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Abstract: Stroke is a major global health concern, with 12.2 million new cases and 6.6 million deaths
reported in 2019, making it the second leading cause of death and third leading cause of disability
worldwide. Ischemic stroke, caused by blood vessel occlusion, accounts for 87% of stroke cases and
results in neuronal death due to oxygen and nutrient deprivation. The rising global stroke burden is
linked to aging populations and increased metabolic risk factors like high blood pressure, obesity,
and elevated glucose levels, which promote chronic inflammation. This article explores the intricate
molecular and clinical interplay between inflammation and metabolic disorders, emphasizing their
role in ischemic stroke development, progression, and outcomes.
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1. Introduction

Stroke represents a significant global health issue. The latest Global Burden of Dis-
ease surveys indicate that in 2019, there were approximately 12.2 million new cases of
stroke, resulting in 143 million disability-adjusted life years lost and 6.6 million deaths
worldwide [1]. This makes stroke the second leading cause of death, accounting for 12% of
all deaths, and the third leading cause of disability worldwide [2].

Stroke occurs when brain tissue is locally deprived of a partial or complete blood
supply due to blood vessel occlusion (ischemic stroke) or blood leakage (hemorrhagic
stroke). Ischemic stroke is the most common, accounting for 87% of all stroke cases [3]. The
lack of blood supply results in oxygen and nutrient deprivation, triggering a cascade of
molecular events that lead to neuronal death.

Along with population aging, the global increase in stroke burden is attributed to
heightened exposure to metabolic risk factors, including elevated systolic blood pressure,
high body mass index, and high fasting plasma glucose [4]. All these factors contribute to
the maintenance of an inflammatory status, which represents a critical mechanism under-
pinning stroke. In the last decades, the relationship between inflammation and metabolic
background in ischemic stroke has gained much attention due to its complex role in the
pathogenesis, progression, and outcomes of the disease. In this manuscript, we address
from a molecular and clinical viewpoint the relevance of inflammation and dysmetabolic
disorders that underlie the acute cerebrovascular event, outlining the interconnections that
mutually link chronic inflammation and diseases of glucose and lipid metabolism.

2. Inflammation and Ischemic Stroke

Inflammation is the main contributor to atherosclerosis, which represents the primary
pathological mechanism underpinning ischemic stroke [5]. Atherosclerosis is defined as
plaque formation within vascular intima, characterized by subendothelial accumulation
of lipoproteins, significantly oxidized low-density lipoprotein (LDL), immune cells, and
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extracellular matrix. The intimal thickening of arteries, followed by endothelial damage,
is the “primum movens” of the atherosclerotic process, promoting the infiltration and ac-
cumulation of macrophages in the intima layer [6,7]. Macrophages can uptake lipids and
transform them into foam cells. Indeed, lipid accumulation stimulates the expression of
uptake receptors, such as scavenger receptors (SRs), on macrophages while downregulating
the expression of efflux transporters, such as ATP-binding cassette A1 and G1 [8]. The
continuous uptake of oxidized LDL by macrophages impairs their efferocytosis capacity
and induces apoptosis. In atherosclerosis, macrophages can also undergo other forms of
cell death, including pyroptosis, necroptosis, and ferroptosis [9]. The cell debris contributes
to the formation of the core of the atherosclerotic plaque [10]. Vascular smooth muscle cells
(VSMCs) migrate and proliferate into the intima of the arterial wall, creating a fibrous cap
at the atherosclerotic plaque. The stability of the plaque depends on the thickness of the
fibrous cap. In advanced lesions, the necrotic core grows while the fibrous cap diminishes,
resulting in thrombosis and consequent thrombo-embolic events, including stroke.

The intimate relationship between inflammation and atherosclerosis has ancient ori-
gins and has evolved significantly over time, with essential milestones shaping our current
knowledge. It dates to theories proposed by Virchow more than 160 years ago and was
later developed into the “Response-to-Injury Theory” by Russell Ross [11]. Rudolf Virchow
first suggested that atherosclerosis involved an inflammatory process, although this idea
was not widely accepted then [12]. He regarded atherosclerosis as a chronic inflammation
resulting from an active tissue reaction process, not a passive lipid deposition. However, for
much of the 20th century, atherosclerosis was primarily viewed as a lipid storage disease,
focusing on cholesterol accumulation within arterial walls as the critical driver. A pivotal
moment came in 1973 when the pathologist Russell Ross proposed the “Response-to-Injury
Theory” hypothesis, suggesting that endothelial injury is the initial event in atherosclerosis
development. According to this model, endothelial injury leads to lipid accumulation,
smooth muscle cell proliferation, and inflammatory response [13]. Ross argued that the
immune system, specifically the recruitment of monocytes and other inflammatory cells,
plays a critical role in the formation and progression of atherosclerotic plaques. By the
1990s, the idea that atherosclerosis is an inflammatory disease gained traction. In 1999, Ross,
in an article published in The New England Journal of Medicine, described atherosclerosis as a
chronic inflammatory condition [14]. He highlighted how circulating monocytes infiltrate
the arterial wall and transform into macrophages, accumulating lipids and forming foam
cells, the critical components of atherosclerotic plaques. Advances in molecular biology and
immunology further strengthened the inflammatory theory of atherosclerosis. Researchers
identified critical mediators of inflammation, such as cytokines and adhesion molecules,
and highlighted the role of immune cells, such as T cells and macrophages, in plaque
formation and progression. The discovery of the involvement of nucleotide-binding and
oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflam-
masome in atherogenesis further supported the importance of innate immune pathways
in the pathogenesis of ischemic stroke [15]. Inflammasomes are multi-protein scaffolding
complexes belonging to the innate immune system. Once activated, inflammasomes lead to
caspase-1 activation and the release of interleukin-1 (IL-1f3) and interleukin-18 (IL-18). The
activated NLRP3 promotes endothelial dysfunction, oxidative stress, and inflammation.

