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Abstract. Coronary artery disease is a prevalent ischemic disease that results in insufficient blood supply to the heart muscle
due to narrowing or occlusion of the coronary arteries. Various reperfusion strategies, including pharmacological thrombolysis
and percutaneous coronary intervention, have been developed to enhance blood flow restoration. However, these interventions
can lead to myocardial ischemia/reperfusion injury (MI/RI), which can cause unpredictable complications. Recent research
has highlighted a compelling association between MI/RI and cognitive function, revealing pathophysiological mechanisms
that may explain altered brain cognition. Manifestations in the brain following MI/RI exhibit pathological features resembling
those observed in Alzheimer’s disease (AD), implying a potential link between MI/RI and the development of AD. The pro-
inflammatory state following MI/RI may induce neuroinflammation via systemic inflammation, while impaired cardiac
function can result in cerebral under-perfusion. This review delves into the role of extracellular vesicles in transporting
deleterious substances from the heart to the brain during conditions of MI/RI, potentially contributing to impaired cognition.
Addressing the cognitive consequence of MI/RI, the review also emphasizes potential neuroprotective interventions and
pharmacological treatments within the MI/RI model. In conclusion, the review underscores the significant impact of MI/RI
on cognitive function, summarizes potential mechanisms of cardio-cerebral communication in the context of MI/RI, and
offers ideas and insights for the prevention and treatment of cognitive dysfunction following MI/RI.
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INTRODUCTION

Cardiovascular disease is a significant global
health concern associated with high mortality and
disability rates [1]. Reperfusion strategies have been
widely implemented to restore blood flow following
a cardiovascular event, improving patient outcomes
[2]. However, this approach can lead to myocardial
ischemia/reperfusion injury (MI/RI), causing further
damage to the heart tissue [3, 4]. At the same time,
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cognitive impairment and dementia are prevalent
among cardiovascular disease patients [5, 6], particu-
larly after cardiac surgery, with a prevalence ranging
from 9% to 54% [7]. Post-operative neurocognitive
deficit poses significant clinical challenges due to
their association with increased mortality and lim-
ited treatment options [8]. Additionally, these deficits
contribute to reduced long-term quality of life and
increased economic burden [9]. Growing evidence
suggests that I/R in peripheral organs, including the
liver [10–12], kidneys [13, 14], intestines [15, 16],
and limbs [17], is a risk factor for cognitive impair-
ment. Cardiac I/R has been specifically identified
as an important contributor to cognitive dysfunc-
tion following cardiac surgery [18]. Animal studies
have revealed that cognitive decline associated with
cardiac I/R is linked to various brain pathological
manifestations, such as blood-brain barrier (BBB)
breakdown, increased oxidative stress and neuroin-
flammation, mitochondrial dysfunction, amyloid-�
(A�) accumulation, neuronal apoptosis, and dendritic
spine loss [19].

Considering the distinct relationship between the
heart and the brain, it is intriguing how the brain
undergoes pathological changes in response to MI/RI.
This review aims to compile and discuss poten-
tial mechanisms underlying cognitive impairment
following MI/RI, as well as provide insights into
treatment and protective strategies against cognitive
decline in this context.

SEARCH STRATEGY

We performed a search of all literature avail-
able in PubMed and Google scholar. The literature
search was performed without any language or study
publication year restrictions, and the following key
words were used: (“myocardial ischemia reperfusion
injury” OR “MI/RI” OR “cardiac ischemia reperfu-
sion” OR “cardiac I/R” OR “Cardiac Surgery” OR
“percutaneous coronary intervention” OR “PCI” OR
“percutaneous coronary transluminal angioplasty”
OR “coronary artery bypass grafting” OR “CABG”
OR “coronary artery revascularization”) AND (“cog-
nition” OR “cognitive dysfunction” OR “cognitive
decline” OR “cognitive impairment” OR “demen-
tia” OR “perioperative neurocognitive dysfunction”
OR “PND” OR “post operative cognitive dysfunc-
tion” OR “POCD”). We evaluated the abstracts of
all articles and screened them for relevance to the
purpose of this review. We also searched the ref-
erence lists of the articles identified through this

search strategy and selected those considered rele-
vant. Ultimately, we screened 22 clinical articles and
three preclinical articles that met our research objec-
tives. The characteristics of these studies are shown in
Tables 1 and 2.

CLINICAL CLUES SUGGEST THAT MI/RI
MAY BE THE CAUSE OF COGNITIVE
IMPAIRMENT

In contemporary medical practice, a significant
proportion of cardiac-related procedures involves
intervention aimed at reconstructing coronary blood
flow, including percutaneous coronary intervention
(PCI), percutaneous coronary transluminal angio-
plast, and coronary artery bypass grafting (CABG)
[20, 21]. Despite the inevitable occurrence of vary-
ing degrees of MI/RI during these interventions, it is
noteworthy that this phenomenon is seldom regarded
as a potential risk factor for cognitive changes fol-
lowing cardiac surgery or procedures from a clinical
standpoint. This may be attributed to the challenge
of clinically distinguishing, monitoring, or predict-
ing MI/RI. However, it is crucial to emphasize that
MI/RI should not be discounted as a contributing fac-
tor to cognitive dysfunction post-cardiac surgery or
procedures.

A large cohort study involving 3,105 participants
revealed comparable levels of memory loss following
both cardiac surgery and cardiac catheterization [22].
Moreover, a recent high-quality retrospective study
indicated that, under average population character-
istics, the anticipated probability of dementia five
years post-revascularization stood at 10.5% for the
CABG group and 9.6% for the PCI group, with no
statistically significant difference [23]. In addition,
evidence from a systematic review proposed that the
type of reconstructive surgery (PCI and CABG) is
not significantly linked to variations in cognitive per-
formance deterioration [24]. It is widely recognized
that PCI, as an alternative coronary revasculariza-
tion method to CABG, mitigates exposures to several
medical factors believed to contribute to cognitive
decline after CABG, such as extracorporeal circula-
tion pumps, general anesthesia, and surgical trauma.
Consequently, this evidence underscores the impor-
tance of considering factors like MI/RI that manifest
following both PCI and CABG in relation to cog-
nitive decline post-cardiac surgery. Additionally, the
presence of collateral circulation has the potential to
attenuate MI/RI, and existing evidence suggests that
collateral circulation in coronary arteries diminishes
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Table 1
Study Characteristics of MI/RI-Related Postoperative Cardiac Cognitive Dysfunction

Study (year) Patients and Sample size Type of procedure Exclusion criteria Age (SD) Adjustment for

confounders

Follow-up period Prevalence of

cognitive

dysfunction

Findings Ref.

Bergh et al. (2002) 114 patients underwent

cardiac procedures

CABG: 50%

percutaneous coronary

transluminal angioplasty:

50%

Participating in a

concurrent study of

postoperative

neuropsychological

function

CABG:

67.8 ± 8.8

PTCA:

68.4 ± 6.7

Sex, age 1 to 2 y after

intervention

– Percutaneous coronary

transluminal angioplasty

and CABG patients had

decreased memory 1 to 2 y

after treatment, and no

subjective differences were

found in PTCA and CABG

patients

[37]

Ahlgren et al.

(2003)

42 patients with stable

angina pectoris

CABG with CPB: 55%

Percutaneous coronary

intervention (PCI): 45%

A history of alcohol

abuse or a documented

neurological or

psychiatric disorder or

cerebral lesion

CABG:

65.7 ± 3.3

PCI: 64.4 ± 4.5

age, gender,

education, extent

of driving

4–6 wk after

intervention

CABG: 48%

PCI: 10%

Cognitive functions

important for safe driving

may be influenced after

CABG and PCI

[38]

Währborg et al.

