by an overdose of chloral hydrate and
transcardially perfused 24 h after ischemia. The brains were
immediately excised and cut into the ipsilateral and contralateral
hemispheres. After adding 10 mL/g saline to each sample, the
tissues were homogenized and centrifuged (13,000 rpm for
30 min). 200 uL of reagent (QuantiChrom Hemoglobin Assay Kit,
DIHB-250, BioAssay Systems, NC, USA) was then added to 50 pL of
supernatant. After 15 min, the optical density was measured at
400 nm with a spectrophotometer (SpectraMax M5, Molecular
Devices, CA, USA).

Quantitative measurement of BBB permeability

Evans blue (E2129, Sigma-Aldrich Chemical Co., St. Louis, MO, USA)
(4% solution, 2 mL/kg) was injected through the lingual vein 2 h
before sacrifice. The rats were perfused with PBS to remove
intravascular dye. For quantitative measurement, the ipsilateral
hemisphere was homogenized in 50% trichloroacetic acid solution
to precipitate proteins and centrifuged at 12,000 x g for 5 min. The
supernatant was diluted with ethanol (1:3). The concentration of
dye in the supernatant was measured colorimetrically with a
spectrophotometer at a wavelength of 620 nm. EB standards were
used to determine the amount of dye in the brain, which was
quantified as nanograms per gram of brain tissue.

Transmission electron microscopic examination

Twenty-four hours after ischemia, the rats were anesthetized with
10% chloral hydrate, and 50mL of saline, 100mL of 4%
paraformaldehyde, and 2.5% glutaraldehyde in 0.1 mol/L cacodylic
acid buffer were injected into the left ventricle successively. The
fixed brains were dehydrated in a series of ethanol solutions,
embedded in epoxy resin, and cut into ultrathin sections. The
slices were mounted on copper grids, stained with uranyl acetate
and citric acid-lead, and then observed under a transmission
electron microscope (H-7650; Hitachi Ltd, Tokyo, Japan).

Metabolomics study

Cerebral cortex and serum samples were prepared according to
the literature [14, 15]. Finally, 600puL of supernatant was
transferred into 5-mm NMR tubes for 'H-NMR analysis.

"H-NMR spectra of the serum and cerebral cortex were acquired
on a Bruker 600-MHz AVANCE Il NMR spectrometer (Bruker,
Germany). Serum samples were analyzed using 1D Carr-Purcell-
Meibom-Gill spin-echo pulse sequences, and cerebral cortex
samples were analyzed using the noesygpprld pulse sequence.
The "H-NMR spectra were processed using MestReNova software
(version 8.0.1, Mestrelab Research, Santiago de Compostella,
Spain). All spectra were manually phased, and baselines were
corrected. The serum spectra were referenced internally to the
chemical shift of creatine at § 3.04 ppm, and the cerebral cortex
spectra were referenced internally to the chemical shift of TSP at
6 0.00 ppm. To avoid the influence of water, the resonance region
(6 4.7-5.0) containing residual water was excluded. The normal-
ized integral values were then subjected to multivariate data
analysis using Simca-P 13.0 software (Umetrics, Sweden), and
partial least squares discriminant analysis (PLS-DA) and orthogonal
partial least squares discriminant analysis (orthogonal PLS-DA,
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OPLS-DA) were used to identify the differential metabolites.
MetaboAnalyst 3.0 was used to perform metabolic pathway
enrichment analysis. The crucial metabolic pathways were
identified according to the Holm P value (<0.05), false discovery
rate (FDR < 0.05), and impact value (>0.2).

Western blotting

Proteins were separated by electrophoresis on a 10% polyacryla-
mide gel and transferred onto a polyvinylidene difluoride
membrane. The membrane was blocked with 5% BSA and then
incubated with primary antibody (MCT 1, 1:500, Proteintech,
Wuhan, China). After incubation with HRP-conjugated secondary
antibody, an enhanced chemiluminescence plus detection system
(Tanon 5200 Gel Imaging System, Tanon Science & Technology
Co., Ltd, Shanghai, China) was used. The density of each band was
quantified by using Imagel.

