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ABSTRACT

BackgroundRecentstudieshave demonstrateda complexand dynamicneural crosstalkbetweenthe heart and
brain. A heart-brain interaction has been describedregarding cardiac ischemia, but the cerebral metabolic
mechanismsnvolved are unknown.

Methods: Male SpragueDawley rats were randomly allocated into 2 groups: those receiving myocardia
ischemiareperfusion surgery (IR group, n =10) and surgical controls (Con group, n=10). These patterns of
metabolic abnormalities in different brain regions were assessedusing proton magnetic resonanct
spectroscopy(PMRS).

Results:Resultsassessedy echocardiographyshowedresultant cardiacdysfunctionfollowing heart ischemia
reperfusion. Comparedwith the control group, the altered metabolites in the IR group were taurine and
choline,and differencesmainly occurredin the thalamusand brainstem.

ConclusionsAlterationsin cerebraltaurine and choline are important findings offering new avenuesto explore
neuroprotective strategies for myocardial ischemiareperfusion injury. These results provide preliminary
evidencefor understandingthe cerebral metabolic processunderlying myocardialischemiareperfusion injury
in rats.

INTRODUCTION strategies have been déaped to reveal brain neural
networks[1i 5]. Over the past decade there has been a
Elucidating the connectivity and functionality of a renaissance in our understanding of Rbeain interaction;
particular hearbrain circuit is one of the most challenging new technologies are beginning to provide key insights
research goals in cardiology and neuroscience. Various into metabolic crosstalk between the heart and brain in

GooP-&APA2Y HHQN I DLb D


mailto:hbxiang@tjh.tjmu.edu.cn
mailto:xuweiguo@tjh.tjmu.edu.cn
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/

response to internal and external c[&s7] Myocardial
ischemiareperfusion injury (MIRI) is known to be
associated with comorbid nociceptive disorders and
increased mortality risk8i 12]. The mechanisms through
which MIRI is linked to these negativetoames remains
unclear, in part due to limited knowledge of the
pathophysiology of MIRI itself. Some clues to the
pathophysiology of myocardial ischemia may be derived
from its clinical features. Impairments associated with
myocardial ischemia can be catéged into nociceptive
[13, 14]and affective domainEl5). The first domain is
associated with brain regions that most consistently
involve the amygdala, thalamus, cortex, anterior singular
cortex (ACC), periaqueductal gray and rostral
ventromedial medulla (RVM]15/19]. Structures more
critically involved in MIRI, may include the brainstda®,
20]and thalamic nucleygd, 21}

Proton magnetic resonance spectroscopy (PMRS) has
helped to elucidate the hedmain interaction at the
maco level. It is an important neuroimaging modality
that can quantify the concentration of specific
neurochemicals in the central nervous system including
the spinal cord and brain. PMRS analysis of local
metabolic changes in the brain provides a quick
modal ty f or evaluating the
[22], which in turn is controlled by changes in cerebral
blood flow [23]. Although the underlying newo
metabolic coupling mechanisms are still not completely
understood, PMRS has already become a valuéddoo
detect amino acid levels and thus, braide metabolic
networks mapping. In the current study, we used PMRS
to examine the alterations of amino acid levels in
different brain regions associated with myocardial IR
injury reproduced by the intermittentclusion of the
left anterior descending coronary artgy 24 32].

RESULTS
Characteristics of myocardial ischemia tissues

With regard to rats in the IR group, we observed the
development of SBegment elevation and QRS
complex changes on an elecaodiogram, and the
obvious cyanotic change in the myocardium of the
occluded area 30 min after cardiac ischemia. Otherwise,
serum cardiac troponin cTnl in the IR group was
significantly increased compared to the Con group 2h
after reperfusion. Theseresub veri yed t he
of successful occlusion of the left anterior descending
coronary artery33].