(2004)

135 patients for 6 mo

evaluation

130 patients for 12 mo

evaluation

6 m (CABG: 47%; PCI:

53%)

12 mo (CABG: 49%;

PCI: 51%)

– PCI: 62 ± 8.0

CABG:

63 ± 9.1

– 6 and 12 mo after

procedure

– No significant differences

in neuropsychological

outcomes could be

demonstrated in patients

treated with different

revascularization strategies

[39]

Keizer et al.

(2005)

281 CABG patients

112 healthy volunteers

CABG: 100% – Control:

60.5 ± 6.2

CABG

:61.3 ± 9

– 3 and 12 mo after

baseline

3 mo (control: 4.6%;

CABG: 7.7%)

12 mo:

(control:4.1%;

CABG:12.3)

These data suggest that the

incidence of cognitive

dysfunction after CABG

has previously been greatly

overestimated

[40]

(Continued)
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Table 1
(Continued)

Study (year) Patients and Sample size Type of procedure Exclusion criteria Age (SD) Adjustment for

confounders

Follow-up period Prevalence of

cognitive

dysfunction

Findings Ref.

Vedin et al. (2006) 70 patients with stable

angina pectoris, and lack

of tight main stem

stenosis

off-pump CABG: 47.1%

on-pump CABG: 52.9%

Age under 50 or over

80 y, ejection fraction

« 30%, serum

creatinine > 150 �mol/l,

tight main stem stenosis

(>70%), redo operation,

diffuse distal coronary

artery disease and

unstable angina

Off-pump

CABG: 65

On-pump

CABG: 65

– 1 wk, 1 and 6 mo

after surgery

1 wk (on-pump:

57%; off-pump:

58%)

1 mo (on-pump:

30%; off-pump:

12%)

6 mo (on-pump:

19%; off-pump:

15%)

This study showed no

differences in

post-operative cognitive

function after on pump

compared to off pump

CABG in low-risk patients

[41]

Dieleman et al.

(2009)

281 patients undergoing

first-time CABG

patients were randomly

assigned to on-pump or

off-pump CABG

– 61.3 ± 9 Type of surgery

(i.e., on-pump or

off-pump

treatment)

3 and 12 mo and

5 y after surgery

3 mo: 8%

12 mo: 12%

5 y: 34%

Presence of coronary

collaterals is associated

with a decreased risk of

cognitive decline at both 3

and 12 mo, this trend

persists at 5-y follow-up

[25]

Mutch et al.

(2009)

36,261

ischemic heart disease

(IHD) patients

PCI: 1.7%

CABG: 3.1%

IHD-medical

management group:

95.2%

Any patients with

existing diagnosed

dementia or depression

PCI: 67.3

CABG: 66.9

IHD-medical

management

group: 74.1

income 4.7 y/5.2 y/4.9 y 4.9% for the PCI

group (4.7 y)

7.0% for the CABG

group (5.2 y)

12.1% for the

medical

management group

(4.9 y)

Patients managed with PCI

had the lowest likelihood of

dementia-only 65% of the

risk for medical

management (whether it is

a reperfusion strategy is

unknown)

There was no significant

difference between CABG

and PCI interventions

[42]
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Liu et al. (2009) 227 Patients for elective

CABG

75 Control (friends and

families of CABG

patients)

off-pump CABG: 74%

on-pump CABG: 26%

Previous cardiothoracic

surgery and psychiatric

disease; preoperative

renal dysfunction or

active hepatic disease;

severely impaired left

ventricular function,

inability to complete

preoperative

neuropsychological tests;

absence of an acoustic

window for transcranial

Doppler ultrasonography

and concomitant surgery

other than CABG

off-pump

CABG: 59 ± 8

on-pump

CABG:

60 ± 8

Control: 61 ± 7

History of

previous cardiac

infarction,

Smoking, status of

CBP use, duration

of mechanical

ventilation in

intensive care unit

1 wk or 3 mo after

surgery

1 wk (Control:

1.5%–13.1%;

on-pump:

41.5%–68.3%;

off-pump:

39.2%–54.9%)

3 mo (Control:

0.32%–9.3%;

on-pump:

1.3%–17.5%;

off-pump:

7.7%–20.4%)

In Chinese population,

avoidance of CPB during

CABG surgery significantly

decreased the number of

cerebral microemboli, but it

did not decrease the

incidence of POCD at

either 1 wk or 3 mo after

CABG. Neither CPB nor

cerebral microemboli was

independently associated

with the risk of POCD

[43]

Schwarz et al.

(2011)

37 coronary heart disease

patients

33 healthy volunteers

coronary catheterization:

32%

elective CABG patients:

40%

healthy volunteer:

28%

– Catheter group:

67.3 ± 6.9

CABG group:

66.9 ± 5.9

Control group:

64.1 ± 6.5

– 3 mo after the

interventions

– Cognitive decline was

detected in both catheter

group and CABG group

[44]

Bruce et al. (2013) 16 on-pump CABG

patients

15 thoracic surgical

patients

15 nonsurgical controls

On-pump CABG

patients:

34%

thoracic surgical patients:

33%

nonsurgical controls:

33%

Previous cardiac

operation,

history of psychiatric

disorders, previous

neurologic

complications, or

traumatic brain injury,

age older than 80 y or

younger than 50 y, and

inadequate English

reading and writing skills

to perform the required

tasks

On-pump

CABG patients:

63.6 ± 9.0

thoracic

surgical

patients:

60.9 ± 7.1

nonsurgical

controls:

65.5 ± 9.0

– 1 and 8 wk

postoperatively

1 wk: (CABG: 44%;

surgical control:

33%)

8 wk: nearly all

patients had

recovered to

preoperative levels

Most patients recover to, or

exceed, preoperative levels

of cognition within 8 wk

[45]

(Continued)
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Table 1
(Continued)

Study (year) Patients and Sample size Type of procedure Exclusion criteria Age (SD) Adjustment for

confounders

Follow-up period Prevalence of

cognitive

dysfunction

Findings Ref.

Sauër et al. (2013) 280 patients PCI or

off-pump CABG

PCI: 49%

CABG: 51%

– PCI: 60 ± 9

Off-pump

CABG: 59 ± 10

Age and

educational level

7.5 y after

procedure

– At 7.5 y follow-up,

off-pump CABG patients

had a similar or perhaps

even better cognitive

performance compared with

PCI patients

[46]

Habib et al. (2014) 134 first-time CABG

patients

CABG: 100% Emergency CABG, with

additional cardiac

procedures, myocardial

infarction (MI) within

1 mo and known

psychiatric illness

53.7 ± 8.4 – At discharge, 6 wk

and 6 mo

post-CABG

Baseline: 44.8%

At discharge:

54.5%

6 mo: 39.7%

Postoperative cognitive

deficit was common and

remained persistent at

short-term

[47]

Belmonte et al.

(2015)

36 patients undergoing

off-pump CABG

off-pump CABG: 100% – 65.9 ± 1.4 – 1, 6, and 12 mo

after surgery

6 mo: >50%

12 mo: >30%

Significant deterioration in

cognition occurred after

CABG, with the most

severe at 6 mo and partial

recovery at 12 mo

[48]

Xu et al. (2015) 813 patients undergoing

off-pump CABG

off-pump CABG: 100% Patients with

unstable angina or critical

disease that required

immediate intervention

– – 7 days after

operation

12.9% Postoperative cognitive

dysfunction

occurred in 12.9% of

patients

[49]

Everedet al.