Nowadays, inflammation is recognized as a central player in all stages of atheroscle-
rosis, from the initial endothelial dysfunction to plaque formation, progression, and
rupture [16]. Chronic low-grade inflammation, driven by innate and adaptive immune
responses, orchestrates the complex interactions between lipids, immune cells, and the vas-
cular wall [17]. This inflammatory process contributes to plaque development and defines
the stability of plaques, with inflamed plaques being more prone to rupture, causing acute
cardiovascular events such as ischemic stroke.

The endothelial lining of blood vessels functions as more than just a physical barrier
between blood and surrounding tissues, acting as an organ with autocrine, paracrine,
and endocrine functions. It secretes chemical mediators critical for preserving vascular



J. Clin. Med. 2024, 13, 7515

30f23

homeostasis in response to various stimuli. However, several risk factors can contribute
to the alteration of this protective function, leading to endothelial dysfunction, which
stimulates the expression of leukocyte adhesion molecules, such as vascular cell adhesion
molecule 1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and P-selectin on the
endothelial surface. These molecules facilitate the adherence and rolling of leukocytes
along the endothelium, such as T lymphocytes and monocytes, which transmigrate into
the arterial intima. In the intima, monocytes differentiate into macrophages. The impaired
endothelium barrier allows the entry of LDL, which undergoes an oxidative process. The
oxidated LDL is internalized by the macrophages, becoming foam cells. At the same time,
the inflammatory milieu induces the migration of smooth muscle cells from the media
to the intima, where they accumulate lipids along with macrophages, forming early fatty
streaks. The progression of this process involves the proliferation of smooth muscle cells
and the deposition of collagen and other extracellular matrix components. This ongoing
inflammation induces progressive remodeling of the vessel’s media and adventitia layers,
forming a mature atherosclerotic plaque. The plaque comprises a lipid-rich core (atheroma)
covered by a fibrous cap that separates it from the vascular lumen. Over time, the lipid core
enlarges due to continuous lipid accumulation and foam cell necrosis, while the fibrous cap
weakens as collagenases and matrix metalloproteinases degrade it. This process creates a
vulnerable plaque that is prone to rupture. In addition, resident macrophages proliferate
and secrete growth factors and proinflammatory cytokines, such as Tumor necrosis factor
alpha (TNF-o), Interleukin 6 (IL-6), as well as metalloproteinase (MMP), such as MMP-1 and
MMP-8, contributing to perpetuate local inflammation and favoring plaque rupture [18].
Also, neutrophils contribute to the recruitment and infiltration of monocytes in the intima
by releasing reactive oxygen species (ROS) and proinflammatory cytokines, such as TNF-«,
IL-1, IL-6, and IL-8.

Thus, innate immunity has a critical role in the early phases of atherosclerosis. This
is followed by an antigen-specific adaptive immune response, mediated by CD4+ and
CD8+ T cell activation and antibody secretion by B cells [19,20]. Specifically, T cells are
among the first to be recruited into atherosclerotic plaque. Upon activation, CD4+ T cells
can differentiate into various subgroups, each with distinct roles in atherosclerosis [21].
Th1 cells are pro-atherogenic by producing IFN-y, which promotes inflammation. Th2
cells have a dual role: they may reduce inflammation and promote healing through IL-10
and IL-4 production but can also contribute to aneurysm formation. Th17 cells, through
IL-17, emphasize endothelial inflammation and enhance fibrosis and plaque stability. Treg
cells, known for their atheroprotective properties, secrete anti-inflammatory cytokines like
TGEF-3, IL-10, and IL-35, reducing inflammation and promoting plaque stability.

Chemokines play a crucial role in regulating inflammatory cell movement and promot-
ing the development of atherosclerosis. Key pathways include the CCL2-CCR2 axis, which
drives atherosclerosis progression by attracting macrophages, and the CXCL12-CXCR4 axis,
which maintains endothelial integrity [22]. Recent studies also explored the role of neuroim-
mune cardiovascular interfaces, showing that nerve fibers tightly interact with immune cells
in the arterial walls, linking the nervous, immune, and cardiovascular systems [23]. Fur-
thermore, clonal hematopoiesis of indeterminate potential, particularly mutations in TET2
and JAK?2, is emerging as a significant contributor to atherosclerosis [24]. These genetic
mutations enhance inflammation and plaque instability by promoting proinflammatory
responses in macrophages.

B lymphocytes play a significant role in atherosclerosis, modulating pro- and anti-
inflammatory effects. They can be classified into B1 and B2 cells. Bl cells have athero-
protective effects by producing IgM antibodies against oxidation-specific epitopes and
apoptotic cell antigens. On the other hand, B2 cells, which are part of the adaptive immune
system, are activated by T-follicular helper cells to become plasma cells that produce IgG
antibodies. B2 cells contribute to pro-atherogenic responses by secreting inflammatory
cytokines and producing IgG autoantibodies. Overall, the immune response can either
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promote atherosclerosis or aid in healing lesions, influencing coagulation and fibrinolysis,
thereby affecting the disease’s thrombotic complications.

