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Abstract

Myocardial infarction is associated with increased risk for vascular dementia. In both myocardial
infarction and vascular dementia, there is evidence that elevated inflammatory biomarkers

are associated with worsened clinical outcomes. Myocardial infarction leads to a systemic
inflammatory response, which may contribute to recruitment or activation of myeloid cells,
including monocytes, microglia, and perivascular macrophages, within the central nervous system.
However, our understanding of the causative roles for these cells linking cardiac injury to the
development and progression of dementia is incomplete. Herein, we provide an overview of
inflammatory cellular and molecular links between myocardial infarction and vascular dementia
and discuss strategies to resolve inflammation after myocardial infarction to limit neurovascular
injury.

2. Introduction

Myocardial infarction (MI) is a leading cause of morbidity and mortality worldwide [1].
While advances in treatment, such as percutaneous intervention with thrombolytics, has
improved acute survival after M, this has led to a growing and aging population of
patients that are susceptible to post-MI sequalae, including heart failure (HF), cancer [2],
and dementia [3]. Similar to HF, the prevalence of dementia is increasing worldwide
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[4]. The two most common causes of cognitive impairment include Alzheimer’s disease
(AD) and vascular dementia (VaD). Clinical observations have shown that Ml is associated
with a higher risk for VaD, but not AD or other dementias [3]. This association can be
explained in part by the shared risk factors that underlie both MI and VaD, including
obesity, arteriosclerosis, diabetes, metabolic syndrome, hypertension, and advanced age [5]
[6]. Despite these similarities, little is known about the precise underlying mechanisms
linking these diseases.

VaD is generally defined as dementia that is associated with clinical evidence of stroke,
vascular brain injury, or cerebrovascular disease [7]. VaD is a heterogeneous disease
encompassing different subtypes of cognitive disorders associated with cerebrovascular
disease and its manifestations, including small or large cerebral vessel dementia, multi-
infarct dementia, hypoperfusive dementia, hemorrhagic dementia, and subcortical ischemic
dementia [8]. Given its broad definition, VaD can coexist with multiple neurodegenerative
disorders, including the plaques and tangles of AD, and an ongoing challenge is determining
whether cognitive decline in a dementia patient is a consequence solely of VaD (pure) or a
combination of VaD with other neurodegenerative diseases (mixed) [7]. Cardiovascular risk
factors, including hypertension, diabetes, and atherosclerosis, increase the risk for VaD as
well as AD [7][9], further complicating clinical diagnoses. Despite the associations between
cardiovascular disease and AD, cognitive deterioration in AD is generally accepted to arise
from the diffuse amyloid beta deposits or plaques and Tau neurofibrillary tangles that lead
to “damage from within the brain” [10]. In contrast, stronger contributions of cardiovascular
disease have been reported for VaD compared to AD [3][11][12], suggesting that the brains
of VaD patients may “reside in a bad neighborhood,” where extracerebral comorbidities lead
to progressive damage to the brain vasculature. While cardiovascular disease and its lifestyle
risk factors increase the risk for VaD, a major adverse cardiovascular event, such as MI, may
precipitate VaD or accelerate progression from mild cognitive impairment to severe VaD.

Although the exact molecular mechanisms linking Ml to VaD are unknown, it has been
proposed that systemic inflammation leading to impaired cerebral blood flow, oxidative
stress, and endothelial dysfunction within the central nervous system (CNS) links ischemic
cardiac injury to white matter injury and adverse brain function. Ml elicits a robust
systemic inflammatory response that includes production of cytokines and chemokines and
mobilization of myeloid cells, including monocytes and neutrophils, from the spleen and
bone marrow into the peripheral circulation. Heightened levels of systemic inflammation
are associated with increased risk for cognitive impairment [13] and higher levels of
proinflammatory cytokines, such as interleukin (IL)-1p, IL-6, and tumor necrosis factor
(TNF)-a, have been observed in both plasma [14] and cerebrospinal fluid (CSF) [15] of VaD
patients compared to healthy age-matched controls without dementia. In the sections that
follow, we review clinical and preclinical evidence for inflammatory links between Ml and
VaD.

2. Clinical links between M|l and VaD

Some of the earliest clinical evidence in humans linking myocardial infarction to increased
risk for dementia comes from the Bronx Aging Study [16]. In this study, 488 subjects,
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including 137 men and 285 women, were evaluated for changes in cognitive function
using the Blessed Test of Information, Memory, and Concentration over a period of two to
seven years. While the investigators controlled for baseline demographic, psychosocial, and
medical history, women were found to be over three times more likely to develop dementia
when compared to men and this risk increased five-fold when comparing women with a
history of Ml to those without MI. The higher prevalence of dementia in women compared
to men may be explained in part by the stronger association of cardiovascular risk factors,
including hypertension, smoking, and diabetes, with MI in women [17]. Other factors that
may increase MI-induced dementia risk in women compared to men include sex-related
differences in hormones, longevity, systemic inflammation, and microvascular dysfunction
[18].