(2016)

193

first-time elective CABG

patients

51 subjects from the

community as control

group

CABG: 100% History of stroke or

transient ischemic attack,

treatment with sedatives,

and a clinical history of

dementia

POCD or

dementia:

67.5 ± 8.2

POCD and

dementia:

67.7 ± 7.0

Control:

72.0 ± 7.2

Age 7.5 y after the

surgery

32.8% The prevalence of dementia

at 7.5 y after CABG surgery

is greatly increased

compared to population

prevalence

[50]



H
.C

hang
etal./Pathogenesis

ofC
ognitive

D
ysfunction

after
M

I/R
I

1551

Jurga et al. (2016) 93 patients with stable

angina pectoris

PCI: 15%

Coronary angiograph

(CA): 100%

A history of CABG

surgery, or advanced

kidney disease

(eGFR)<30 ml/min

66.8 ± 8.7 Sex

Treated with PCI

Radial access

3 and 30 days after

the procedure

– No impairment of cognitive

function as assessed by

MoCA testing was found

after CA or PCI

[26]

Kuźma et al.

(2017)

3155

Patients from

Cardiovascular Health

Study

CABG: 5.1%

No CABG: 94.9%

Prevalent dementia at

baseline, insufficient data

to determine dementia

status, or a missing

history of CABG at

baseline

CABG:

74.9 ± 4.2

No CABG:

74.5 ± 4.9

age, sex, ethnicity,

education status,

hypertension; treated

hypertension, diabetes,

clinical cardiovascular

disease or subclinical CVD,

body mass index,

depressive symptoms,

smoking, alcohol

consumption; physical

activity and apolipoprotein

E status

6.0 y (interquartile

range, 4.7 to 6.5)

– CABG history is associated

with long-term dementia

risk

[51]

Whitlock et al.

(2019)

3,105 Health and

Retirement Study (HRS)

participants

Cardiac Catheterization:

61.9%

Cardiac Surgery:

38.1%

– PCI:

74.8 ± 6.5

CABG:

74.6 ± 6.3

age, sex, race/ethnicity

education, tobacco use,

hypertension, diabetes, lung

disease, stroke, heart

problems, total financial

assets, marital status,

depression symptoms,

independence in daily

activities, moderate-severe

pain

Participants may

have undergone

the index

procedure any

time in the

preceding 2 y

– The memory declines

following heart surgery and

cardiac catheterization were

similar. Intermediate-term

population-level adverse

cognitive effects of cardiac

surgery, if any, are likely

subtle

[22]

Gu et al. (2019) 271 patients with

non-ST-elevation acute

coronary syndrome

PCI: 83%

CABG: 3.7%

Medical therapy: 13.3%

Cardiac arrest,

ventricular arrhythmia or

cardiogenic shock,

moderate to severe

valvular heart disease,

active infection,

malignancy with

expected survival < 1 y

80.5 ± 4.8 Periprocedural

complication

Length of hospital stay

1 y after procedure 35.1% More than one-third of

patients experienced

cognitive decline 1 y after

invasive treatment

[52]

(Continued)
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(Continued)

Study (year) Patients and Sample size Type of procedure Exclusion criteria Age (SD) Adjustment for

confounders

Follow-up period Prevalence of

cognitive

dysfunction

Findings Ref.

Relander et al.

(2020)

103 elective CABG

patients

17 volunteers as Control

CABG with CPB: 100% Cerebrovascular events

or any other disability

within 6 mo,

independence, or

compliance (such as

neurological disability or

psychoses)

Control:

63.6 ± 6.9

CABG with

CPB: 60.4 ± 8.6

baseline cognitive

performance, age,

gender, education,

and cardiovascular

risks factors

1 wk, 3 mo, and a

mean of 6.7 y after

operation

1 wk after surgery:

71%

3 mo after surgery:

47%

Although POCD is mostly

transient at the group level,

the occurrence of POCD

after CABG predicts

cognitive decline 6 y after

surgery

[53]

Whitlock et al.

(2021)

1680 HRS participants PCI: 60%

CABG: 40%

Did not participate in an

HRS assessment, or did

not complete the HRS

cognitive assessment,

within 3 y prior to the

cardiac procedure, or if

they were assigned zero

sampling weight at the

interview prior to the

cardiac procedure

PCI:

75.0 ± 7.2

CABG:

74.8 ± 6.6

sex; education;

age; marital

status; financial

assets; body mass

index; smoking;

moderate-severe

pain; difficulty in

daily living;

depressive

symptoms;

hypertension,

diabetes, stroke,

lung and heart

disease.

6 mo after

procedure to 5 y

after procedure

– The revascularization

procedure type (CABG or

PCI) was not significantly

associated with differences

in the change of rate of

memory decline. And there

was no significant

difference in memory score

rates between preoperative

and postoperative 6 mo to

5 y

[23]

Tang et al. (2023) 1390 HRS

participants

PCI: 60%

CABG: 40%

– 75 ± 6 Sex, financial

assets, education,

diabetes, stroke,

depressive

symptoms

At a median of 1.1

(interquartile

range, 0.6–1.6) y

after procedure

PCI:

(Mild memory

decline: 10.6%;

Major memory

decline: 3.5%)

CABG:

(Mild memory

decline: 8.6%; Major

memory decline:

2.9%)

Preoperative factors (older

age, frailty, and off-pump

CABG) can be used to

predict late memory decline

after coronary

revascularization in an

epidemiological cohort with

high specificity

[54]
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Table 2
Behavioral assessment of MI/RI-related cognitive impairment

Study
(year)

Animal Cardiac I/R Cognitive-related
behavioral tests

Time of testing Results Ref.

Yuan et al.
(2014)

SD rats Ligation of the left main
coronary artery (LCA) for
30 min, followed by
reperfusion

Eight-arm maze test 1–7 days after
cardiac I/R

The cardiac I/R group
showed more working
memory errors 1–4 days
after I/R and more
reference memory errors
1–7 days after I/R relative
to the sham group,
respectively

[65]

Hovens
et al.
(2016)

Wistar
rats

Ligation of the left
anterior descending
branch (LAD) for 45 min,
followed by reperfusion

Novel location test, novel
object test, and Morris
water maze test

11 days after
cardiac I/R

Spatial learning, spatial
memory, and object
recognition were
impaired in the cardiac
surgery group

[59]

Evonuk
et al.
(2017)

C57BL/6
mice

Ligation of the LAD for
30 min, followed by
reperfusion

Contextual fear
conditioning and object
location memory task

2 months after
cardiac I/R

Compared to
sham-operated mice,
cardiac I/R mice
performed worse in
contextual fear
conditioning and in object
location memory task

[18]

the risk of postoperative cognitive impairment [25].
Remarkably, the vast majority of the patient popu-
lation (85%) who exclusively underwent coronary
angiography displayed no postoperative cognitive
dysfunction [26]. Collectively, this body of evidence
strongly implies that MI/RI may play a pivotal role in
postoperative cognitive decline. Detailed characteris-
tics of MI/RI-related postoperative cardiac cognitive
dysfunction studies are listed in Table 1.

Indirect clinical evidence suggests a potential asso-
ciation between MI/RI and cognitive dysfunction. In
clinical scenarios, MI/RI can manifest as reperfusion
arrhythmias, myocardial failure, low cardiac output,
and perioperative myocardial infarction [27]. For
instance, a study reported that approximately 9% of
patients with acute ST-segment elevation myocardial
infarction develop atrial fibrillation during or imme-
diately after PCI [28], potentially induced by MI/RI.
A well-established causal relationship between atrial
fibrillation and cognitive dysfunction has been doc-
umented [29–31]. Furthermore, the low cardiac
output or myocardial infarction resulting from MI/RI
leads to inadequate cerebral perfusion, mirroring the
pathophysiological features of cognitive impairment
observed in heart failure cases [32]. In addition, sys-
temic inflammation is activated after MI/RI, releasing
substantial amounts of inflammatory factors into the
bloodstream [33]. Also, the role of postoperative
serum or plasma cytokines, particularly interleukin
6 (IL-6), in postoperative cognitive dysfunction has
been extensively validated in patients [34, 35].