Quantitative measurement of lactic acid and lactate
dehydrogenase (LDH)

The levels of lactic acid and LDH in cerebral cortex and serum
samples were measured with a lactic acid assay kit and LDH assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Measurements were carried out in accordance with the manu-
facturer’s instructions. Lactic acid and LDH standards were used to
determine the amount of lactic acid and LDH in the cerebral
cortex and serum.

Statistical analysis

The results are expressed as the meanz*SEM. Data were
compared between two groups using unpaired Student’s t-test.
For more than two groups, statistical analysis was performed using
one-way ANOVA with Bonferroni’'s multiple comparison post hoc
test. Statistical significance was accepted at P < 0.05.

RESULTS

Pinocembrin improved neurologic function and decreased the
infarct volume

Neurological scores and the infarct volume were used to
investigate the effect of pinocembrin in t-PA-induced HT. As
shown in Fig. 2, neurological function was impaired, and the
infarct volume was increased 24 h after ischemia. Injection of t-PA
further aggravated neurological function impairment and the
infarct volume compared with vehicle group, while pinocembrin
significantly improved neurological function and reduced the
infarct volume.

Pinocembrin attenuated t-PA induced HT

The occurrence and severity of HT were evaluated by measure-
ment of hemoglobin content in the brain and H&E staining. As
shown in Fig. 3a, b, t-PA induced HT, and hemoglobin content in
ischemic tissue was obviously increased. Compared with t-PA
group, pinocembrin decreased hemoglobin content and attenu-
ated HT. H&E staining indicated a similar result (Fig. 3c). Slight
bleeding was observed in the vehicle group, and serious
hemorrhage was observed in the t-PA group. Pinocembrin
reduced the degree of bleeding. All the above results showed
that pinocembrin could attenuate t-PA-induced HT.

Pinocembrin alleviated BBB disruption

To assess the permeability and structure of the BBB, EB leakage
and brain water content were measured, and transmission
electron microscopy was performed. Twenty-four hours after
ischemia, BBB permeability was increased, and BBB structure was
disrupted, leading to an increase in EB levels and water content in
ischemic brain tissue. t-PA treatment further disrupted BBB
structure and promoted EB leakage and brain edema (Fig. 4).
Pinocembrin significantly reduced EB levels and brain water
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Fig.2 The effect of pinocembrin on infarct volume and neurological function. Treatment with t-PA further aggravated the infarct volume and
neurological deficits, while pinocembrin reversed these effects. a Representative TTC-stained images. b Infarct volume data. ¢ Neurological scores.
d Performance on the rotatlng rod test e Performance on the forelimb function test. f Performance on the inclined plane test. The data are presented
as the mean + SEM. #P < 0.01 and *#P < 0.001 compared with the sham group; P < 0.05 and “P <0.01 compared with the t-PA group; n = 5-6.
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content and protected BBB structure. The above results indicated
that pinocembrin inhibited BBB disruption and maintained BBB
structure and permeability.

Metabolic profiles of the cerebral cortex and serum

According to the literature [14, 15], combined with the public
databases HMDB (https://hmdb.ca/), BMRB (https://bmrb.io/), and
the Chenomx NMR Suite (Chenomxinc, Canada), the primary
metabolites in the spectra were identified. A total of 23 and 33
endogenous metabolites were identified in the cerebral cortex
(Supplementary Fig. ST and Table S1) and serum (Supplementary
Fig. S2 and Table S2) of rats, respectively.

Multivariate data analysis

To analyze the metabolic differences among groups, multivariate
statistical analysis was carried out. As shown in Fig. 5a, b,
the metabolic profiles of the cerebral cortex and serum in the
vehicle group were obviously separated from those in the sham
group, and those in the t-PA group were clearly separated from
those in the sham group and vehicle group, which indicated
that the cerebral ischemia model and t-PA-induced HT model
were successfully established. Furthermore, pinocembrin had an
obvious regulatory effect on the metabolic profile of the cerebral
cortex and serum in t-PA-treated rats.