In the 1990s, Polly Matzinger introduced the “danger theory,” shifting the view of the
immune system’s primary role from distinguishing between self and non-self to recogniz-
ing and responding to danger [25]. The immune system identifies pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) from
tissue damage, such as atherosclerosis. Pattern recognition receptors (PRRs) on immune
cells, including macrophages and dendritic cells, detect these signals, triggering immune
responses. Among PRRs, the NLRP3 inflammasome is especially crucial in atherosclerosis,
linking lipid metabolism to inflammation by responding to signals including oxidized
LDL and cholesterol crystals [26]. Indeed, modified lipids are regarded as DAMPs. Once
activated, the NLRP3 inflammasome activates the inflammatory cytokines IL-1f3 and IL-18,
driving atherogenesis through enhanced inflammation, recruitment of immune cells, and
tissue remodeling.

Recent studies, such as the CANTOS trial, demonstrated the potential of anti-inflammatory
therapies targeting interleukin-1f3 to reduce cardiovascular events, reinforcing the inflammatory
hypothesis of atherothrombosis [27]. However, new therapies are needed to address residual
inflammatory risk.

Emerging research focuses on specific immune cell populations within atherosclerotic
plaques using advanced technologies like mass cytometry (CyTOF) and single-cell RNA
sequencing, which reveal immune cell diversity and function. These findings could lead to
novel, personalized cardiovascular immunotherapies.

Overall, a large body of literature evidence strongly supports the prominent role
of inflammation in atherosclerosis. However, studying inflammation in clinical settings
poses several challenges due to both the inherent complexities of inflammatory processes,
i.e., peripheral vs. central inflammation, and the practical constraints of clinical research,
including the timing of blood collection. Central inflammation results from activated
microglia, astroglia, and T cell responses leading to local cytokine production within the
central nervous system. Peripheral inflammation refers to the activation of the innate
or adaptive immune system and involves systemic inflammatory biomarkers, such as
proinflammatory cytokines.

The direct measurement of central inflammation is challenging because it requires
invasive methods, such as cerebrospinal fluid collection or advanced imaging techniques.
On the other hand, circulating biomarkers may reflect a general inflammatory state not
specifically mirroring CNS pathological events, leading to potential misinterpretation.
In addition, methodological and practical difficulties in studying inflammation must be
mentioned. First, proinflammatory biomarkers levels can fluctuate widely according to
individual factors, such as age, sex, and comorbidities, making it difficult to establish
reference levels. Also, differences in analytical methods, including assay sensitivity, can
contribute to inconsistent findings across studies. Another critical aspect is the timing of
blood collection. Indeed, inflammation is a dynamic process, with cytokine levels changing
rapidly over the time from stroke onset. Thus, the exact time of sampling is key information
to avoid misinterpretation. Optimal sampling times are difficult to define and standardize
across studies, as they depend on disease onset, severity, and patient-specific characteristics.
Repeated sampling over time may provide a better picture of inflammation dynamics but
is logistically challenging and burdensome for patients. Finally, cytokines often exhibit
pleiotropic effects, playing both pro-inflammatory and anti-inflammatory effects according
to the context, making it difficult to draw definitive conclusions. Table 1 summarizes the
most relevant clinical studies on circulating levels of inflammatory biomarkers in patients
with ischemic stroke.
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Table 1. Most relevant clinical studies on circulating levels of inflammatory biomarkers in patients
with ischemic stroke.

Authors and Year

Pubbl Study Design Study Population Main Findings Conclusions
NLRP3
The levels of NLRP3 were higher .
Wang et al., 2022 Observational 60 patients with AIS and in patients than controls. In EL&Z?E?:&K ;)t\;i)iein
[28] retrospective case—control 20 healthy subjects patients, NLRP3 was associated prog tients with AIS
with poor prognosis patients wi ’
Patients with AIS had high levels
of NLRP3.
NLRP3 in AIS patients was
positively correlated with
Sun et al.. 2022 Observational 45 patients with NVAF CHA2DS2-VASc score. ROC NLRP3 is a predictor of
[29j, retrospective case—control and 60 patients with showed that combined detection of =~ NVAF complicated with
P NVAF and AIS NLRP3, IL-6, CRP, and IS.
CHA2DS2-VASc in predicting
NVAF complicated with IS
exhibited an area under the curve
of more than 0.9.
. . Patients with MBE had higher
Wang et al., 2021  Observational prospective Zoovsﬁzglgzwgzeﬁg’ of levels of NLRP3. NLRP3 level was NLRP3 is a predictor of
[30] case—control devel IZI MBE positively correlated with NIHSS complications of AIS.
evelope on admission
TNF-alpha
Duan et al., 2022 . 91201 patients and The 1evel.of TNF-.cx cytokine was Increas'ed levels gf TNF-o
Meta-analysis elevated in IS patients compared are involved in the
[31] 9249 healthy controls . .
with controls. etiology of IS.
100 AIS patient and AIS with cognitive impairment

Loga-Andriji¢
etal., 2021 [32]

Observational prospective
case—control

30 controls with
discogenic lumbosacral
radiculopathy

had significantly higher levels of
TNF-o than those without
cognitive impairment

TNF-alpha is associated
with worse prognosis in
AIS patients.