Cardiac function assessed by edtardiography

Average data of LVEF and LVFS were assessed by
echocardiography in male SD rats. Rats subjected to

MIRI exhibited
contractile function measured by LVEF (p < 0.01)
and LVFS (p < 0.001) at 2h after MIRI compared to
surgical controls (Supplementary Figures 1, 2 and
Supplementary Table 1), suggesting that MIRI induced
cardiac dgfunction

PMRS-based metabolic
brain regions

information at different

To address the concentrations of cerebral metabolites
that may be related to myocardial IR injury, we selected
four brain regions (medulpons, parietal cortex,
striatum, and thalaus) to analyze the information on
metabolites in the spectfdlustrated in Figures 1, 2, 3
and 4. The average normalized spectra of the two
groups and the basic metabolic information, including
the metabolite name and the teth chemical shift are
shown inFigures 1, 2, 3and 4

Absolute metabolite concentrations differ markedly
across rat brain regions after myocardial IR injury

We dissected 12 brain regions of two groups and
employed PMRS spectra to examine the level of
nefalmldes, yircludinge Qreteg Glgcine, myotinsitoli t vy
Taurine, Choline, Asparate, Glutamine, Glutamate,
GABA, NAA, Alanine, and Lactate (Table 1 and
SupplementaryTable 2). We found that the level of
metabolites was comparable across almost all different
brain regions studied, incliy PC, OC, TC, MID,
MED-PONSs, STR, HP, and THA, except for PFC, OB,
CE, and HYP (Table 1 an8upplementarylTable 2).
Interestingly, the PC, OC, TC, STR, HP, and THA in
the IR group showed a higher level of Taurine
compared to the Con group, whereas thaeel of
Taurine in the other brain regions examined (including
MID, MED-PONSs) was not different between the IR
group and Con group.

Changes in metabolic concentration of different
cerebral regions after myocardial IR injury

In order to precisely assess cerebral changes after
myocardial IR injury, absolute concentrations of all
related metabolites were calculated and compared
(SupplementaryTable 2 and Figuré). The average
difference in normalized PMRS spectra of selected
metabelifes beweann e Conand IR groups are
displayed inFigures 1, 2, 3 and.4

Taurine is differentially expressed in various rat brain
regions. In the case of Taurine, we observed higher
levels in the PC (p=0.018), OC (p=0.026), TC
(p=0.025), STR (p=0.004), HP (p£09), and THA
(p=0.032) of the IR group compared to the Con group.
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Otherwise, we found a higher concentration of Cretine
(p=0.025) and Glycine (p=0.016) in the PC of the IR
group compared to the Con group, respectively, and a
higher concentration of NAAE0.047) in the TC of the

IR group compared to Con group.

In the case of Choline, we observed lower levels in the
MID (p=0.032), MEDPONSs (p=0.046) of the IR group

compared to the Con group, whereas higher levels in the
THA (p=0.010) of the IR group compal to the Con

group.

Simultaneously, we observed a higher concentration of
GABA in the MED-PONSs (p=0.043), glutamine in the
STR (p=0.011), and myo_lInsitol in the HP (p=0.025) of
the IR group compared to the Con group.
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Figurel. The normalizedH NMR spectra of extracts in medulzons after MIRI Note: Lac, lactate; GABA, gamarainobutyric
acid; NAAN-acetylaspartateAsp, aspartate; Glu, glutamine; Gln, Glutam&teg, creatinine; Cho, choline; Myo, Mywsitol; Tau, taune;

Ala, alanineGly, glycine
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Figure2. The normalizedH NMR spectra of extracts in the parietal cortex after MIRI.
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Discriminant analysis between the two groups Alanine, and Lactate in different brain regions,
metabolic changes in the meddtians, parietal cortex,
Considering the vital function of metabolites including striatum, and thalamus were further investigated (Figure
Cretine, Glycine, myo_lInsitol, Taurine, Choline, 6). The Taurine changes in the FC are illustrated in
Asparate, Glutamine, Glutamate, GABA, NAA, Figure 7. Our results demonstrate that myocardial
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Figure3. The normalizedH NMR spectra of extracts in the striatum after MIRI.
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Figure4. The normalizedH NMR spectra of extracts in the thalamus after MIRI.
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Table 1. Various metabolites changes in different brain regions with MIRI in rats.