Screening of differential metabolites in the cerebral cortex

and serum

Differential metabolites in the cerebral cortex and serum among
the different groups were identified. OPLS-DA score plots and S-
plots (Fig. 6) were obtained by comparing the vehicle group and
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sham group (model parameters: cerebral cortex, R?X =0.885 and
Q*=0.533; serum, R°X=0.631 and Q®>=0.819), t-PA group
and vehicle group (model parameters: cerebral cortex, R?X =
0.86 and Q*=0.503; serum, R°’X=0.906 and Q*>=0.875), and
t-PA + pino group and t-PA group (model parameters: cerebral
cortex, R°X = 0.865 and Q* = 0.556; serum, R°X = 0.623 and Q> =
0.851). The model validation results showed that R* and Q? values
from the permutation model were lower than the original ones or
that the Q? line intercepted a negative value on the Y axis,
indicating excellent predictive ability. For multivariate analysis,
CV-ANOVA was used to validate the model (cerebral cortex: P=
0.0115047; serum: P =0.00229137). To investigate the changes of
metabolites after t-PA treatment, the t-PA group and vehicle
group were compared. Five metabolites in the cerebral cortex and
16 metabolites in serum were identified by comparing the t-PA
group and vehicle group by using an S-plot combined with VIP
values (>1) and an independent t-test (P < 0.05).

The levels of glycine, glutamate, lactic acid, inositol, and taurine
in the cerebral cortex increased in the t-PA group compared with
the vehicle group, while pinocembrin significantly decreased the
level of these five metabolites (Table 1). The levels of leucine,
valine, alanine, acetic acid, glutamate, o-acetyl glycoprotein,
phosphocholine, trimethylamine oxide, tyrosine, glycerin, inositol,
dimethylamine, arginine, a-glucose, and formic acid in the serum
decreased in the t-PA group compared with the vehicle group,
while the level of lactic acid increased. Pinocembrin could
significantly regulate 15 out of the 16 metabolites except formic
acid (Table 1). The above results indicated that pinocembrin had
significant effects on t-PA-induced changes of metabolites in the
cerebral cortex and serum.
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Metabolic pathways regulated by pinocembrin

Pathway enrichment analysis of the differential metabolites that
were significantly regulated by pinocembrin in t-PA-induced HT
was performed. The results showed that pinocembrin significantly
regulated four pathways in cerebral cortex, including D-glutamine
and D-glutamate metabolism; taurine and hypotaurine metabo-
lism; glycine, serine, and threonine metabolism; and alanine,
aspartate, and glutamate metabolism (Fig. 7a). Additionally,
pinocembrin significantly regulated six pathways in the serum,
including phenylalanine, tyrosine, and tryptophan biosynthesis; D-
glutamine and D-glutamate metabolism; starch and sucrose
metabolism; glycerolipid metabolism; arginine biosynthesis; and
alanine, aspartate, and glutamate metabolism (Fig. 7b).

Correlation analysis between differential metabolites and HT

To analyze the correlation between endogenous metabolites and
HT, correlation analysis between the levels of differential
metabolites in the cerebral cortex or serum and hemoglobin
content in the sham group, vehicle group, and t-PA group was
performed (Fig. 8 and Supplementary Fig. S3). As illustrated in
Fig. 8, there was a good linear relationship between lactic acid and
inositol levels in the cerebral cortex and hemoglobin content and
between lactic acid, acetic acid, glutamate, and inositol levels in
the serum and hemoglobin content in the sham group, vehicle
group, and t-PA group (R® > 0.99). Moreover, treatment with t-PA
resulted in the highest lactic acid levels in the cortex and serum,
corresponding to more severe hemorrhage, which indicated that
the level of lactic acid was most closely related to HT and may be a
potential biomarker for HT prediction.