Wu et al, 2019 M lvsi 9 1 studi Elevated circulating level of TNF-a TN.F —al}ctha dcpuig be
133] eta-analysis case—control studies in IS patients involve: 1n.
pathogenesis.
CCL2-CCR2
17,180 individuals’
stroke-free at baseline, Higher levels at baseline were
followed for a mean associated with a higher long-term  Increased levels of CCL2
interval of 16.3 years. A risk of stroke after accounting for are associated with
G . total of 1435 incident age, sex, race, and vascular risk increased long-term risk of
eorgakis et al., Meta-analysi trok factors. Considering strok trok ting that
2019 [34] eta-analysis stroke cases were actors. Considering stroke stroke, suggesting tha
diagnosed during subtypes, the levels were MCP-1- signaling might
follow-up, which were associated with the risk of represent a therapeutic
classified as ischemic in ischemic, but not with target to lower stroke risk.
1233 cases and as hemorrhagic stroke
hemorrhagic in 205 cases.
CXCL12/CXCR4
Patients with an unfavorable
outcome and non-survivors had Circulating CXCL12
significantly increased CXCL12 serum levels at baseline
Cheng et al., 2017 . . . . levels on admission. CXCL12 was are a useful biomarker to
s [35] Observational prospective 304 patients with AIS an independent predictor of predict functional
functional outcome and mortality outcome and mortality
with an AUC of 0.80 and 0.87, 6 months after AIS.
respectively.
CXCL12 levels > 3.5 ng/mL levels Increased levels of
predicted AIS with an AUC 0.907. CXCL12 at admission are
Duan et al., 2012 Observational prospective 288 patients with AIS additionally, CXCL12 levels an independent diagnostic
[36] prosp p > 7.6 ng/mL were associated with p sn

an increased risk of unfavorable
outcome.

and prognostic biomarker
in patients with AIS.
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Table 1. Cont.

Authors and Year

Study Design

Pubbl. Study Population Main Findings Conclusions
IL-6
116 patients with arterial
atherosclerotic ischemic IL-6 > 6.805 pg/mL and
Zhane et al.. 2022 stroke divided into poor Poor prognosis group had higher =~ NSE > 7.445 ng/mL were
& [37] v Retrospective cohort study  prognosis group (mRS >2,  NIHSS scores, IL-6 levels, and NSE  independently associated
n = 32) and good levels. with poor prognosis in
prognosis group (mRS < 2, AIS patients.
n=84)
.. . Higher levels of IL-1p (13.01 = . .
86 participants (50 patients 13.87 vs. 7.83 + 2.11) and IL-6 Ischemic stroke is
Wytrykowska

etal., 2016 [38]

Case—control study

with early ischemic stroke
and 36 control subjects
with no previous stroke)

(15.82 £ 16.64 vs. 6.64 & 2.5) in
ischemic stroke patients compared
to controls.

associated with elevated
serum levels of IL-1p and
IL-6.

Jiang et al., 2024
[39]

Observational study

305 patients admitted
within 48 h of acute
ischemic stroke onset

Each 1 pg/mL increase in IL-6
serum level was associated with an
8% increased risk of stroke
recurrence (OR: 1.08; 95% CI:
1.04-1.11; p < 0.001).

IL-6 is a valuable
predictive biomarker for
stroke recurrence after
acute ischemic stroke.

Meisinger et al.,
2023 [40]

Cross-sectional study

364 patients with ischemic
stroke from the Stroke
Cohort Augsburg
(SCHANA), classified by
TOAST subtypes

Lower levels of interleukin-6 (IL-6)
(B = —0.53; Padj = 0.036) and
macrophage migration inhibitory
factor (MIF) (B = —0.52;

Padj = 0.043) in small vessel stroke
compared to large vessel stroke.

Different immune
dysregulation patterns
were observed across
ischemic stroke subtypes,
providing insights into the
pathophysiology of stroke.

MMP

Carcel-Marquez
etal., 2021 [41]

Mendelian randomization
study

MEGASTROKE cohort:
440,328 participants.
GODs cohort:

1791 participants.

Lower MMP-1 and MMP-12 levels
associated with reduced risk of
large-artery atherosclerosis
subtype.

Higher MMP-8 levels linked to
increased risk of lacunar
(small-vessel) stroke.

Specific MMPs (MMP-1,
MMP-8, and MMP-12) are
differentially associated
with stroke subtypes,
suggesting distinct
pathophysiological roles.

MMP-1 -1607 1G/2G:
589 cases and 494 controls.