Brain regions Metabolite Variety
Medulla-Pons Cho 32.1% (P=0.046)
GABA 16.194(P=0.043)
Midbrain Cho 28.69& (P=0.032)
Hippocampus Myo-Ins 6.3%)(P=0.025)
Tau 13.8%(P=0.009)
Striatum Tau 14.19§(P=0.004)
Gin 12.3%§(P=0.011)
Thalamus Tau 33.49%(P=0.032)
Cho 40.5%(P=0.010)
Temporal cortex Tau 20.79(P=0.025)
NAA 14.1%(P=0.047)
Parietal cortex Tau 16.6%4(P=0.018)
Cre 8.1%(P=0.025)
Gly 14.2%g(P=0.016)
Occipital cortex Tau 12.199(P=0.026)

Note: ¢ KS REFEGF 6SNBE O2YLI NBRI WwR 1KQéO2YYRROI BN2 dAIWONS I & S
respectively Statistical analysis was performed llge MannWhitney testand P < 0.05 was considered

significant difference. Cho, choline; GABA, garamenobutyric acid;Myo-Ins, Mya inositol; Tau,

taurine; GIn, glutamineCre, creatinineNAA,N-acetylaspartate; Glyglycine
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Figure5. The concentration of identified metabolites in different brain regions in control (con) and ischemia reperfusion (IR)
groups using the PMRS metho®ata were presented as meatsSEM. ManaVhitney test. *p< 0.05**p<0.01. Note: FC, Prefrontal

Cortex; PCParietal cortex; OC, Occipital cortex; TC, Temporal Cortex; STR, Striatum; HP, Hippocampus; HTA, Thalamus; HYP sHypothalamu
MID, Midbrain; MEEPONSs, Medull®ons; CE, Cerebellum; OB, Olfactory Bulbs; GABA, gamma amino acid butyric acidiabeil, N
aspartate.
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Figure 6. The difference in metabolites of normalized spectra in medudflans after MIRI.(A) Lactate; B) Alanine; ¢ N-
acetylaspartate (D) GABA and GlutamateE)(Glutamine; i) Aspartate; G) Choline; i) Taurine; Ij Myo-inositol and Glgine; () Creatinine
The spectral line and the width of its shadow represent mean and standard deviation, respectively. Control group: blille §hadew
around; IR group: red line with shadow around.
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ischemiareperfusion injuryinduced increase in Taurine
levels in the Hippocampus, Occipital cortex, Striatum,
Thalamus, and Temporal cortex.

DISCUSSION

Recently, significant efforts have been made to
understand the alterations of amino acid levels in
different brain regions and their contributions to
specific metabolic disturbances of the disej@zk 36].

The brain is a complex and dynamic metabolic structure
for which functions are associated with the generation
of energy activity in its targe{87]. Here, we aimedb
understand t he
cerebral metabolites and glucose metabolism in
different brain regions of animals with myocardial
ischemiareperfusion injury.
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Compared to the control group, the rats in thegt®up
displayed a dramatic increase in the level of taurine in
many brain regions including the PC, OC, TC, STR, HP,
and THA, as well as a decrease in choline in the MID and
MED-PONSs but an increase in choline in the THA. It is
well-known that taurine andreatine are neuroprotective
metabolited38i 40]. Taurine is present in different brain
regions and demonstrates an important inhibitory amino
acid associated with extensive neuroprotective activities
within the body[29, 41] It has a functional role in
osmoregulation in the brain under pathological conditions
[38, 42, 43] Jakaria et alreported that taurine has
potential therapeutic effects against different neurological
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the nervous systeri89]. Wang et al observed that rats
with myocardial IR injury had higher concentration of
taurine in the upper thoracic spinal cord, suggesting that
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Figure7. The difference in taurine of normalized spectra in different brain regions after M(R).Hippaampus; B) Occipital
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an alteration in spinal taurine associated with IR is
involved in the effects of central regulatiof8].
Consistent with t hetesdghatykh dii
increased cerebral concentrations of taurine in major
brain regions, suggesting a critical role of taurine in the
CNS during IR proceeding.