Despite the compelling evidence, drawing a
definitive causal link between MI/RI and cognitive
impairment from available clinical data proves chal-
lenging. This difficulty likely arises because MI/RI
cannot be isolated as a singular factor in clinical
settings. Nonetheless, avenue for investigation per-
sist. Focusing on new MI/RI-related cardiovascular
events at specific time points (e.g., during and after
cardiac reperfusion surgery) and exploring their cor-
relation with long-term cognitive status could prove
valuable. Additionally, patients with acute coronary
syndromes undergoing acute PCI are more prone to
exhibit higher levels of depression and fatigue, along
with poorer concentration and attention 0–5 days
after PCI compared to patients undergoing elective
PCI [36]. This implies the importance of considering
population characteristics, suggesting that the impact
on postoperative cognitive outcomes after coronary
revascularization may differ for acute and chronic
coronary syndromes. Furthermore, urgent attention is
needed for exploring markers or measures of MI/RI
in the clinic settings. This exploration is crucial not
only to understand MI/RI-related complications but
also to delve beyond cognitive function.

COGNITIVE-RELATED BRAIN
PATHOLOGY AND BRAIN REGIONS
FOLLOWING MI/RI

Significant pathological changes occur in the brain
after MI/RI, and these pathological manifestations
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Fig. 1. Pathological manifestations of the brain after MI/RI. At the subcellular level, mitochondrial fusion and mitochondrial dysfunction,
amyloid-� (A�) formation and tau hyperphosphorylation occur after MI/RI (left part of the figure). At the cellular level, astrocyte activation,
microglia activation, overproliferation, neuronal apoptosis combined with dendritic spine damage, and increased macrophage infiltration
were observed after MI/R I (middle of the figure). At the tissue level (right part of the figure), MI/RI caused damage to the blood-brain
barrier (BBB). MI/RI, Myocardial ischemia/reperfusion injury.

are critical for understanding the role of the condition
in cognitive dysfunction. One prominent pathologi-
cal feature after cardiac I/R is the disruption of the
BBB, which allows the entry of numerous inflamma-
tory mediators into the brain [19]. This disruption
is accompanied by a decrease in the number of
CD 11b/CD 45++low cells and an increase in the
number of CD 11b/CD 45++++high cells, along
with morphological changes indicative of microglia
proliferation and hyperactivation [55]. Additionally,
reactive astrogliosis leads to a cascade of neuroin-
flammation amplification [56]. Another potential
mechanism of brain damage during cardiac I/R is
increased oxidative stress brought on by fission
and malfunction of brain mitochondria [57]. Conse-
quently, these pathological events lead to neuronal
apoptosis and dendritic spine damage, predominantly
in the hippocampal region [56, 58]. Interestingly, car-
diac I/R-induced pathological events also exhibited
features associated with Alzheimer’s disease (AD) in
the brain, such as A� formation and aggregation, as
well as tau hyperphosphorylation [58]. In summary,
the pathological events induced by cardiac I/R shown

in Fig. 1 appear to contribute to the development of
cognitive dysfunction collectively.

The hippocampus is one of the most exten-
sively studied brain regions involved in cognitive
decline after MI/RI. As mentioned earlier, most brain
pathologies associated with cognition and memory
are found in the hippocampus [18]. Furthermore,
the paraventricular nucleus of the hypothalamus and
prefrontal cortex have also been implicated [59].
Although the hypothalamus is primarily known for
controlling physiological processes such as appetite,
body temperature, sexual behaviors, and hormone
release, it is interconnected with the hippocampus,
amygdala, and prefrontal cortex. It may serve as an
interface for various cognitive functions [60]. More-
over, a study utilizing proton magnetic resonance
spectroscopy revealed alternation in metabolites in
the hippocampus, striatum, thalamus, and temporal
cortex following MI/RI [61]. Interestingly, the rel-
evance of these brain regions to the formation and
control of various cognitive functions is receiving
increasing attention [62–64]. Overall, there is limited
current research on cognition-related brain regions
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after MI/RI, and significant efforts are warranted in
the future.

MANIFESTATIONS OF COGNITIVE
IMPAIRMENT DUE TO MI/RI IN
ANIMALS

Rats exhibit degradation of spatial learning and
memory after cardiac I/R [59]. In a study by Evonuk
and colleagues, cognitive function in mice was
assessed through behavioral measures two months
after cardiac I/R. The results revealed that cardiac I/R
mice performed worse in contextual fear condition-
ing and object location memory tasks compared to
sham-operated mice [18]. Similarly, rats subjected to
cardiac I/R also demonstrated poorer short-term cog-
nitive performance than sham rats in the eight-arm
maze test [65]. Our unpublished data also support
a significant decline in cognitive function in mice
following cardiac I/R, with this decline occurring
in both the short-term (7 days) and long-term (a
month). In conclusion, despite insufficient attention
from most investigators, converging evidence indi-
cates that MI/RI is indeed a crucial factor contributing
to cognitive dysfunction after cardiac surgery. A sum-
mary of the cognitive behavioral assessment findings
in animal studies following MI/RI is presented in
Table 2.

POTENTIAL MECHANISMS OF
MI/RI-INDUCED COGNITIVE
DYSFUNCTION

To understand the mechanisms underlying cog-
nitive impairment induced by MI/RI is to identify
the specific pathological changes and processes that
occur in the body following MI/RI, ultimately con-
tributing to or directly causing cognitive deficits.
Indeed, MI/RI-induced cognitive dysfunction is an
outcome of a complex series of pathological pro-
cesses at the molecular, cellular, tissue, and even
systemic levels. Based on the existing literature,
we categorize the potential mechanisms of cogni-
tive decline in the brain following MI/RI into three
domains.

The role of circulating inflammatory molecules
or cells in cognitive dysfunction after MI/RI

It is widely recognized that activating inflamma-
tion, specifically sterile inflammation, contributes to
the progress of MI/RI [3]. Surprisingly, in the con-

text of the I/R model, inflammatory mediators can
act as implicated agents in the emergence of systemic
complications [66]. The reliable marker of systemic
inflammation, C-reactive protein (CRP)/high sensi-
tivity C-reactive protein (hsCRP), has been shown
as an indicator of MI/RI [67]. Clinical data indi-
cate that CRP levels remain elevated after PCI,
peaking at three days and persisting up to 7–14
days post-procedure [68, 69]. Notably, the relative
variation of hsCRP (�hsCRP) from pre- to 24-h
post-PCI has shown superior predictive value for
future major adverse cardiac events compared to pre-
or post-procedure hsCRP levels alone [70]. Impor-
tantly, elevated levels of CRP due to MI/RI play a
significant role in predicting short- and long-term
cardiac complications. Given the strong association
between CRP and cognitive dysfunction, this predic-
tive advantage of �hsCRP may also be reflected in
cognitive decline after cardiac I/R [71, 72]. Several
studies have reported noteworthy links between CRP
and postoperative neurocognitive dysfunction (PND)
after off-pump CABG and heart valve replacement
[73, 74]. Moreover, in animal models, interleukin-
6 (IL-6), interleukin-8 (IL-8), and tumor necrosis
factor-alpha (TNF-�) levels in the blood were sig-
nificantly elevated after myocardial I/R [75, 76].
Similar findings were observed in patients, with
serum TNF-� and IL-6 levels substantially increased
after PCI compared to baseline, particularly TNF-�,
which continued to rise 14 days after PCI in acute
myocardial infarction cases [69]. Deterioration in the
systemic condition can profoundly impact the brain,
with significant consequences. A meta-analysis and
systematic review of 170 studies on AD and mild
cognitive impairment (MCI) highlighted the influ-
ence of peripheral inflammation on cognitive function
and that the elevated levels of circulating TNF-�
have been associated with postoperative cognitive
dysfunction [77]. Increased TNF-� and IL-6 have
been linked to cognitive decline after cardiac surgery
[78] and CABG [79], and the cytokines in the cere-
brospinal fluid may serve as predictors of impaired
cognition.