MMP-1 -1607 1G/2G is risk factor
for ischemic stroke under the

The meta-analysis

. highlights the complex
Wen et al.,, 2014 Meta-analysis of 11 Ml\/{gf;_claéslezs iﬁ£6A' dominant model. MMP-3 -1612 interplay between genetic
[42] studies 1731 controls. MMP-9 5A/6A is risk factor for ischemic polymorphisms in the
15620 /T: 540 cases and  Stroke: MMP-9-1562C/Tisnot  MMP family and the risk
547 .controls associated with ischemic stroke. of ischemic stroke.
MMP-3 (—1171 5A/6A)
polymorphism was significantly MMP-1 (—1607 1G/2G)
associated ;\t/;:)}ll(g\r/iesli?ll ischemic and MMP-3 (~1171
640 patients with ischemic MMP-1 (—1607 1G/2G) 5/’; f fﬁiﬁé’é{‘;‘:rggﬁf‘s
Huang et al., 2017 Case—control stud stroke (IS) and 637 age- polymorphism showed no overall subtvpes of isc};emic
[43] y and gender-matched IS association but was linked to the s troig sugeosting a
healthy controls small-artery occlusion subtype. o d.gg ng h
MMP-35A/6A +5A/5A generic precispastion Jhat
genotypes were associated with var1ters icrosi)lsc emie
the large-artery atherosclerosis stroke subtypes.
subtype.
MMP-1-1607 1G/2G
polymorphism have not significant These findings suggest
o 196 patients with ischemic interaction w1th Type 2 D}a‘?etes MMP-12 polymorphlsms
Chehaibi et al., | stud X d individual on Ischemic Stroke risk; could serve as potential
2014 [44] Case—control study stroke and 192 individuals

MMP-12 polymorphisms are
associated with a higher risk of
ischemic stroke in diabetic
patients.

markers for
cerebrovascular disorders
in diabetic patients.

without ischemic stroke

AIS, acute ischemic control; NVAF, non-valvular atrial fibrillation; ROC, receiving curve analysis; MBE, malignant
brain edema.
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3. Metabolic Determinants of Cerebrovascular Risk

The endothelial dysfunction underpinning ischemic stroke is triggered by several
risk factors, which can be broadly classified as modifiable and non-modifiable (Figure 1).
Non-modifiable risk factors include age, sex, ethnicity, and genetics. Modifiable risk factors
include metabolic determinants, such as dyslipidemia, hypertension, insulin resistance,
and obesity. Addressing these metabolic determinants through lifestyle modification, such
as diet, exercise, and pharmacotherapy is essential in reducing cerebrovascular risk and
preventing or delaying the onset of cerebrovascular diseases.

« Hypertension

Genetics Dyslipidemia

Figure 1. Main risk factors of cerebrovascular disease.

3.1. Obesity

Obesity is a chronic disease regarded as an epidemic worldwide, affecting 650 million
adults in 2016 and with an expected prevalence of one billion in 2030 [45]. It has been
estimated that in Europe, 60% of individuals are either overweight or obese. In developed
countries, nearly one-third of the population is predicted to be overweight or obese within
the next few years [46].

The World Health Organization (WHO) defines being overweight and obese as having
abnormal or excessive fat accumulation, globally, regionally, and in organs as ectopic lipids,
which presents a health risk [47]. In clinical practice, being overweight and obese are
estimated using commonly available tools, such as the body mass index (BMI). BMI is
calculated by dividing the body weight in kilograms by the height in meters squared; a
value over 25 kg/m? indicates being overweight, and over 30 kg/m? is obesity [48].

Excess food intake, low energy expenditures, and proinflammatory dietary patterns
consisting of high intake contribute to the development of obesity, which is character-
ized by several metabolic alterations, contributing to insulin resistance, dyslipidemia, and
inflammation [46]. Excess lipids and glucose initially result in adipocyte growth, prolifera-
tion, and consequent adipocyte hypertrophy, especially in visceral adipose tissue (VAT).
VAT is associated with losing adipocyte metabolic homeostasis, activating resident immune
cells that support tissue functions and restore homeostasis. Several innate and adaptive im-
mune system components can be detected in visceral fat, including macrophages, dendritic
cells, granulocytes, natural killer (NK) cells, and T and B cells [49]. Under physiological
conditions, the resident’s immune system supports overall tissue functions. Excessive food
intake and consequent calorie consumption increase the circulation of insulin. The latter
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is an anabolic hormone inhibiting lipolysis and promoting fat storage in adipocytes [50].
Over time, enlarged adipocytes lost the ability to preserve metabolic homeostasis of lipid
storage versus lipolysis due to the lipid overload that causes endoplasmic reticulum stress,
increased expression of transcription factor nuclear factor-«B (NF-«kB), and proinflamma-
tory cytokines, such as IL-6 [51,52]. Additionally, adipocytes produce leptin and other
hormones with a critical role in regulating body mass via a negative feedback mechanism
between adipose tissue and the hypothalamus [53]. Leptin not only reduces food intake and
promotes lipolysis in visceral fat, but also stimulates leptin receptors on various immune
cells, shifting the immune response towards a Th1/M1-type proinflammatory state [54].

Rapid fat tissue growth without sufficient angiogenesis in enlarged adipocytes leads
to local inflammation due to reduced capillary density and oxygen diffusion, creating a hy-
poxic environment. Adipose tissue is highly vascularized, with each adipocyte surrounded
by capillaries. When oxygen levels drop, adipocytes switch from oxidative phosphorylation
to anaerobic glycolysis, altering the expression of over 1000 genes [55]. A key mediator in
this process is hypoxia-inducible factor 1 (HIF-1x). Hypoxia triggers the secretion of proin-
flammatory mediators, such as PAI-1, CCL5, IL-6, and microRNAs. Specific macrophages
support angiogenesis by producing growth factors and metalloproteinases [56]. Hy-
poxia does not affect visceral fat uniformly but is a regional phenomenon, often asso-
ciated with increased macrophage and T cell activity, contributing to the proinflammatory
environment [57].