The thalamus (THA) is one of the most consistently
implicated brain region in modulating cardiac
functions. Previous studies have reported that acute
myocardial ischemia induces increased neuronal
activity in the parafascicular nucleus of the thalamus
(PFT) [14, 44] A study by Cheng and his colleagues
demonstrated that cardioprotection was induced in a
mouse model of chronic neuropathic pain via the
anterior nucleus of the paraventricular thaland].
Guo and Yuan showed that the discharge rate of PFT
was markedlyincreased after coronary artery ischemia
[44]. While Wang and Guo documented that the
nociceptivespecific neuron in the PFT had a
significant increase in the discharge rate following
coronary ischemi@l4], suggesting that there exists an
important rolefor the PFT in regulating the nociception
associated with acute myocardial ischemia. We
observed an increase in taurine and choline of the THA
in the IR group compared to the Con group. These
results suggest an important role of the THA in the
pathogenesiand regulation of myocardial IR injury.

In summary, we explored metabolic alterations of
different cerebral regions in rats with myocardial
ischemiareperfusion injury by means of the PMRS.
The metabolites that fluctuated most in the various
cerebral remns were two critical aminacids, taurine
and choline. Our results provide preliminary evidence
for understanding the cerebral metabolic process
underlying myocardial ischemigperfusion injury in
rats.

MATERIAL AND METHODS

MEirsalcare ur result indica
Animals werecared for according to the protection of
vertebrate animals used for experimental purposes and
institutional guidelines 86/609/CEE, November 24, 1986.
The experiments were approved by the animal care
committee of Tongji Medical College, Huazhong
University of Science and Technology (No.TJ20150804)
and were performed according to the ARRIVE (Animal
Research: Reporting In Vivo Experiments) guidelines.
Male Sprague Dawley (SD) rats weighing Z8ID g at

the beginning of the experiment were housed at 22+1
under a 12hr lightdark cycle. They had free access to
water and food until surgery. All procedures were

conducted in an isolated quiet room to reduce variance.
Experimental design

Rats were randomly assigned to one of the two groups:
those receiving myocardial ischemiperfusion
surgery (IR group, n =10) and surgical controls (Con
group, n=10). 2h after ischemiaperfusion, all animals
were prepared for the PMRS study.

Surgical procedure and myocardial IR injury model
in rats

Myocardial IR surgeries were performed as previously
described9, 24, 25] Briefly, prior to surgery, each rat
was deeply anaesthetized and given atropine {@0.25
ml of a 50 mg/ml solution intraperitoneally) to reduce
salivation After tracheal intubation, an invasive
incision was made to expose the heart at the fourth
intercostal space. The left anterior descending (LAD)
coronary artery was then located and ligatured until
myocardial ischemia occurred which was indicated by

Figure8. Schematic diagram showing the rat brain regions examined using proton NB/.codes show the olfactory bulb (OB),
cerebellum (CE) and cerebral cortical regiofs gdnd subcortical area$8) studied. The OB and the cerebellum (CE) west samped,
followed by the hippocampus (HP), the thalamus (THA) and the striatum (STR). The hypothalamus (HYP), the Midbrain [\¢tjjaand
Pons (MEBPONS) were discarded. The cerebral cortex tissues were coronally cut into four identical parts aloraj thésaa represent the
frontal cortex (FC), parietal cortex (PC), Temporal cortex (TC), and occipital cortex (OC).
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