In a larger cohort of 4,971 subjects aged 55 to 94 years old, the single-center, population-
based Rotterdam Study found a similar association between prior history of M1 and
worsened cognitive performance [19]. Since the study subjects had a large age range, it
confirmed earlier reports finding an association between increasing age or lower education
and cognitive impairment [20], and found that the prior history of MI was associated with
worse cognitive performance independent of the effects of age or education [19]. Patients
with unrecognized MI, which is a Ml that is asymptomatic during the acute phase but
eventually detected by electrocardiography, were also found to be at increased risk for
VaD [21]. Subsequent analyses revealed that subjects with a history of MI were more
likely to have white matter lesions, which appear as hyperintense signals on T2-weighted
magnetic resonance imaging (MRI) images and are indicative of small vessel vascular
brain disease, neurodegeneration, or inflammation [22]. Additional imaging studies using
transcranial doppler found cortical microembolisms in 17% of patients within 72 hours after
MI [23], and post-mortem analyses of the brains of MI patients revealed an increase in

the prevalence of cortical microinfarcts compared to controls [24], demonstrating that M
triggers neuropathological correlates of VaD.

More recently and largest study to date, the nationwide Danish population-cohort study
compared 314,911 patients with Ml to 1,573,193 individuals from the general population
without an M1 diagnosis and matched for sex, birth and calendar year and found that Ml
was associated with higher risk of VaD, which was further increased in patients who had

a stroke or developed severe HF during the first year after Ml [3]. Interestingly, MI was

not associated with all-cause dementia, AD, or other dementia subtypes, indicating that the
pathological links were specific for Ml and VaD. While individuals who experience an Ml
are likely to have a higher burden of cardiovascular disease, which would increase the risk
for VaD, a longitudinal study of 7,888 subjects over a 12-year period, found that despite the
higher burden of vascular risk factors, accelerated cognitive decline was observed only after
MI, but not before [25]. To control for a higher burden of vascular risk factors at baseline,
the Improve Cardiovascular Outcomes in high-risk older patieNts (ICON1) study assessed
cognitive decline in 298 older patients with non-ST-elevation acute coronary syndrome
[26]. Despite the high prevalence of shared risk factors for M1 and VaD among all the
study participants, including hypertension, diabetes mellitus, hyperlipidemia, and history of
smoking, recurrent M1 was independently associated with cognitive decline at the one-year
follow-up assessment. Taken together, while shared risk factors may predispose to both
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MI and VaD, these studies suggest that Ml may independently trigger pathophysiological
pathways that result in VaD.

Additional studies have found strong associations between M1 and mild cognitive
impairment (MCI), which can progress to VaD [27]. In a large cohort of 6,455 cognitively
intact, postmenopausal women aged 65 to 79 years old and followed for 8.4 years, the
Women’s Health Initiative Memory Study found that a history of MI doubled the risk for
MCI or probable dementia compared to women without MI [28]. Similarly, in a large cohort
of 2,963 men and women aged 65 to 84 years old and followed 3.5 years, the Italian
Longitudinal Study on Aging found that coronary artery disease, which included a history
of MI or angina pectoris, was associated with increased risk for progression of MCI to
dementia [29]. The study also found that among those that progressed to dementia, 33%
progressed to VaD [29]. Finally, in 1,701 participants with a mean age of 76 years old
followed over a period of 20 years, the Atherosclerosis Risk in Communities study found
that a history of MI was associated with increased prevalence of intracranial atherosclerotic
stenosis in individuals with MCI [30]. Intracranial atherosclerotic stenosis was reported in
53% of VaD patients during a retrospective review of 103 dementia patients in a Singapore
dementia clinic [31], suggesting this may play a role in VaD pathogenesis. Intracranial
atherosclerotic stenosis can lead to progressive cerebral damage through spontaneous
cerebral emboli, which have been observed in greater frequency in VaD patients compared
to age and sex matched controls [32]. Together, these studies suggest that Ml may accelerate
progression from MCI to VaD.

Other adverse cardiac events, including sudden cardiac arrest [33], coronary-artery bypass
surgery [34], or congenital heart disease [35], have also been associated with cognitive
impairment and increased risk for dementia. However, the pathophysiological links between
these other adverse cardiac events and cognitive decline are likely distinct from those
between M1 and VaD. For example, cardiac arrest leads to global CNS hypoxia-ischemia
followed by reperfusion injury after return of spontaneous circulation [36]. In contrast,
there is little evidence to support a role for acute ischemic injury in the CNS after M.

A case-controlled study of 50 patients with varying severity of HF and 50 healthy control
subjects matched for age, gender, and intelligence found that while history of MI was
associated with increased severity of cognitive impairment, the extent of left ventricular
ejection fraction (LVEF), or the amount of blood pumped out of the left ventricle after each
contraction, was not associated with severity of cognitive impairment [37]. A separate study
of 82 patients with history of Ml that divided patients based on LVEFs above or below 40%,
also found no relationship between LVEF level and cognitive impairment measured three
months after MI [38]. Likewise, cerebral oxygen levels were only modestly reduced during
the first 24 hours after cardiac injury before returning to baseline levels by one week in a
murine model of permanent occlusion MI [39]. Thus, the mechanisms that accelerate VaD
after Ml are likely specific to M.