Hypertrophic adipocytes can also promote inflammation by overexpressing major
histocompatibility complex class II (MHC II) and realizing costimulatory molecules that
activate CD4+ T cells. Although the specific antigens presented are unknown, studies
in mice show that genetic depletion of MHC II in adipocytes prevents inflammation and
insulin resistance despite weight gain [58]. Another adaptive response to metabolic stress
in obese fat tissue is the conversion of white adipocytes to beige adipocytes, which have
more mitochondria and burn fat for heat [59]. This process, called beiging, is promoted by
IL-27 from macrophages and enkephalin peptides from type 2 innate lymphoid (ILC2) cells.
Fibronectin Type IIl Domain Containing 4 (FNDC4), a protein released by adipocytes in
obesity, has anti-inflammatory effects on macrophages [60]. Overall, the loss of metabolic
homeostasis in fat tissue triggers local inflammation, with immune cells secreting proinflam-
matory mediators that suppress further fat storage by promoting lipolysis through different
pathways, including insulin resistance and kinase activation. Additionally, enhanced lipid
metabolism and thermogenesis to burn free fatty acids help reduce the adipocyte lipid load.
Fat tissue cells interact with soluble mediators and extracellular vesicles, reflecting complex
cellular crosstalk [61].

Beyond local inflammation, visceral obesity leads to immune cell infiltration in fat
tissue primarily driven by DAMPs released by dying adipocytes. These DAMPs, along
with structural damage to the extracellular matrix and the accumulation of senescent cells,
trigger a complex immune response. Macrophages are critical in this process, forming
crown-like structures around dead adipocytes and promoting a proinflammatory state
characterized by a shift toward Th1/MI1-like activity and the recruitment of various immune
cells, including T and B cells, and neutrophils [62].

Senescent cells accumulate due to metabolic stress and contribute to inflammation
through the senescence-associated secretory phenotype (SASP) [63-65]. This involves
the release of proinflammatory cytokines, chemokines, and other factors that exacerbate
immune cell infiltration. However, these cells can also play a role in tissue remodeling,
though their prolonged presence may lead to fibrosis and impaired tissue function.

Chronic inflammation and structural damage in visceral fat can contribute to sys-
temic metabolic disturbances, such as insulin resistance and glucose intolerance, further
increasing cerebrovascular risk [29-48].
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3.2. Diabetes Mellitus

Diabetes mellitus (DM) is a group of metabolic disorders of carbohydrate metabolism
in which glucose is underutilized as an energy source and overproduced due to inappro-
priate gluconeogenesis and glycogenolysis, resulting in hyperglycemia [66]. It is classified
conventionally into several clinical categories based on the underpinning pathophysio-
logical mechanism. The two most prevalent forms are diabetes mellitus type I and II
due to autoimmune (-cell destruction, usually leading to absolute insulin deficiency, and
progressive loss of adequate 3-cell insulin secretion, consequent to insulin resistance and
metabolic syndrome, respectively. Impaired insulin secretion and insulin resistance also
result in altered lipid metabolism with increased levels of free fatty acids. In adipose
tissue, insulin suppresses lipolysis by inhibiting lipoprotein lipase (LPL). The inefficient
action of insulin leads to increased LPL activity and, consequently, the release of free fatty
acids. Thus, in DM, there is an intricate interaction between insulin, glucose, and FFA,
which impair endothelial homeostasis through different molecular mechanisms, including
oxidative stress, protein kinase C activation, and the activation of receptors for advanced
products of glycosylation [67,68]. Also, the hemostatic balance is altered in diabetic patients,
with a prevalence of prothrombotic status. Indeed, reduced fibrinolytic activity and the
increased availability of tissue factor and factor VII have been described. Finally, chronic
inflammation is another hallmark of DM.

Increased levels of NLRP3 and proinflammatory cytokines, such as IL-18 and IL-16,
have been reported in diabetic patients [69]. Hyperglycemia also promotes neutrophil
extracellular traps (NETs) activation and release (NETosis). NETosis represents a unique
form of cell death first described in neutrophils and then in other granulocytes, charac-
terized by the expulsion of chromatin during cell death. Unlike apoptosis (programmed
cell death) or necrosis (uncontrolled cell death), NETosis involves the release of NETS,
which consist of decondensed chromatin (DNA and histones) and antimicrobial proteins
trapping and neutralizing pathogens, such as bacteria, fungi, and viruses. While NETosis
is a vital defense mechanism, the DAMPs released during NETosis act as potent inducers
of inflammation. Studies in animal models revealed that NETosis can also directly pro-
mote atherosclerosis [70]. NET-derived extracellular DNA and protein components have
cytotoxic and proinflammatory functions, providing a causal link between hyperglycemia,
inflammation, and stroke [71].

Overall, diabetes mellitus is an important and independent contributor to cerebrovascular risk.

3.3. Hypertension

Hypertension, defined as a systolic blood pressure value of >130 mm Hg and/or
diastolic blood pressure > 80 mm Hg, is universally recognized as the most important
modifiable risk factor for stroke [72,73]. The INTERSTROKE study, a large, standardized
case—control study including 3000 stroke patients and 3000 controls from 22 countries
worldwide, showed that hypertension accounts for more than 80% of the global risk of
strokes [74].

It has been estimated that 26% of the world’s population has hypertension, making it a
tremendous public health burden. At any age, increased mean blood pressure is associated
with an elevated risk of stroke, with an age-dependent effect [75]. Indeed, hypertension
prevalence increases with age, from 46% at 20—44 years to >78% in over 65 years [76].