Pinocembrin inhibited the production and transport of lactic acid
in the cerebral cortex and serum

Since lactic acid is highly correlated with HT in the cerebral cortex
and serum, the content of lactic acid was quantitatively
determined to verify the change of lactic acid. As shown in Fig. 9a,
b, the content of lactic acid in both the cerebral cortex and serum
increased after t-PA treatment, especially in the cerebral cortex,
and pinocembrin significantly decreased the content of lactic acid.
In addition, the activity of LDH and the expression of MCT 1 were
also measured. The activity of LDH in the cerebral cortex and
serum (Fig. 9¢, d) and the expression of MCT 1 in the cerebral
cortex (Fig. 9, f) were both induced after t-PA treatment, and
pinocembrin significantly inhibited LDH activity and MCT 1
expression. The above results suggested that the metabolism of
lactic acid was changed by t-PA and that pinocembrin restored
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the changes of lactic acid by regulating the production and
transport of lactic acid.

DISCUSSION

In the present study, we found that pinocembrin alleviated t-PA-
induced HT and improved neurological function. The metabolo-
mics results indicated that the expression of a variety of
endogenous metabolites involving energy metabolism and amino
acid metabolism was induced in the cerebral cortex and serum by
t-PA thrombolytic therapy. Pinocembrin could regulate the levels
of most abnormally expressed metabolites, possibly due to its
effect against HT. In addition, the metabolic change of lactic acid
had a good correlation with the occurrence of HT and may be a
potential biomarker for HT.

Stroke is a complex pathological process that includes
excitatory amino acid release, intracellular calcium instability, free
radical generation, and apoptosis, which lead to disorders of
energy metabolism, amino acid metabolism, and lipid metabolism
and aggravate brain injury [16]. There are no clinically effective
drugs for the prevention and treatment of HT after t-PA
thrombolysis, which is a serious complication of stroke. Therefore,
finding effective drugs and biomarkers is of great value for the
treatment of HT.

At present, there are limited ideal HT animal models. The
embolic MCAO model is widely used to evaluate the effect of
thrombolytic therapy, but it fails to mimic thrombosis and
thrombus aging. An electrocoagulation-induced thrombotic focal
ischemia model involving the development of a fresh thrombus
has been established; in this model, occlusion of the MCA region
with a thrombus formed in the CCA is similar to what is observed
in thromboembolic stroke in humans, and thus, this model is
suitable for the evaluation of thrombolytic therapy. A reproducible
and predictable infarct within the territory supplied by the MCA is
also formed in this model [13]. Therefore, rats with
electrocoagulation-induced thrombotic focal ischemia were used
to investigate the role of pinocembrin in t-PA-induced HT. The
results further confirmed that pinocembrin decreased the infarct
volume and the occurrence of HT and improved BBB structure and
permeability, which suggested that pinocembrin may be a
potential drug for treating HT. However, the mechanism of
pinocembrin in t-PA-induced HT is not clear.

Brain damage caused by stroke is closely related to metabolic
disorders, and the prognosis of stroke can be assessed by
comparing and analyzing metabolite differences between the
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Fig. 6 OPLS score plot, corresponding S-plot, and PLS-DA corresponding validation plot derived from the cerebral cortex and serum.
a-i Cerebral cortex. j-r Serum. a, j OPLS score plot of the vehicle group vs sham group. b, k OPLS score plot of the t-PA group vs vehicle group.
¢, | OPLS score plot of the t-PA + pino group vs t-PA group. d, m Corresponding S-plot of the vehicle group vs sham group. e, n Corresponding
S-plot of the t-PA group vs vehicle group. f, o Corresponding S-plot of the t-PA + pino group vs t-PA group. g, p Corresponding PLS-DA
validation plot of the vehicle group vs sham group. h, q Corresponding PLS-DA validation plot of the t-PA group vs vehicle group.
i, r Corresponding PLS-DA validation plot of the t-PA + pino group vs t-PA group.