3. Inflammatory links between Ml and VaD

MI causes the release of inflammatory cytokines and chemokines into the circulation,
which may initiate the neuropathological pathways that contribute to the development
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of VaD. After MI, recognition of damaged cardiac tissue by Toll-like receptors (TLR)
expressed on myeloid cells, including monocytes, neutrophils, and macrophages, leads to
production of proinflammatory cytokines, including IL-1p [40], IL-6 [41], and TNF-a

[42]. Release of these cytokines into circulation initiates the inflammatory phase, which
includes mobilization of immune cells from the spleen and bone marrow, endothelial cell
activation, and infiltration of immune cells into the infarcted myocardium [43]. During the
inflammatory phase, the levels of proinflammatory cytokine release determines the extent of
systolic dysfunction and risk for HF progression [41]. It also contributes to the initiation of
the reparative and proliferative phases, which are characterized by clearance of dead cardiac
tissue, production of specialized proresolving mediators (SPM), inflammation resolution,
and mature scar formation. Failure to resolve inflammation during the latter phases after

MI leads to persistence of inflammatory cytokines within the circulation, sustained hepatic
release of C-reactive protein (CRP), a biomarker for inflammation, and increased risk for
secondary adverse events [42].

Similar to MI, higher levels of proinflammatory cytokines have been observed during
VaD. In a study comparing plasma levels of IL-1p, IL-6, and TNF-a among 182 subjects
with VaD, AD, or age-matched controls without dementia and adjusted for confounding
variables, VaD patients were found to have higher levels of IL-1p, IL-6, and TNF-a
compared to controls [14]. While AD patients also exhibited higher levels of IL-1f and
TNF-a compared to controls, the increase in IL-6 was specific to VaD patients. The
heightened inflammation systemically during VaD also appears to manifest locally within
the CNS, as IL-6 levels were found to be significantly elevated in the CSF of VaD patients
when compared to patients with AD or cerebrovascular disease without dementia [15].
TNF-a levels have also been found to be increased in CSF of VaD patients compared to
healthy controls and this was positively correlated with the levels of sulfatide, a marker of
white matter degradation [44]. Another hallmark of vascular pathophysiology is oxidative
stress-induced expression of adhesion molecules, including vascular cell adhesion molecule
(VCAM)-1, on cerebrovascular endothelial cells. In VaD patients, plasma levels of soluble
VCAM-1 were increased compared to non-demented older controls [45], indicative of a
state of endothelial dysfunction. Higher levels of soluble VCAM-1 were also found in AD
patients compared to controls [45] and separately, no association was found between high
plasma levels of soluble VCAM-1 and dementia risk [46]. This suggests that endothelial
dysfunction is a consequence of a heightened inflammatory state and manifests in a variety
of neurodegenerative disorders. Taken together, heightened systemic inflammation may
reflect not only peripheral disease but also neuropathological mechanisms related to VaD.

Increased levels of inflammatory cytokines in the plasma of VaD patients raises the question
of whether inflammation is involved in the pathogenic pathways leading to VaD. To

address this question, four large population-based cohort studies examined the prospective
associations between CRP or IL-6 to dementia and its major subtypes, AD and VaD. In the
Honolulu-Asia Aging Study (HAAS), blood samples were collected from a cohort of 8,006
Japanese American men from 1968-1970 who were subsequently reexamined 25 years later
for dementia [47]. In a random subsample of 1,050 cases from HAAS, high serum levels of
CRP at midlife were found to significantly increase the risk for both AD and VaD 25 years
later by approximately three-fold, which was independent of cardiovascular risk factors and
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disease [47]. In contrast to AD, the risk for VaD increased with increasing concentrations
of CRP, suggesting the association between CRP and dementia may be stronger for VaD
than AD [47]. While the HAAS was only conducted in men, a case-cohort study within

the Rotterdam Study examined 915 men and women who were free of dementia at baseline
plasma collection and subsequently followed for incident dementia. This study also found
an association between high levels of CRP as well as IL-6 and al-antichymotrypsin

with increased risk for VaD [46]. Similarly, the Conselice Study of Brain Aging, which
followed incident dementia over a four year period in a dementia-free Italian elderly cohort
comprised of both men and women, found a combination of high levels of both CRP and
IL-6 in plasma at intake was associated with increased risk of VaD, independent of socio-
demographic confounders and traditional risk factors [48]. Interestingly, this association was
specific for VaD as neither inflammatory marker in this study was associated with changes
in risk for AD [48]. While neither the Rotterdam Study nor Conselice Study performed
sex-related analyses, a population-based, longitudinal cohort study of 305 men and women
aged 90 years and older found that when analyses were performed separately for men

and women, higher CRP levels were associated with significantly higher risk for all-cause
dementia in women only [49];. Together, these studies provide evidence that inflammation
precedes the onset of clinical symptoms and is involved in VVaD pathogenesis.

While there is substantial evidence that inflammation increases VaD risk and disease
progression, few studies have explored the relationship specifically between Ml-induced
inflammation and VaD. In a small prospective study of 78 adults with pre-existing
cardiovascular disease that performed neuropsychological assessments 1 year after
measurement of plasma CRP levels, high CRP levels were found to be associated with
cognitive decline but no significant differences were found among individuals with history
of MI compared to groups with other types of cardiovascular disease [50]. In contrast, a
separate study of 536 patients with a history of Ml at least 6 months to no longer than 5
years before enrollment and/or stable angina that were evaluated for cognitive performance
20 years after measurement of plasma CRP levels, found that patients with higher CRP
levels at entry to the study were associated with poorer cognitive performance overall [51].
Higher peak levels of CRP in the acute phase after Ml are predictive of progression to HF
[52], suggesting that the extent of inflammation after Ml is an important determinant in
dementia risk. This underscores the importance of obtaining measurements of inflammatory
mediators closer to the time of Ml as these will likely be more informative in predicting
the links between MI and VaD. Additional information on inflammatory cell numbers and
activation status within the periphery and in the CNS will also aid our understanding of the
relationship between MI-induced inflammation and VaD.