The pathophysiological mechanisms underpinning the relationship between hyperten-
sion and increased cerebrovascular are complex and involve intricate interactions between
vascular, neural, and systemic processes. It is well established that hypertension impacts
cerebral blood vessels’ structure and function, leading to endothelial damage and thick-
ening of the arterial walls, respectively [77]. Endothelial function is regulated by various
mediators, including nitric oxide (NO) and prostaglandins, as well as mechanical stimuli
like vascular shear stress. Laminar flow promotes vasodilation and vascular protection
by activating mechanosensitive pathways, increasing NO production, and suppressing
inflammation. It enhances endothelial integrity through glycocalyx mechanosensing and
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other signaling cascades involving integrins and cytoskeletal components. In contrast,
oscillatory flow reduces NO expression and promotes proinflammatory processes, such as
leukocyte infiltration and reactive oxygen species (ROS) production, leading to vasocon-
striction, increased blood pressure, and atherosclerosis [78,79]. This flow pattern activates
several transcription factors and pathways contributing to endothelial dysfunction, vascular
remodeling, and cardiovascular complications.

Much evidence shows that ROS play a significant role in endothelial dysfunction, espe-
cially hypertension [80]. Under hypertensive conditions, the primary source of ROS in the
vascular system is NADPH oxidase, which is upregulated in response to factors such as al-
tered shear stress, renin-angiotensin system (RAS) activation, and endothelin [81]. ROS act
as signaling molecules for vasoactive agents like angiotensin II and endothelin-1, influenc-
ing cellular processes through redox-sensitive pathways. This leads to changes in calcium
homeostasis, promoting vasoconstriction, cell growth, inflammation, and hypertension-
related organ damage.

ROS also activate several signaling pathways involved in inflammation and vascular
remodeling, such as NF-kB, MAPKs, and STAT, contributing to oxidative stress [82,83]. This
results in aberrant signaling and post-translational modifications, including the oxidation
of proteins, which drives cell and tissue damage. In addition, ROS can inhibit protec-
tive enzymes like SIRT1 and lower NO bioavailability, further exacerbating endothelial
dysfunction and promoting hypertension [84].

An intricate interplay between ROS and caspase has also been described. Caspases,
a family of proteases, mediate the downstream effects of ROS by activating inflammatory
pathways and orchestrating cell death processes, such as pyroptosis and apoptosis. Specifically,
ROS indirectly activate caspase-1, through the stimulation of NLRP3 inflammasome, and
caspase-8, through the activation of death receptors, such as Fas or TNFR1. Caspase-1
induces pyroptosis, a pro-inflammatory form of programmed cell death that releases cytokines
and DAMPs, while caspase-8 initiates apoptotic pathways and modulates inflammation
by directly interacting with NF-«B and other signaling cascades or indirectly by releasing
intracellular DAMPs during apoptotic cell death. In turn, caspase-mediated cell death causes
mitochondrial dysfunction, leading to the release of additional ROS, creating a positive
feedback loop, sustaining inflammation. ROS damage cellular components, resulting in
the release of DAMPs that activate caspases. Caspase activation amplifies inflammatory
signaling, perpetuating a cycle of oxidative stress and inflammation. ROS and caspases
are key mediators of inflammation, with ROS triggering caspase activation and caspases
propagating inflammatory responses. Their interplay creates a vicious circle that underpins
many inflammatory diseases, highlighting them as critical targets for therapeutic intervention.
Figure 2 describes the pathways linking ROS to inflammation.
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Figure 2. Molecular pathway linking ROS to inflammation.
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A hallmark of hypertension is an increased media-to-lumen ratio or wall-to-lumen
ratio in microvessels due to a narrowing of the internal lumen and an increase of tunica
media or total wall thickness, resulting in arterial stiffness, defined as a reduced elasticity of
the arteries [85-87]. Stiffer arteries can increase shear stress on the arterial wall, accelerating
the process of atherosclerosis.

Finally, hypertension can impair the integrity of the blood-brain barrier (BBB), increas-
ing permeability and allowing toxins, immune cells, and other molecules to infiltrate the
brain. This can trigger inflammation and oxidative stress, further damaging brain cells and
contributing to cerebrovascular risk [88].

3.4. Dyslipidemia

Dyslipidemia is a significant risk factor for cardiovascular disease [89]. It is character-
ized by increased levels of lipoproteins and related lipids due to altered lipid metabolism
or function. According to the etiology, dyslipidemia can be classified as primary due to
genetic alterations in gene codifying for molecules involved in lipid metabolism or sec-
ondary to other clinical conditions, such as diabetes or hypothyroidism. Dyslipidemia
represents a global public health problem, with a global prevalence ranging from 20% to
80%, depending on the definition and criteria used [90].

The relationship between dyslipidemia and cardiovascular risk is multifaceted, involv-
ing a complex interplay of biochemical, cellular, and physiological processes contributing
to atherosclerosis development.

First, increased levels of LDL, as in familiar hypercholesterolemia, the most common
form of primary dyslipidemia, promote their migration and deposition in the intima of
atheroprone sites, triggering the cascade of events that result in the formation of atheroscle-
rotic plaque. LDLs trapped in the arterial intima undergo chemical modification, especially
oxidation. Literature evidence reveals that LDL promotes oxidative stress within endothe-
lial cells [91]. Specifically, LDL contributes to ROS production through both enzymatic reac-
tions, involving lipoxygenases, myeloperoxidase, and cyclooxygenases, and non-enzymatic
processes mediated by NADPH/NADH oxidase or uncoupled eNOS [92].