The systemic inflammation response index (SIRI),
a novel micro-inflammatory marker based on periph-
eral blood neutrophil, monocyte, and lymphocyte
counts, has recently gained attention. Like �hsCRP,
this composite inflammatory index is an independent
risk factor following PCI and reflects cellular-level
inflammation responses [80, 81]. Furthermore, SIRI
is correlated with cognitive function, as older indi-
viduals with higher SIRI levels are at a heightened
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risk of developing MCI [82]. Strikingly, there appears
to be a logical relationship in cardiac revascular-
ization and vascularization procedures. In patients
undergoing PCI post-acute ST-segment elevation
myocardial infarction (STEMI), SIRI levels have
been independently associated with the no-reflow
phenomenon (NRP) [83], which is a clinical char-
acteristic manifestation of MI/RI [84]. Therefore,
SIRI may serve as a representation of the degree of
MI/RI in patients following PCI. Furthermore, the
systemic inflammatory response syndrome score is
a robust and independent risk factor for of devel-
oping PND in patients after CABG [85]. Hence,
SIRI may provide additional prognostic informa-
tion for the development of cognitive dysfunction
after MI/RI. Additionally, the neutrophil-lymphocyte
ratio (NLR), a readily available marker of sys-
temic inflammation, has shown involvement in the
pathogenesis of AD, PND, and MCI in the elderly
[86–88]. However, its role in cognitive impairment
after MI/RI remains unexplored. Notably, these sys-
temic inflammation markers are inexpensive, readily
available, and widely employed in clinical prac-
tice. Large-scale, well-controlled clinical studies on
the relationship between these inflammatory indica-
tors and cognitive function after cardiac I/R would
be valuable in providing predictive biomarkers for
impaired cognitive decline.

A growing body of evidence highlights the cru-
cial role of platelets in inflammatory and immune
responses. After cardiac I/R, platelets undergo acti-
vation via various modes, such as the release of
platelet-activating factor (PAF), soluble CD40 ligand
(sCD40 L), and P-selectin [89, 90]. Platelet activa-
tion is a common occurrence following PCI, and
despite employing multiple antiplatelet and antico-
agulant drugs, a significant and prolonged elevation
of sCD40 L in plasma is observed [68]. Moreover,
plasma calprotectin, associated with platelet activa-
tion, may serve as an early predictive biomarker of
NRP in patients with acute coronary syndromes [91].
Platelets play a crucial role in neuroinflammation
[92], and studies have shown a strong associa-
tion between the degree of platelet activation and
decreased cognitive function in AD [93]. However,
one study reported that neuroprotective PAF antag-
onists (lexipafant) did not differentially reduce the
level of cognitive impairment following CABG [94].
The authors suggest that this finding may be attributed
to the lower-than-expected incidence of cognitive
impairment in their experiment, which was insuf-
ficient to detect a protective effect of lexipafant

[94]. Overall, evidence regarding the role of platelet
activation in cognitive function after MI/RI is still
preliminary and requires further validation.

How systemic inflammation contributes to
impaired cognitive performance after MI/RI is
another interesting topic. For these circulating
elevated inflammatory molecules and inflammatory
cells to exert adverse effects on the brain, they must
transverse the BBB. Unfortunately, the BBB sustains
significant damage after MI/RI. Data indicated
impaired BBB integrity in 50% of post-operative
cardiac patients [95]. Animal evidence also confirms
a decrease in the expression levels of the BBB
protein Claudin5 following cardiac I/R [19, 96].
Current evidence suggests that MI/RI induces
the release of pro-inflammatory mediators from
coronary endothelial cells and various inflammatory
cells into the bloodstream, activating the immune
response [27]. These heightened peripheral blood
factors subsequently assault the compromised BBB
alongside inflammatory cells [97]. On the one
hand, microglia and astrocytes become activated in
response to these inflammatory factors, further pro-
moting the development of neuroinflammation. On
the other hand, these blood factors and inflammatory
cells can induce brain remodeling by modulating
endothelial cells and neuronal signaling, result-
ing in the secretion of pro-inflammatory factors,
oxidative stress, and the aggregation of AD-related
proteins [98–100]. Moreover, inflammatory factors
can directly adversely affect neuronal survival
and neuronal signaling, leading to neuronal death
and synaptic dysfunction [101]. The underlying
mechanisms of systemic inflammation induced by
MI/RI and the subsequent development of cognitive
dysfunction are depicted in Fig. 2.

Production of local cardiac pathological
mediators and heart-to-brain transport after
MI/RI

Is there a mechanism other than direct inva-
sion of the brain by soluble blood factors and
peripheral immune cells that can cause cognitive
changes in the brain following MI/RI? Given the
considerable distance between the heart and brain,
it is necessary to consider the potential for heart-
brain crosstalk. Extracellular vesicles (EVs) have
emerged as novel messengers facilitating information
exchange between organs, including the heart [102].

EVs refer to cell-released membrane organelles
such as exosomes, microvesicles, and microparti-
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Fig. 2. Systemic inflammation after MI/RI promotes neuroinflammation leading to cognitive decline. MI/RI activates systemic inflam-
mation including an increase in inflammatory mediators (IL-1�, IL-6, IL-8, TNF-�, CRP), an increase in inflammatory cells manifested by
SIRI, and the activation of platelets and induction of inflammatory substances released by platelets. These systemic inflammatory mediators
g attack and enter the CNS via the BBB, leading to BBB leakage and neuroinflammation. BBB, blood-brain barrier; CNS, central nervous
system; CRP, C-reactive protein; IL-1�, Interleukin 1 beta; IL-6, Interleukin 6; IL-8, Interleukin 8; SIRI, Systemic inflammation response
index; TNF-�, Tumor necrosis factor-alpha.

cles [103]. In this review, we refer to all types of
EVs collectively. These EVs are synthesized by cells
and released into circulation, allowing them to reach
various organs, including the brain. By transport-
ing diverse contents, such as proteins, lipids, DNA,
mRNAs, microRNAs (miRNAs), and circular RNAs
(circRNAs), EVs exert significant biological effects
on recipient cells. The concept that EVs mediate com-
munication between the heart and brain is not novel
[104, 105]. Evidence shows that EVs from periph-
eral organs can carry harmful contents into the brain
via circulation and contribute to the development
of cognitive dysfunction [106]. Similar evidence is
emerging for brain injury and cognitive impairment
after peripheral organ I/R [107, 108]. Encouragingly,
EVs have been implicated in pathophysiological pro-
cesses after MI/RI [109, 110].