In contrast to the limited human studies, mounting experimental evidence from rodent
models of MI supports a link between MI-induced neuroinflammation and VaD-like disease.
In mice and rats, Ml is surgically-induced by temporarily or permanently ligating the left
ascending coronary artery to achieve reperfused or nonreperfused MI, respectively [53].
Advantages of this model include the ability to study the kinetics of neuroinflammation
after Ml and direct contributions of MI-induced neuroinflammation to cognitive impairment
through conditional knockouts or CNS-targeted interventions. It also enables studies of post-
MI neuroinflammation independent or in combination with other cardiovascular risk factors,
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such as aging, hypertension, obesity, and diabetes. Similar to VaD patients, inflammatory
cytokines, including IL-1B, IL-6, and TNF-a, are increased in the brains of rats after acute
MI [54] and remain elevated into the progression to HF four to eight weeks after MI [55].
Furthermore, behavioral studies have revealed that rats and mice exhibit multiple deficits

in cognitive function after MI that recapitulates many of the features of human VaD. In

rats with HF eight weeks after MI, depression-like behavior was increased and spatial
learning and memory were impaired as measured using the forced swim test [56] and Morris
water maze [57], respectively. Likewise, in mice with HF eight to twelve weeks after Ml,
anxiety-like behavior was increased and short-term recognition and memory was impaired
as measured using the elevated plus maze [58] and non-spatial novel object recognition test
[59], respectively. Treatment of HF mice with an anti-TNF-a biologic six weeks after Ml
improved short-term recognition and memory [59], linking neuroinflammation to cognitive
impairment after experimental MI.

While rodent models are useful for studying the kinetics and cellular responses linking
MI-induced neuroinflammation to cognitive decline, there are important limitations. For
example, the increased maturation rate in mice compared to humans makes it difficult to
extrapolate the time frame of cognitive decline in mice to humans after MI. Laboratory
mice and humans have average lifespans of two and 80 years, respectively, so it has been
estimated that 9.125 mouse days are equal to one human year [60]. Therefore, the increased
cognitive decline observed eight to twelve weeks after M1 in mice translates to six to nine
years after MI in humans. This time frame is consistent with many of the human studies
described above. Another important caveat to the murine studies of experimental M1 is that
many studies utilized mature animals aged three to six months old, which is the human
equivalent of 20 to 30 years. This suggests that MI-induced neuroinflammation increases
risk for cognitive impairment independent of age. However, innate and adaptive immune
function changes with age [61], so this may affect the extent of cognitive decline after Ml
in older patients. Finally, few studies have examined whether the sex differences in cognitive
impairment observed after MI in humans are reproduced in rodent models. One study using
10 week old male and female rats found that male rats were more susceptible to Ml-induced
cognitive impairment [62]. This is in contrast to the increased risk of cognitive decline
reported in older women after M1 [16]. The cognitive protection observed in mature female
rats may have been due in part to an active estrous cycle, as menopause is associated with
elevated risk for dementia [63]. Thus, additional studies focused on sex differences and
using aged rodents are needed to more fully recapitulate the human disease.

4. Immune cell activation in the periphery and CNS after Ml

CNS resident microglia and perivascular macrophages are capable of producing the
inflammatory cytokines that increase VaD risk and disease progression. However, compared
to other neurodegenerative conditions in humans, such as AD, far less to little is known,
about their role in neuroinflammation after MI. Evidence of neuroinflammation after acute
MI in humans comes from a study of three patients that underwent positron emission
tomography (PET) within four to six days after MI [64]. Using an imaging agent that
targeted the mitochondrial translocator protein (TSPO), which is expressed in activated
microglia and macrophages, increased signal was observed in the temporal and frontobasal
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cortex, hypothalamus, and cerebellum in Ml patients compared to healthy controls. This
paralleled changes in the heart, where a higher TSPO signal was also observed in the
infarct region compared to remote tissue, demonstrating increased myeloid cell activation
in both the heart and brain after MI. Increased activation of microglia and accumulation
of macrophages has also been observed in post-mortem histopathological analyses of VaD
patients [65], with macrophages prevalent in multiple white matter regions and positioned
between fibrotic, hypertrophied blood vessels and white matter injury [66]. This raises the
possibility that activation of CNS resident immune cells leads to neuroinflammation and
disruption of the blood brain barrier after M.

The most abundant immune cell in the CNS are microglia, which exert homeostatic
functions critical for CNS maintenance and undergo proliferative, morphological, and
functional changes in response to CNS injury. Microglial activation was first observed

in the hypothalamic paraventricular nucleus (PVN) two to five weeks after Ml in rats
[67]. Following MI, microglia acquired an activated morphology defined by increased
immunostaining for CD11b, enlarged soma, and reduced but considerably thicker and
shorter processes. While CD11b is not specific to microglia and is a common myeloid
cell marker, activated microglia increase expression of CD11b and other surface markers,
including CD68, CX3CR1, Iba-1, and MHCII [68]. Subsequent kinetic analyses revealed
that microglial activation in the hypothalamic PVN did not happen within the first 24
hours after MI but rather it occurred gradually and was sustained for weeks after Ml