health state and after stroke. Metabolomics can reveal overall
metabolic changes associated with disease and thus show great
potential in identifying disease biomarkers. In recent years, this
technique has been used in clinical studies of stroke [17-19],

but it has rarely been used to assess changes that occur

Acta Pharmacologica Sinica (2021) 42:1223-1234

following t-PA thrombolytic therapy. Therefore, the levels of
endogenous metabolites were evaluated after t-PA and
pinocembrin treatment by metabolomics to identify potential
biomarkers and explore the neuroprotective mechanisms of

pinocembrin in HT.
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Table. 1. Differential metabolites in the cerebral cortex and serum after t-PA and pinocembrin treatment.

No. Metabolites Sham Vehicle t-PA t-PA + pino Sample
1 Glycine 0.20+0.05 0.36 +0.07 0.48 + 0.06" 0.30 + 0.08** Cortex
2 Glutamate 0.07 +0.04 0.18+0.06 0.29 +0.08* 0.14 + 0.06** Cortex
3 Inositol 0.16 £ 0.04 0.17 £0.05 0.23+0.02% 0.17 £0.05* Cortex
4 Taurine 0.35+0.05 0.45 +£0.07 0.54 +0.04" 0.36 £ 0.07*** Cortex
5 Lactic acid 0.85+0.14 0.90+0.07 1.07 + 0.06"* 0.79 % 0.11%** Cortex
6 Leucine 7.36+2.42 7.61+1.22 5.86 + 1.29" 8.70 + 0.70%** Serum
7 Valine 234+ 1.11 3.10+0.67 1.84 +0.59"* 3.40 + 0.55%** Serum
8 Alanine 9.21+261 6.80+1.74 427 £1.07% 7.13 £0.79%** Serum
9 Acetic acid 3.61+0.93 3.49+0.68 221+0.67% 3.51 +0.50%* Serum
10 Glutamate 7.82+2.04 7.19+1.30 4,63 +1.42" 8.38 + 0.59%** Serum
1 O-acetyl glycoprotein 20.84 +5.38 21.67 £4.63 15.17 + 4.54* 25.84 +2.29%** Serum
12 Phosphocholine 19.89+5.80 10.79+2.95 7.12+2.15" 13.56 £ 1.14%** Serum
13 Trimethylamine oxide 41.77 £15.67 22.23+6.51 9.21+2.74" 25.01 + 3.24*** Serum
14 Tyrosine 0.71+0.20 0.48+0.13 0.31+0.07% 0.58 + 0.09*** Serum
15 Glycerin 23.78 +8.27 10.02 +3.08 4,90+ 2.25" 11.55 + 1.87%** Serum
16 Inositol 439+276 415+1.50 1.90 + 0.49™"* 4.27 +2.00% Serum
17 Dimethylamine 57.67 +18.09 30.55+8.17 11.43 £ 573" 33.21 + 6.49*** Serum
18 Arginine 22.61+837 10.77 £2.88 530+ 1.81% 12.02 + 1.58%** Serum
19 a-Glucose 52.21+21.16 29.74 +8.42 8.48 +3.00"* 31.41 +£5.87%* Serum
20 Formic acid 0.61+0.26 0.38+0.06 0.18+0.11" 0.31+0.09 Serum
21 Lactic acid 11.30+2.49 11.35+1.31 15.65 +2.57"* 10.94 + 1.26%* Serum
Data were shown as mean £ SEM. n =6.

#P <0.05, #P < 0.01 and **#P < 0.001 compared with vehicle group; P < 0.05, “P<0.01 and ~~P < 0.001 compared with t-PA group.
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Fig. 7 Metabolic pathways that are significantly regulated by pinocembrin in the cerebral cortex and serum. a Cerebral cortex. b Serum.
Cerebral cortex: a D-glutamine and D-glutamate metabolism; b taurine and hypotaurine metabolism; ¢ glycine, serine, and threonine
metabolism; and d alanine, aspartate, and glutamate metabolism. Serum: a phenylalanine, tyrosine, and tryptophan biosynthesis;
b D-glutamine and D-glutamate metabolism; ¢ starch and sucrose metabolism; d glycerolipid metabolism; e arginine biosynthesis; and f

alanine, aspartate, and glutamate metabolism.