Among the EVs’ contents, miRNAs have been
extensively studied. Research by Deddens and Gidlöf
et al. demonstrated increased release of cardiac-
derived EVs after cardiac I/R in an animal model
[111, 112], as evidenced by plasma levels of muscle-

specific extracellular miRNAs (miR-1, miR-133b,
miR-208b, and miR-499) were found to increase
up to 750-fold [112]. Surprisingly, the increased
release of EVs carrying miR-1, miR-208b, and
miR-499 also occurred in plasma samples collected
from patients before and after PCI, particularly after
reperfusion [113]. Similar findings include increased
plasma EVs concentrations in patients undergoing
CABG and increased expression of miR-1, miR-24,
miR-133a, and miR-133b in EVs [114]. These find-
ings consistently suggest increased cardiac secretion
and release of circulating EVs containing miR-
1, miR-208b, miR-133a, and miR-133b, miR-499
post-MI/RI. Can these EVs potentially enter the
brain and lead to impaired cognitive function after
MI/RI? The answer appears to be affirmative. Mice
with cardiac overexpression of microRNA-1 expe-
rience cognitive impairment [115]. Inhibition of
miR-1 in hippocampal EVs significantly attenuates
infarct-induced neuronal microtubule damage [116].
Additionally, miR-1 from cardiac EVs has been
shown to attenuate infarct-induced synaptic vesi-
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cle exocytosis in the hippocampus by regulating
the target gene synaptosomal-associated protein 25
(SNAP-25) [117]. Furthermore, miR-499 was signif-
icantly increased among the miRNAs carried by EVs
after MI/R. Notably, miR-499-5p is implicated in
neurocognitive dysfunction in central nervous system
disorders by causing dendritic disruption and dys-
regulation of calcium homeostasis [118]. Apart from
miRNAs, circRNAs within EVs may also contribute
to this theory. CircRNA-089763 was remarkably
increased in plasma EVs of patients with cardiac I/R
occurrence (post-CABG), and the functional annota-
tion analysis and target gene prediction suggested a
significant enrichment in GO keywords and pathways
associated with PND [119].

MI/RI-induced EVs not only exacerbate local
inflammation in the heart but also trigger systemic
inflammation in distant organs [120]. This raises
the question of how EVs may facilitate inflamma-
tion spreading to the central nervous system (CNS).
Oxidative phosphorylation function in mitochondria
is impaired after MI/RI, leading to increased forma-
tion of free radicals/reactive oxygen species [121]. A
recent study reveals that under graded oxidative stress
in vitro, mitochondria isolated from the myocardium
actively generate vesicles known as mitochondria-
derived vesicles, which carry many mitochondrial
proteins demonstrated by a proteomic analysis [122].
Interestingly, several of these mitochondrial proteins
are also present in circulating EV isolated from
the blood of patients with diseases associated with
oxidative stress disorders [123]. Furthermore, mito-
chondrial DNA (mtDNA) in cardiac cells is not
protected from oxidative stress damage during MI/RI,
and mitochondria-derived vesicles can act as inter-
mediaries, mediating the transfer of mtDNA into EVs
[124]. Once cardiac cells release mtDNA into circula-
tion during MI/RI, it can remain protected within EVs
and travel through bloodstream to mediate the inflam-
matory response in the target organ [125]. Circulating
mtDNA has been shown to activate TLR9 (toll-like
receptor 9), promoting inflammation through activa-
tion of the myeloid differentiation primary response
88 (MyD88) and p38 MAPK (mitogen-activated
protein kinase) pathways [126, 127]. Additionally,
mtDNA activates NLRP3 inflammasomes, trigger-
ing the production of IL-1� and IL-18 [128, 129].
The mtDNA in EVs can potentially activate neu-
roinflammation in neurodegenerative diseases [125].
Interestingly, it was also demonstrated that injection
of mtDNA into the hippocampus of mice induces neu-
roinflammation [130]. These finding also provides

directions for future research. It has also been shown
that MI/RI-induced EVs contribute to the dissemina-
tion of inflammation, as evidenced by the significant
elevation of high mobility group box 1 (HMGB1),
an injury-associated molecular pattern, in plasma
after cardiac I/R [131]. These increased HMGB1 lev-
els in reperfused coronary arteries mainly originate
from platelet-derived particles and are predominant
in patients with MI/RI injury presenting as no flow
phenomenon [132].

These aforementioned pieces of evidence support
the possibility that MI/RI triggers the production of
EVs, which can transport harmful mediators (miR-
NAs, circRNAs, inflammatory proteins, cytokines,
and mitochondrial components) through circulation
into the brain, thereby activating neuroinflammation
and resulting in neurocognitive impairment (Fig. 3).
However, despite the burgeoning interest in EVs,
there is currently insufficient data to evaluate the
brain effects of EVs released into the circulation after
MI/RI.

Indirect mechanisms of cognitive dysfunction due
to altered cardiac function after MI/RI

One well-known consequence of MI/RI is the
impairment of cardiac function. This can manifest
as arrhythmias, heart failure, and myocardial infarc-
tion. A direct consequence of these manifestations is a
decrease in cardiac output, which may lead to varying
degrees of cerebral hypoperfusion. A study showed
that MI/RI rats exhibited cardiac insufficiency and
reduced cerebral blood flow in the accumbens core,
left caudate putamen, hippocampus, left hypothala-
mus, olfactory, superior colliculus, right midbrain,
ventral tegmental area, inferior colliculus and left
thalamus whole [133]. The hypothesis that heart
failure exacerbates cerebral blood flow (CBF) and
contributes to cognitive decline is supported by exist-
ing literature [134]. However, it has been argued that
lower CBF does not fully explain cognitive impair-
ment in patients with hemodynamic dysfunction
along the cardio-cerebral axis [135]. Nevertheless,
the study conducted by the authors established a
cross-sectional association between CBF and cogni-
tive function in patients with heart failure, but not a
longitudinal analysis. In patients undergoing CABG,
postoperative changes in CBF are commonly associ-
ated with PND [136, 137]. On the other hand, there
is inconsistent evidence suggesting that a significant
reduction in CBF after CABG does not correlate
directly with neuropsychological test results [138]. In
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Fig. 3. EVs assist in the relay of harmful signals from the heart to the CNS after MI/RI, mediating cognitive dysfunction. After
MI/RI, mitochondria in cardiomyocytes release MDVS encapsulating mitochondrial proteins and mtDNA, while cardiomyocytes release
some EVs containing microRNAs (MiR-1, MiR-499) and circRNAs (CircRNA-089763). These EVs from cardiomyocytes are released into
the circulation, and together with platelet release PMP as well as plasma EVs containing HMGB1 reach the CNS via TLR9 activating
MyD88, p38MAPK, activating NLRP3 and some pro-inflammatory responses together leading to cognitive dysfunction after MI/RI. EVs,
Extracellular vesicles; HMGB1, High mobility group box 1; MDVs, Mitochondria-derived vesicles; mtDNA, mitochondrial DNA; NLRP3,
NOD-like receptor thermal protein domain associated protein 3; PMS, Platelet-derived particles; TLR9, Toll-like receptor 9.