[69]. Interestingly, microglial activation occurred without changes in the total number

of microglia. While these initial studies only examined microglial activation in the
hypothalamic PVN, additional studies have found that MI leads to activated microglia

in brain regions involved in cardiovascular regulation, including the rostral ventrolateral
medulla (RVLM), nucleus tractus solitarius (NLS), and periaqueductal grey (PAG) [70].
Microglial activation after M1 has also been confirmed using TSPO imaging agents. In
mice, TSPO signal was elevated in the brain one week after MI and observed throughout
the cortex [64]. This indicates that MI-induced microglial activation spreads beyond the
limited regions identified through morphological assessments. Importantly, localized skeletal
muscle inflammation induced by intramuscular injection of lipopolysaccharide (LPS) into
the hindlimb did not increase TSPO signal in the brain, demonstrating that the MI-induced
neuroinflammation was specific to myocardial injury and not a generalized response to
muscle injury.

Although it is clear that microglia are activated after M, less is known about the functional
consequences of microglial activation after M1. Upon recognition of endogenous ligands
released from damaged or dead tissue, TLR4 activation on microglia leads to downstream
NF-xB signaling and proinflammatory cytokine production. After Ml in rats, TLR4
expression and NF-xB signaling were increased in microglia within the hypothalamic PVN
[71]. In line with this finding, microglia isolated from the mouse hippocampus four weeks
after Ml displayed increased production of proinflammatory mediators, including IL-6,
TNF-a, interferon-y, and inducible nitric oxide synthase [72]. In contrast, gene expression
profiling of microglia four days after MI in mice, revealed few changes in the microglial
transcriptome compared to steady-state microglia [73]. The lack of transcriptional changes
in microglia in the acute phase after Ml are consistent with the delayed kinetics observed for
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microglial activation after MI. Interestingly, steady-state microglia also exhibited the lowest
baseline inflammatory phenotype compared to tissue-resident macrophages from the lung,
heart, kidney, or liver [73], suggesting that even subtle changes in microglial inflammatory
function after MI may have profound effects on cognition.

In addition to microglia, perivascular macrophages are another population of CNS
tissue-resident macrophage, which are found in the perivascular space and surround
cerebral arterioles and venules. Given their close association to blood vessels, perivascular
macrophages have crucial roles in the maintenance and permeability of cerebral vasculature
during steady-state and disease [74]. MI and VaD risk factors, such as hypertension,
promote reactive oxygen species (ROS) generation by perivascular macrophages leading

to vascular oxidative stress and neurovascular dysfunction [75]. In hypertensive mice,
pharmacological depletion of perivascular macrophages attenuated ROS production [75]
and preserved cognitive function [76], linking perivascular macrophage ROS production to
cognitive impairment. Increased levels of ROS are also observed within the brains of mice
after MI [72], identifying a potential role for perivascular macrophages in neurovascular
and cognitive dysfunction after MI. Interestingly, scavenging of ROS within the CNS
through intracerebroventricular delivery of the ROS scavenger, superoxide dismutase,
decreased cardiomyocyte apoptosis and improved LVEF after MI [77]. Along with cognitive
dysfunction, this implicates Ml-induced neuroinflammation in a deleterious feedback loop
that deteriorates cardiac function.

Besides neurovascular maintenance, perivascular macrophages have also been implicated in
neurohormonal and metabolic changes after MI. Following M, perivascular macrophages
increased expression of cyclooxygenase 2 (COX-2), which generates the hormone-like
prostaglandin E, (PGEy) [78]. This led to elevated levels of PGE; in the CSF, followed by
activation of neurons in the hypothalamic PVN, and culminated with increased sympathetic
drive as measured by elevations in blood pressure, heart rate, and renal sympathetic

nerve activity. Separately, PGE, has been shown to act in an autocrine manner and

signal through its receptor, EP2, on macrophages during aging [79]. This suppressed
macrophage metabolism, as aged macrophages primarily relied on glycolysis for their
energetic needs, and led to maladaptive, proinflammatory responses. After Ml, glycolytic
metabolism was increased in the brains of rats within the first ten days as measured by
increased uptake of the radiolabeled glucose analog, 18F-fluorodeoxyglucose (18F-FDG),
on PET [57]. However, by 60 days after MI, 18F-FDG uptake in the brain was significantly
reduced demonstrating a gradual suppression of glycolytic metabolism after MI [57]. This
implies that MI-induced changes in perivascular macrophage metabolism may precede
neuroinflammation and cognitive decline.