Due to its accuracy in qualitative analysis, simple pretreatment
operation, and nondestructive multi-parameter and dynamic
analysis, "H-NMR metabolomics was used to analyze changes of
endogenous metabolites after t-PA and pinocembrin treatment.
Multivariate statistical analysis indicated that the cerebral ischemia
model and t-PA-induced HT model were successfully established.

SPRINGERNATURE

To identify potential biomarkers and evaluate the effect of
pinocembrin on endogenous metabolites, OPLS-DA score plots
were obtained by comparing the vehicle group and sham group,
t-PA group and vehicle group, and t-PA + pino group and t-PA
group. Five metabolites in the cerebral cortex and 16 metabolites
in serum were identified by comparing the t-PA group and vehicle
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group, indicating that changes of specific metabolites could be
induced after t-PA treatment, which may be associated with HT
occurrence.

As a substrate for protein synthesis, amino acids are essential for
human function. There are a large number of free amino acids in
the nervous system, including y-aminobutyric acid, aspartic acid,
glutamate, taurine, and glycine, which are representative excita-
tory and inhibitory neurotransmitters and are closely related to
the outcome of nervous system diseases. Metabolomics studies
have shown abnormal amino acid metabolism in stroke patients
[20-22]. In this study, changes of leucine, valine, alanine,
glutamate, glycine, tyrosine, taurine, and arginine levels in the
cerebral cortex and serum after t-PA treatment were observed.
The levels of glutamate, glycine, and taurine increased in the
cortex, but the levels of glutamate, glycine, tyrosine, leucine,
valine, alanine, and arginine decreased in the serum, which might
be due to an inability to excrete metabolites from the brain into
the blood after stroke, leading to accumulation in the brain. Other
studies have also found differences in the changes of metabolites
in the brain and serum and proposed that the changes in the
brain may better reflect brain damage [23]. In addition, the levels
of glutamate, glycine, and taurine in the cortex were further
increased, and the levels of tyrosine and arginine in the serum
were further reduced in the t-PA group compared with the vehicle
group, which indicated that these amino acids may be closely

Acta Pharmacologica Sinica (2021) 42:1223 - 1234

related to HT occurrence after t-PA treatment. Pinocembrin could
interfere with the metabolism of these amino acids and normalize
the levels of these amino acids.

Among the affected amino acids, glutamate is the main
excitatory neurotransmitter in the central nervous system. Under
physiological conditions, there is a dynamic balance between
glutamate release, uptake, and reabsorption. After cerebral
ischemia, glutamate release from cells increases, and the
extracellular concentration of glutamate increases rapidly, leading
to the activation of NMDARs and AMPARs, extracellular calcium
influx, excitotoxicity, and eventually neuronal death and brain
damage [24, 25]. Excitotoxicity caused by glutamate seriously
affects the prognosis of stroke patients [26]. In this study, the
increased glutamate level in the cortex after t-PA treatment
indicated the occurrence of excitotoxicity, which is consistent with
a previous study on t-PA-induced excitotoxicity. However,
pinocembrin decreased the level of glutamate, suggesting that
the effect of pinocembrin against HT may be associated with the
inhibition of excitotoxicity induced by t-PA.

Glycine and taurine are inhibitory neurotransmitters in the brain
and have neuroprotective effects [27-30]. Glycine inhibits the
release of glutamate, which improves the prognosis of patients
with ischemic stroke [31]. Taurine regulates the release of
neurotransmitters (such as acetylcholine and GABA) and neuronal
apoptosis induced by ischemia/hypoxia or glutamate through

SPRINGER NATURE
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e Representative images of MCT 1 expression in the cerebral cortex. f The change in MCT 1 expression. The data are presented as the mean +

SEM. P <0.01 and
P <0.01 compared with the t-PA group; n =5.

inhibiting endoplasmic reticulum stress and maintaining intracel-
lular Ca®>" homeostasis [32, 33]. Some studies have found that the
levels of glycine and taurine increase after stroke through the
body’s stress response [34-36]. In this study, we also observed this
phenomenon after t-PA treatment and found that the inhibition of
pinocembrin may be related to the regulation of amino acid
balance.