fact, patients with PND showed an average decrease
of approximately 7% in regional CBF (rCBF), while
patients without PND exhibited an increase of about
2% in rCBF. These results did not reach statisti-
cal significance, possibly due to the small sample
size and the large standard deviation. Additionally,
ischemic heart disease is strongly linked to cogni-
tive status after cardiac surgery [139], a factor not
addressed in this study. In addition, inadequate cere-
bral perfusion leads to decreased cerebral oxygen
saturation, which can be noninvasively measured
using near-infrared spectroscopy. Studies suggest that
long-term declines in regional cerebral oxygen satu-
ration (rSO2) predict cognitive decline [140]. Though
there are no long-term monitoring data on brain oxy-
gen saturation after MI/RI, indirect evidence supports
this theory. During CABG, intraoperative declines in
brain oxygen saturation significantly correlate with
early and late cognitive decline in patients [141, 142].
In addition, a study monitoring oxygen saturation
after cardiac surgery found that decreased postopera-
tive brain saturation was significantly associated with
postoperative delirium [143]. Taken together, low

cerebral perfusion or cerebral oxygen saturation is
a risk factor for cognitive dysfunction resulting from
impaired cardiac function. However, whether MI/RI
specifically drives this phenomenon remains largely
unknown and requires further investigation. Notably,
it is essential to highlight that the cognitive outcome
for patients undergoing On-Pump CABG is worse
than that of those for patients undergoing Off-Pump
CABG [144]. The acknowledged adverse effect of
cardiopulmonary bypass (CBP) on cognition is partly
attributed to reduced CBF [137]. This suggests that
cognitive dysfunction after On-Pump CABG may be
more related to CBP-induced cerebral hypoperfusion.
Additionally, atrial fibrillation occurring after MI/RI
may lead to micro-clots formation and occlude small
cerebral vessels, potentially exacerbating cognitive
dysfunction [145]. Although anesthesia also has the
potential to influence cognitive function in cardiac
surgery, it is not further discussed in our review, as our
main focus is determining the role of MI/RI in postop-
erative cardiac cognitive dysfunction and elucidating
potential mechanisms [146]. It is essential to empha-
size that the mechanisms described above are indirect
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pathways through which MI/RI may contribute to
cognitive dysfunction, and they are not specific to
MI/RI. Future research is needed to establish causal
evidence for these indirect mechanisms.

PREVENTION STRATEGIES FOR
COGNITIVE DYSFUNCTION AFTER
MI/RI

Research focused on preventing the cognitive
changes associated with MI/RI is primarily driven
by efforts to circumvention MI/RI. Although the pre-
cise mechanisms underlying MI/RI-related cognitive
impairment remain incompletely understood, there
are methods to prevent MI/RI partially and thereby
address the fundamental cause of mental issues asso-
ciated with it. Ischemic preconditioning (IPC), which
involves subjecting the heart to brief ischemic stress,
is the most effective intrinsic preventive measure
against MI/R. IPC reduces subsequent MI/RI and mit-
igates the range of extracardiac injuries resulting from
MI/RI [147]. However, the translational relevance of
IPC is limited. Therefore, remote ischemic precondi-
tioning (RIPC) has gained more interest, and it is a
protective strategy focused on the circulation between
ischemia and reperfusion within a specific vascular
region (e.g., the arm) [148–150]. Heusch et al. com-
prehensively summarized the cardiac impact of RIPC
in prior elective I/R studies (PCI and CABG). They
provided compelling evidence supporting the benefi-
cial effects of RIPC in mitigating MI/RI, particularly
when applied to the upper limb [151]. Thus, RIPC
holds promise as an approach to alleviate MI/RI-
induced cognitive dysfunction.

Encouragingly, studies have demonstrated RIPC
improved performance on behavioral tests in rats sub-
jected to brain I/R and enhanced cognitive control in
healthy adults [152, 153]. Investigation on the role
of RIPC in MI/RI-induced cognitive dysfunction has
yielded mixed results. One study reported that RIPC
prevented postoperative decline in cognitive function
over the short term in patients undergoing cardiac
surgery, the majority of whom underwent surgery
for CABG [154]. Three other studies observed a
tendency of RIPC to attenuate MI/RI-induced neu-
rocognitive outcomes, as indicated by reduced serum
markers of brain damage and a non-significant
decrease in incidence [155–157]. Contrastingly, two
studies found no impact of RIPC on neurocognition
[158, 159]. Notably, one of these studies did not
specify the composition and proportion of cardiac

surgery type performed on the patient, and surgery
under propofol anesthesia was involved [159]. It is
noteworthy that the occurrence and severity of MI/RI
vary among different types of cardiac procedure, pre-
dominantly PCI and CABG, and multiple factors,
including age, hypertension, beta-blocker, sex, dia-
betes, heart failure, and propofol, may influence the
clinical utilization and effectiveness of RIPC [160].
Furthermore, propofol has been shown to diminish
the protective effects of RIPC [161, 162]. In another
study, cognitive assessment was conducted using a
six-category test, and cognitive morbidity was used
as an indicator [158]. Although the results suggested a
lower cognitive decline in five out of the six categories
among participants in the RIPC group compared to
the control group, the overall prevalence rate of cog-
nitive impairment was not significantly different or
even higher in the RIPC group [158]. The method-
ology for calculating cognitive prevalence was not
clearly defined in the study, and the interpretation
of the results may be due to consideration of poor
performance on any one of the six tests as cogni-
tive impairment. Consequently, more individuals in
the RIPC group have a lower level of impairment,
while fewer people in the control group have a higher
level of impairment. It remains uncertain whether the
assessment of morbidity in this context provides an
objective evaluation of the patient overall cognitive
profile. The issue of confounding by procedure type
was also present in the two studies that reported trends
but lacked statistically significant differences, where
valve placement was performed in 75% and 45% of
the respective patients’ cohorts [156, 157].

The aforementioned unpromising results raise con-
cern due to the heterogeneity of the patient population
and potential bias introduced by variations in surgery
type and anesthesia. The clinical translation of RIPC
is also influenced by the number of cycles and the
duration of I/R. Although most human studies on
CABG utilize 3–4 cycles of I/R (5 min/5 min), the
most common approach in PCI is three cycles of
I/R (3 min/3 min). Nonetheless, 3–4 cycles of I/R
(5 min/5 min) yield greater effectiveness in prevent-
ing MI/RI. It is disappointing that no studies to date
have specifically examined the effect of RIPC on
cognitive function after PCI, although such research
is encouraged, given the lower confounding factors
compared to CABG and the relevance to MI/RI. Fur-
thermore, most of the studies primarily focus on
short-term cognitive impairment, whereas investigat-
ing the long-term cognitive protective effects of RIPC
is an important direction for future research.
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In conclusion, the favorable cognitive outcomes
observed in these studies enhance the credibility of
RIPC as a preventive measure against MI/RI-induced
cognitive decline. However, larger, standardized mul-
ticenter studies are still required to determine the
extent to which RIPC translates into clinical bene-
fit. It is important to emphasize that blood pressure
control, glucose control, cerebral perfusion and cere-
bral oxygen saturation management, temperature
management, use of some preoperative medications,
preoperative cognitive training, avoidance of some
anesthetics as well as CPB, etc. have the potential
to prevent cognitive impairment after cardiac surgery
[144, 163–168] However, the subject of our review
is the relationship between MI/RI and cognitive
dysfunction after cardiac surgery, thus highlighting
the neuroprotection of ischemic preconditioning in
MI/RI. However, we are in no way dismissing the role
of other strategies in MI/RI-related cognitive deficits;
moreover, the evidence for other strategies has been
detailed in previous reviews [146, 169].

TREATMENTS OF COGNITIVE
IMPAIRMENT DUE TO MI/RI

The post-ischemic treatment corresponding to
ischemic preconditioning is ischemic postcondi-
tioning (I-postC), involving multiple brief reperfu-
sion/ischemic treatments before sustained reperfu-
sion following ischemia. Studies have shown the ben-
eficial effect of I-postC on brain injury after MI/RI,
partly through inducing glycogen synthase kinase-3
beta (GSK-3�) autophosphorylation [136]. However,
similar to IPC, the clinical application of I-postC is
not promising. Animal experiments have suggested
alternative effective interventions for MI/RI-induced
brain cognition, including electroacupuncture [65].
Extensive researchers have also explored the phar-
macological treatment of brain injury after MI/RI,
using inhibitors such as p-donepezil (a well-known
inhibitor of acetylcholinesterase), and proprotein
convertase subtilisin/kexin type 9 inhibitor, as well
as various cell death inhibitors [19, 55, 58] (Table 3).
Neuroprotective and cytoprotective peptides like
humanin and the pharmacological mitochondrial
dynamics regulator mitochondrial fusion promoter
(M1) have demonstrated the ability to reverse brain
pathology caused by MI/RI [57, 96]. Additionally,
evidence supports the effectiveness of metformin and
sevoflurane, among other clinical agents [170–172].
Notably, gas anesthetics (desflurane, isoflurane, and

sevoflurane) have been associated with better post-
operative cognitive performance in CABG patients
compared to propofol, suggesting a preference for
gas anesthetics in CABG patients at risk for MI/RI
impairment [172–174]. In summary, the current
strategies for the treatment of MI/RI-induced brain
injury are still in the early stage, calling for future
attention and research in this area.