Increased recruitment of monocytes and neutrophils to the CNS may also contribute to
neuroinflammation after MI. Monocytes and neutrophils originate in the bone marrow and
spleen and are released into circulation after Ml to traffic to sites of tissue injury. In mice,
monocyte and neutrophil abundance was increased in the brain within the first day after
MI and remained elevated for at least one week compared to non-infarcted controls [73].
While it is unknown if monocytes and neutrophils accumulate in the human brain after Ml,
higher plasma levels of CD14, a co-receptor for bacterial LPS expressed on monocytes,
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was associated with higher risk for VaD [80], implying that MI-induced changes in myeloid
cell recruitment to the CNS may precede neuroinflammation and cognitive decline. In line
with these findings, the percentage of circulating inflammatory CD14**CD16™" intermediate
monocytes was found to be positively associated with both the abundance of white matter
lesions and disease progression over a nine year period in VaD patients [81]. Although many
studies have focused on monocyte and neutrophil recruitment from bone marrow reservoirs
within the tibia and femur, recent studies have identified reservoirs for these cells in the CNS
adjacent skull and vertebral bone marrow. Skull bone marrow was found to contain direct
vascular channels to the brain parenchyma facilitating monocyte and neutrophil migration
during both homeostasis and after CNS injury [82][83]. Interestingly, skull bone marrow-
derived monocytes were transcriptionally-distinct and less inflammatory compared to blood-
borne monocytes [83]. Engraftment of bone marrow-derived macrophages in the brains of
mice following lethal irradiation were also found to remain transcriptionally distinct from
host microglia and exhibit a gene signature similar to that observed in disease associated
microglia [84]. This raises the possibility that local or peripheral sourcing of myeloid cells
may lead to MI-induced neuroprotection or neuropathology, respectively. Recruitment of
blood-borne monocytes to the injured brain has been shown to rely on the interaction
between CC chemokine receptor 2 (CCR2) expressed on monocytes and its ligand, CC motif
ligand 2 (CCL2) [85]. Genetic deletion or pharmacological inhibition of CCR2 blocked
CNS monocyte infiltration and preserved cognitive function in mouse models of acute

brain injury [85][86][87]. In humans, higher levels of blood Ccr2transcript levels were
associated with worsened cognitive decline over a nine-year period, suggesting that blood-
borne monocytes may have a neuropathogenic role during VaD [88]. Similar protective

and pathogenic roles have been ascribed to cardiac resident macrophages and blood-borne
monocytes, respectively, in the infarcted heart [89][90]. Together, this necessitates a better
understanding of myeloid cell sourcing during MI-induced neuroinflammation.

In VaD patients, blood-borne monocytes exhibit an increased production of inflammatory
cytokines after stimulation [81], which is characteristic of a trained immunity phenotype.
Trained immunity results from stimuli-induced epigenetic and metabolic reprogramming of
monocytes leading to enhanced inflammatory cytokine production following re-stimulation.
Evidence for trained immunity after M1 was recently observed in mice, where MI-

induced epigenetic reprogramming of bone marrow-derived Ly6C" monocytes led to

an immunosuppressive phenotype that accelerated tumor growth in a mouse model of
breast cancer [91]. The longlasting effects of trained immunity occur in part through
reprogramming hematopoietic stem and progenitor cells in the bone marrow towards
myelopoiesis, the process by which progenitor cells differentiate into mature myeloid cells
[92]. Elevated levels of granulocyte-macrophage colony-stimulating factor (GM-CSF), a
central mediator of myelopoiesis, have been found in both cerebrospinal fluid and serum of
VaD patients compared to healthy controls [93], indicating that trained immunity after Ml
may accelerate VaD.

Since cognitive impairment develops in the subsequent weeks after MlI, as opposed to
the initial inflammatory phase [57], this implies that cellular crosstalk between immune
cells and CNS parenchymal cells is involved in the onset of cognitive decline. Numerous
studies have observed neuronal activation after MI, which may contribute to cognitive
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dysfunction. Neuronal activation as measured by increased expression of the activation
markers, Fos and Fos related antigens, was observed in association with activated microglia
after Ml in regions involved in sympathetic nerve activity, including the hypothalamic
PVN, RVLM, NTS, and PAG [70]. There is considerable interest in understanding how
MI-induced neuroinflammation leads to neuronal activation in these regions as increased
sympathetic drive may facilitate fatal arrhythmias during the acute phase after M1 [94],
while sustained activation contributes to the pathogenesis of HF [95]. Activated neurons
within the hypothalamic PVN were also found to express IL-1p and TNF-a [96], suggesting
that neurons may not only be passive bystanders during MI-induced neuroinflammation. In
contrast, neuronal production of brain-derived neurotrophic factor (BDNF) after M1 [97],
led to increased circulating levels of BDNF where it mediated cardioprotective responses
by increasing cardiomyocyte survival. Likewise and in contrast to its putative role in fatal
arrhythmias [94], the neuropeptide oxytocin was found to attenuate neuroinflammation
through inhibition of TLR4-stimulated proinflammatory cytokine production by microglia
[98], demonstrating that not all neuronal function is likely to be deleterious after M.

The increased presence of white matter lesions after M1 also suggests the involvement

of oligodendrocytes, specialized glial cells responsible for generating and maintaining the
multilayer myelin sheath that surrounds axons of the CNS [99]. The myelin sheath supports
axonal signal transduction and acts as a conduit to provide essential metabolic support

from the oligodendrocyte to the axon [100]. Loss of oligodendrocytes leads to myelin

and neuronal degeneration and is associated with behavioral changes and cognitive decline
[101]. Indirect evidence for impaired function or loss of oligodendrocytes after MI come
from gross histological and imaging studies. Post-mortem examinations of the brain nine
days after recurrent Ml revealed pallor of myelin staining and focal ballooning of myelin
sheaths [102], pathological changes associated with oligodendrocytes. Since several myelin
proteins exhibit a relatively long half-life, changes in behavior and cognitive function are
often delayed following loss of oligodendrocytes. This is exemplified by a case of a 68-year-
old woman with recurrent MI [103]. While MRI imaging 10 days after her second Ml
revealed subtle changes and she was discharged with no neurological deficits, in the weeks
that followed, she progressively developed behavioral changes and cognitive impairment. A
follow-up T1-weighted MRI four months after Ml revealed abnormal hypointense regions of
white matter, indicative of myelin loss. In line with these findings, little neuronal damage
was detected within ten days after nonreperfused Ml in rats, but by 60 days after Ml,
neuronal degeneration as measured by changes in Nissl staining was widespread throughout
the frontal cortex and hippocampus [57]. Taken together, these findings necessitate further
investigations defining the crosstalk among immune, parenchymal, and stromal cells in the
CNS, to delineate their roles in cardiovascular and cognitive function after MlI.