In addition to amino acid metabolism, energy metabolism is
also affected by stroke. After stroke, glycolysis is enhanced, the
tricarboxylic acid cycle is inhibited, and the level of lactic acid
increases rapidly. Lactic acid is an important substance that links
brain energy metabolism and functional activity [37]. Lactic acid is
produced by astrocytes and is transported to the intercellular
space by monocarboxylate transporters (MCTs) for use by neurons
[38-40]. The accumulation of lactic acid is considered to be one of
the main causes of brain tissue damage under cerebral ischemia
conditions and is related to nerve cell death and the prognosis of
stroke [41]. Abnormally elevated lactic acid levels are observed in
the cerebrospinal fluid and serum in stroke patients [41, 42]. This
study found an increase of lactic acid levels in the cortex and
serum induced by t-PA, which was further confirmed by a lactic
acid assay kit.

SPRINGERNATURE

*p < 0.001 compared with the sham group; *P<0.05 and **P<0.01 compared with the vehicle group; "P < 0.05 and

The level of lactic acid is related to the production and
transportation of lactic acid, which is mediated by LDH and MCT
1, respectively. Under hypoxic conditions, glutamate in neurons is
released into the intercellular space and is taken up by astrocytes to
activate glycolysis-related enzymes and promote glycolysis [43].
LDH catalyzes the conversion of glucose into lactic acid, and the
lactic acid, the level of which is increased, is transported to the
intercellular space by MCT 1. The activity of LDH and the expression
of MCT 1 are regulated by excessive lactic acid and hypoxia [44]. In
this study, LDH activity and MCT 1 expression were induced by t-PA
and inhibited by pinocembrin, which was consistent with the
changes of lactic acid. These results indicated that pinocembrin
interfered with the production and transportation of lactic acid,
suggesting that pinocembrin had a neuroprotective effect through
the regulation of energy metabolism. Furthermore, lactic acid may
be a valuable indicator for detecting HT.

Identifying early biomarkers of HT is very important for finding
new treatments and predicting the clinical outcome of patients.
However, few biomarkers are currently used for the diagnosis of
HT. Some studies have reported that hyperacute MMP-9 plasma
levels and serum levels of calcium-binding protein (5100B) may be
associated with HT after t-PA thrombolysis [44, 45]. In this study,

Acta Pharmacologica Sinica (2021) 42:1223-1234



through correlation analysis of endogenous metabolites and HT,
we found that lactic acid levels in the serum and cortex and
inositol levels in the cortex were positively correlated with
hemoglobin content and that acetic acid, glutamate, and inositol
levels in the serum were negatively correlated with hemoglobin
content. Among them, the change of lactic acid in the serum was
consistent with that in the cortex, which was further confirmed by
a lactic acid assay kit, indicating that lactic acid may be a potential
biomarker for HT prediction. However, the level of lactic acid that
indicates the occurrence of HT requires further clinical research. In
addition, due to individual differences and health conditions in
the clinic, the specificity and sensitivity of lactic acid as a potential
biomarker for HT should be further considered. Therefore, the
combination of lactic acid measurements and other detection
methods, such as imaging, may be able to better predict the
occurrence and prognosis of HT.

In conclusion, our study provides the first evidence that t-PA
thrombolytic therapy causes changes in the levels of endogenous
metabolites, including amino acids and energy metabolism. The
effect of pinocembrin against HT is associated with the regulation
of endogenous metabolites. Lactic acid may be a potential
biomarker for HT prediction and treatment.
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