CLINICAL IMPLICATION

Previous studies have indicated that patients who
undergo CABG may experience PND, as evidenced
by biomarker changes similar to those seen in AD
[176]. Additionally, mouse models have shown AD-
like manifestations in brain pathology after MI/RI,
suggesting a potential connection between MI/RI and
AD. However, the etiology of postoperative cogni-
tive decline in current clinical studies still does not
take M/RI into account, so it is difficult to conclude
the causal relationship between MI/RI and cognitive
impairment from the limited clinical evidence avail-
able. Consequently, it is crucial to investigate the
impact of MI/RI on cognitive dysfunction after car-
diac surgery. Recognition of this role may promote
the exploration of safe and non-invasive methods like
IPC or RIPC for preventing and protecting against
cognitive impairment after cardiac surgery. Addition-
ally, studying the mechanisms by which MI/RI leads
to cognitive impairment is essential. One promising
avenue is the use of EVs that contain a significant
amount of non-coding RNAs and serve as specific
biomarkers for MI/RI-related cognitive decline [177].
Furthermore, EVs can potentially be both pathogenic
and therapeutic mediators in cardiovascular diseases
[178], and EVs inhibitors hold promise for vari-
ous clinical applications [179]. In addition, actively
improving cardiac function and reducing inflamma-
tion can help mitigate or prevent cognitive decline
associated with MI/RI. In conclusion, this opens
up new avenues for identifying and intervening in
MI/RI-related cognitive impairment in clinical set-
tings, providing valuable insights and directions.

SUMMARY AND OUTLOOK

MI/RI is common in CAD patients undergoing
cardiac procedures, but the underlying mechanism
linking MI/RI to brain pathologies remains unclear.
Besides systemic inflammation, cardiac insufficiency
following MI/RI is recognized as a factor contributing
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Treatment of brain injury and cognitive dysfunction following MI/RI

Treatment Time Animal Major findings Ref.

BBB breakdown Brain Oxidative stress A� production/Tau Neuronal Dendritic Cognitive

breakdown inflammation (BI)/ (OS)/mitochondrial hyperphosphorylation apoptosis spine dysfunction

Peripheral function (MD) density

inflammation (PI) (DSD)/LTP

Donepezil 15 min before

ischemia/15 min after

ischemia/

Onset of reperfusion

Wistar Rats ↓ BI↓ OS↓
MD↑

A�↓ ↓ DSD↑ – [19]

Humanin 15 min after ischemia/

onset of reperfusion

Wistar rats −→ – OS−→
MD↑

A�−→
p-Tau/Tau↓

↓ – – [57]

Mitochondrial fusion

promoter (M1)

15 min prior to I/R Wistar rats ↓ BI↓ MD↑ A�−→
p-Tau/Tau↓

↓ – – [96]

Z-VAD-FMK 15 min prior to I/R Wistar rats −→ BI↓ OS↓
MD↑

A�↓
p-Tau/Tau↓

↓ DSD↑ – [58], [56]

Necrostatin-1 15 min prior to I/R Wistar rats ↓ p-NF-κB/NF-κB−→ −→ A�↓
p-Tau/Tau↓

↓ DSD↑ – [58]

Ferrostatin-1 15 min prior to I/R Wistar rats −→ p-NF-κB/NF-κB−→ OS↓
MD↑

A�↓
p-Tau/Tau↓

−→ DSD↑ – [58]

Metformin 15 min prior to

ischemia/15 min after

ischemia

Wistar rats −→ BI↓ MD↑ A�↓ ↓ DSD↑ – [171]

Metformin 15 min prior to ischemia Wistar rats – BI↓ MD↑ A�↓
p-Tau/Tau↓

– DSD↑ – [170]

Proprotein convertase

subtilisin/kexin type 9

inhibitor (PCSK 9i)

15 min prior to

ischemia/15 min after

ischemia/

onset of reperfusion

Wistar rats – BI↓ – A�↓ – DSD↑ – [55]

Sevoflurane Preconditioning Wistar rats – BI↓ OS↓ – – LTP↑ – [172]

SRT1720 5 h after I/R C57BL/6 mice – BI↓PI↓ – – – – ↑ [175]

Electroacupunture Onset of reperfusion Sprague Dawleyrats – BI↓PI↓ OS↓ – ↓ – ↑ [65]
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to cerebral under-perfusion and cognitive impair-
ment. Based on recent clues, we hypothesize that
releasing harmful molecules after MI/RI may induce
brain pathology through circulation, either directly
or within encapsulated EVs. Moreover, various phar-
macologic treatments and interventions have shown
promise in reducing brain pathology and improv-
ing cognition in animal models of MI/RI. Despite
substantial research demonstrating the impact of
MI/RI on cognitive impairment, studies in this area,
particularly in the clinical setting, have been lim-
ited. Currently, clinical practice primarily focuses on
myocardial injury factors such as creatine kinase-MB
and cardiac troponin I, neglecting the significance of
MI/RI for cognitive impairment. Thus, future stud-
ies should prioritize the development of markers
for predicting MI/RI in clinical settings to provide
direct evidence of its role in cognitive impairment.
Mechanistically, there are gaps in the understand-
ing of cognitive decline after MI/RI, as research
has primarily focused on the initial event (MI/RI)
and subsequent brain pathology without establish-
ing a clear connection between them. Therefore,
comprehensive investigations are needed to estab-
lish a cohesive pathogenesis narrative. In conclusion,
the available evidence is preliminary, and mech-
anisms, preventive and therapeutic measures, as
well as additional interventions, requires explo-
ration and validation in in both clinical and basic
aspects.
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[39] Währborg P, Booth JE, Clayton T, Nugara F, Pepper
J, Weintraub WS, Sigwart U, Stables RH (2004) Neu-
ropsychological outcome after percutaneous coronary
intervention or coronary artery bypass grafting: Results
from the Stent or Surgery (SoS) Trial. Circulation 110,
3411-3417.

[40] Keizer AM, Hijman R, Kalkman CJ, Kahn RS, van Dijk
D (2005) The incidence of cognitive decline after (not)
undergoing coronary artery bypass grafting: The impact
of a controlled definition. Acta Anaesthesiol Scand 49,
1232-1235.

[41] Vedin J, Nyman H, Ericsson A, Hylander S, Vaage J (2006)
Cognitive function after on or off pump coronary artery
bypass grafting. Eur J Cardiothorac Surg 30, 305-310.

[42] Mutch WA, Fransoo RR, Campbell BI, Chateau DG, Sirski
M, Warrian RK (2011) Dementia and depression with
ischemic heart disease: A population-based longitudinal
study comparing interventional approaches to medical
management. PLoS One 6, e17457.

[43] Liu YH, Wang DX, Li LH, Wu XM, Shan GJ, Su Y, Li J,
Yu QJ, Shi CX, Huang YN, Sun W (2009) The effects
of cardiopulmonary bypass on the number of cerebral
microemboli and the incidence of cognitive dysfunction
after coronary artery bypass graft surgery. Anesth Analg
109, 1013-1022.

[44] Schwarz N, Schoenburg M, Möllmann H, Kastaun S, Kaps
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