5. Targeting inflammation after Ml to prevent VaD

The associations among MI, VaD, and inflammation has fueled therapeutic efforts
targeting inflammation to slow or halt disease progression. Some of the first trials
targeting inflammation in lowering dementia risk focused on the use of non-steroidal anti-
inflammatory drugs (NSAID), which are used for pain relief in a variety of inflammatory
conditions. While results have varied, NSAIDs have been shown to be ineffective in
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preventing VaD. A prospective, population-based cohort study of NSAID usage as a
preventative or modifier of cognitive decline in 6,989 subjects revealed that NSAID usage
did not affect risk for VaD [104]. In contrast, a case control study using electronic medical
records of 31,083 patients matched on age, gender, and index date found that NSAID

or glucocorticoid therapy increased the risk for VaD [105]. Similarly, NSAID usage is
contraindicated after Ml as it increases the risk of bleeding and excess thrombotic events
[106]. The lack of efficacy of NSAIDs may reflect their broad immunosuppressive effects
and necessitate strategies that target specific inflammatory cytokines or pathways to inhibit
neuropathological pathways while preserving key neuroprotective immune function.

Recent evidence that supports specific targeting of inflammatory mediators after Ml to limit
secondary adverse events comes from two randomized, double-blind, placebo-controlled
trials. In the Canakinumab Antiinflammatory Thrombosis Outcomes Study, 10,061 patients
with a history of MI were treated with canakinumab, a monoclonal antibody targeting
IL-1pB, or placebo. In patients treated with canakinumab, IL-1p blockade led to a significant
reduction in recurrent adverse cardiovascular events [107]. The greatest benefits were
conferred to patients who had exhibited the largest reductions in systemic inflammation as
measured by decreases in CRP levels [108]. Separately, in the Colchicine Cardiovascular
Outcomes Trial, treatment of 4,475 patients within 30 days after Ml with placebo or
colchicine, an anti-inflammatory medication used to treat gout and also known to inhibit
IL-1B production [109], also led to a significantly lower risk for secondary adverse
cardiovascular events [110]. While it is unclear whether inhibition of IL-1p would reduce
risk for VaD in Ml patients, administration of colchicine to patients with inflammatory
disorders, including gout [111] and Familial Mediterranean fever [112], reduced risk of
dementia and improved cognitive performance. This suggests that targeted inhibition of
inflammatory pathways holds promise in the prevention and treatment of VaD.

As an alternative to targeting inflammatory mediators, strategies that promote inflammation
resolution after Ml may also reduce risk of VaD or slow cognitive decline. Inflammation
resolution after Ml is an active process coordinated in part through the production of SPMs,
which includes lipoxins, resolvins, and maresins [113]. SPMs activate specific G-protein-
coupled receptors on immune cells to reduce inflammatory activation and promote tissue
repair through clearance of dead cells. Elevated plasma SPM levels at the time of MI have
been shown to lower risk for secondary adverse events [114]. Similarly, elevated plasma
levels of lipoxins [115] and resolvins [116] within seven days after a stroke were associated
with better cognitive outcomes, suggesting that SPMs may be a viable therapeutic target to
attenuate MI-induced neurovascular injury. Since resolvins and maresins are derived from
polyunsaturated fatty acids (PUFA), including eicosapentaenoic acid and docosahexaenoic
acid, interventional studies have tested whether dietary supplementation with PUFAs
confers protection after MI. In the GISSI-Prevenzione trial, which started administering
PUFAs or placebo to 11,324 patients within three months after MI, supplementation with
PUFAs was found to significantly reduce the risk for death, secondary Ml, and stroke
compared to controls [117]. Likewise, a small trial of 20 elderly VaD patients randomly
assigned to PUFA or placebo treatment, observed a statistically significant, albeit transient,
improvement in cognitive function [118]. In contrast, the Alpha Omega Trial, which
administered PUFAs or placebo to 4,837 patients who had a M1 up to 10 years before study
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intake, found no effect for PUFA supplementation on reducing adverse cardiovascular events
[119] or improvement in cognitive function [120]. These opposing results demonstrate

that the timing of therapeutic intervention is critical in changing the trajectory of disease
progression after Ml.

Since MI and VaD share vascular risk factors, combined approaches that target both
inflammation as well as the underlying comorbidities may confer the greatest cognitive
protection. For example, type 2 diabetes mellitus (T2DM) is associated with worsened
outcomes after M1 [121] and increased risk for VaD [122]. During T2DM, acute and chronic
hyperglycemia increases oxidative stress [123], which leads to vascular dysfunction and
inflammation. In T2DM patients with a history of MI, use of glucose lowering drugs,
including metformin [124], dipeptidyl peptidase 4 (DPP4) inhibitors [125], and sodium
glucose lowering transport 2 receptor (SGLT2) inhibitors [126], reduced major adverse
cardiovascular events and promoted long-term survival. While dementia risk is higher in
T2DM patients both with and without pharmacotherapy [127], metformin, DPP4 inhibitors,
and SGLT2 inhibitors have been found to attenuate the absolute increase in dementia risk
[128]. This reduction may be specific for VaD, as DPP4 inhibitors were found to decrease
the risk of VaD but not AD in T2DM patients [129]. Interestingly, a small retrospective
study of 60 elderly T2DM patients with pre-existing mild cognitive impairment, observed
that administration of both metformin and DPP4 inhibitors led to preservation of cognitive
function over the course of 6 months compared to metformin treatment alone [130]. This
suggests that it is better late than never to target underlying comorbidities that elevate risk
for VaD after MI.

Finally, as inflammation increases VaD risk years in advance of clinical onset, primary
prevention through lifestyle modifications is critical in limiting inflammation to reduce
VaD risk. The Lancet Commission on dementia prevention, intervention, and care estimated
that 35% of dementia cases are attributable to a combination of modifiable lifestyle risk
factors [131]. Examples of modifiable lifestyle risk factors associated with increased risk
for dementia or cognitive decline include fragmented or short sleep duration [132] and
physical inactivity [133]. While the mechanisms linking lifestyle risk factors to VaD are
likely complex, trained immunity through epigenetic reprogramming of innate immune
cells and their progenitor cells within the bone marrow of mice is directly affected by
fragmented sleep [134], physical inactivity [135], or high-fat diet [92]. This leads to
increased production and circulation of inflammatory monocytes and culminates in systemic
inflammation. Lifestyle interventions such as undisturbed sleep, exercise, and healthy diet,
limits these pathological changes and importantly, maintains or improves cognitive function
in at-risk individuals [136]. For example, in a large cohort of 1,260 at-risk individuals aged
60 to 77 years old, the double-blind randomized controlled Finnish Geriatric Intervention
Study to Prevent Cognitive Impairment and Disability found that 2 years of multidomain
intervention (diet, exercise, cognitive training, vascular risk monitoring) maintained or
improved cognitive function compared to the control group, which only received general
health advice [136]. Additional protection may occur through increased production of
anti-inflammatory mediators. For example, strength exercise training for 28 weeks in

older women with cognitive decline increased anti-inflammatory IL-10 and reduced the
circulating numbers of proinflammatory monocytes compared to controls [137]. This
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translated to an increase in cognitive performance, indicating that immunomodulatory
lifestyle interventions, even in the elderly, provide an additional strategy to reduce the risk
for VaD after MI.

7. Concluding Remarks and Future Perspectives

Evidence from clinical and preclinical studies continues to resolve inflammatory links
between M1 and VaD (Figure 1). While there is a wealth of knowledge on inflammatory
responses after MI, we still lack a clear understanding on how M1 triggers the
neuroinflammation that accelerates VaD. It is still unclear whether neuroinflammation
arises directly from microglia and perivascular macrophages recognizing danger signals
released by the infarcted heart or indirectly through systemic elevations of inflammatory
cytokines and myeloid cells. Activation of microglia and neurons in regions that regulate
cardiovascular function raises the question on whether MI-induced CNS activation initiates
a deleterious loop that perpetually worsens cardiac and cognitive function. Besides
myeloid cells, Ml also leads to activation of dendritic cells and adaptive immune cells,
including T and B cells [138], but it is unclear whether these cells also accumulate

in the brains of VaD patients and contribute to cognitive decline. Since animal models
have advanced our understanding of the kinetics and immune populations underlying
neuroinflammation after Ml, additional studies using conditional or temporal knockouts
to deplete specific cell populations or proteins holds promise in teasing apart contributions
of CNS resident or recruited cells in disease pathogenesis. Furthermore, application of
cutting-edge tools, including single-cell RNA sequencing, will enable investigation into the
crosstalk among immune, parenchymal, and stromal cells in the CNS to delineate their
roles in cognitive decline after MI. In humans, imaging and cellular analyses during the
acute phases after M1 will clarify the relationships between MI and neuroinflammation
and determine whether the findings in animal models translate to human disease. A better
understanding of the influence of cardiovascular disease risk factors and sex differences
on MI-induced neuroinflammation are also needed to inform therapeutic strategies. VaD
is a heterogenous disease so therapeutic strategies targeting neuroinflammation after Ml
will need to account for multiple comorbidities and likely combine pharmacotherapies
with lifestyle modifications to confer the greatest preservation of cognitive function after
MI. Ultimately, animal and human studies will continue to advance our understanding of
the inflammatory links between MI and VaD leading to novel therapeutic strategies and
culminating in beneficial clinical outcomes in humans.
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Figure 1. Proposed inflammatory links between MI and VaD.
Following M, levels of inflammatory cytokines are increased in the peripheral blood. In

the spleen and bone marrow, myeloid cells, such as neutrophils and monocytes, undergo
epigenetic reprogramming and are released into the circulation. Within the CNS, Ml

leads to activation and proinflammatory cytokine production by microglia and perivascular
macrophages. Combined increase of both local and systemic inflammation leads to
disruption in the blood brain barrier and CNS infiltration of neutrophils and monocytes
from the periphery. Sustained inflammation and disruption of the CNS vasculature leads to
progressive loss of oligodendrocytes and neurons. This results in clinical VaD, characterized
by white matter lesions and cognitive deterioration.
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