The oxidation of LDL results in the formation of oxidation-specific epitopes (OSEs) on
the oxidized LDL. OSEs are recognized by various receptors such as scavenger receptors,
toll-like receptors, complement system mediators, and natural IgM antibodies. Studies
indicate that inhibiting lipoxygenases genetically can reduce LDL oxidation and slow
atherosclerosis in mice [93]. Similarly, natural IgM antibodies specific to OSEs can block
LDL uptake by macrophages, preventing the formation of foam cells, a critical step in the
initiation of atherosclerosis [94].

Moreover, endothelial cells and macrophages actively take up oxidized LDL, con-
tributing to its proatherogenic effects.

Overall, oxidative LDL contributes to the development and progression of atheroscle-
rosis through pleiotropic effects, by stimulating the expression of adherence molecules on
the endothelium, activating macrophages and T cells, and inactivating the eNOS [95].

On the contrary, low high-density lipoprotein (HDL) levels independently predict
cerebrovascular risk [96]. Beyond the inverse cholesterol transportation, HDL has several
beneficial effects on endothelial function, including the activation of eNOS, the reduction of
ROS, adhesion molecules, and chemokines levels, and the attenuation of inflammation [95].
Thus, reduced HDL levels are associated with losing all these beneficial effects and an
increased predisposition to developing cerebrovascular diseases [97].

4. “Metabolic Players” in the Inflammatory Cascade of Ischemic Cerebrovascular Accident

Although several underlying molecular mechanisms can be identified, the metabolic
cornerstones of acute cerebral vasculopathy belong to two major diseases that, from an
epidemiological point of view, represent the real health emergency of the 21st century: type
2 diabetes mellitus (T2D) and atherosclerosis.
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As far as T2D is concerned, apart from the definition and description of the main
pathophysiological processes characterizing it already described above, it should be pointed
out that the careful study of the molecular mechanisms leading to the destruction of
pancreatic 3 cells and the complete dysregulation of glucose metabolism may enable the
link between this dysmetabolic disorder and ischemic stroke to be fully understood: it
appears that in a condition of nutrient excess (a condition that occurs in patients with obesity
and T2D), the surplus of glucose and lipids increases oxidative stress, which stimulates a
state of chronic inflammation that promotes cellular damage within the pancreas [98].

The storage of glycidic and lipid substrates leads to an alteration of the endoplas-
mic reticulum by triggering an apoptotic molecular pathway of the unfolded protein
response pathway (UPR): cellular homeostasis is thus disrupted through inhibition of the
sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) that regulates intracellular calcium
and activation of receptors for 1-4-5 inositol triphosphate (IP3) [99].

Among other things, excess glucose causes an increase in the production of proinsulin
and pancreatic islet amyloid polypeptides (IAAPs), which, as they accumulate, accelerate
the oxidative stress we have already mentioned. The combination of these aberrations im-
pairs the normal mobilization of calcium from the endoplasmic reticulum to the cytoplasm.
It corresponds to activating an apoptotic cell death signal, with release into the systemic
circulation of a potent inflammatory cytokine such as interleukin-1 beta (IL-1(3). What has
been described so far removes the feedback that insulin and glucagon exert on glucose
metabolism, causing an imbalance in favour of hyperglycemia that further catalyzes the
abnormalities described as a vicious cycle [100].

Suppose this decline begins in the pancreatic islets and is the germ of the damage
that T2D produces at the systemic level. In that case, it must be considered that the chain
of molecular alterations continues and does not stop: once hyperglycemia sets in, the
complications of this condition impact the target organs; at the level of the great arteries, for
example, hyperglycemia (in concert with other risk factors such as cigarette smoking and
dyslipidemia) causes platelet dysfunction and an uncontrolled conversion of fibrinogen
to fibrin, which increases the risk of thrombotic events and the evolution of any pre-
existing atheromasic plaques, a situation of great potential effect on the cerebral vascular
district in terms of ischemic events. At the microvascular level, on the other hand, the
damage produced by oxidative stress and hyperglycemia affects the vascular endothelium
(predominantly in organs such as eyes and kidneys): not surprisingly, in the diabetic patient,
diabetic retinopathy is the most frequent cause of visual impairment and blindness, just as
chronic kidney disease and its evolution to terminal stages with the need for hemodialytic
replacement treatment are among the most impactful issues in terms of public health [101].

However, the aspect of understanding neuropathic and vascular tissue complications
goes beyond what we have said so far: nerve and endothelial cells do not have receptors
for insulin, which physiologically determines the internalization of glucose into cells and
regulates its concentration, so glucose levels in these cells are the same, by osmosis, as in
plasma; it follows that in the case of hyperglycemia, these cells will have excess glucose in
their cytoplasm, and will attempt to dispose of it through metabolic pathways additional
to anaerobic glycolysis and the Krebs cycle (polyol pathway, nonenzymatic glycation of
substrates, for example), causing the failure of cytoplasmic elements and cell membranes,
with deterioration of the cell as a result, ultimately [102].

The effects of pancreatic damage on glucose metabolism are only some of the effects
that occur over time: insulin is also a regulator of lipid metabolism since it acts at the
adipocyte level and on free fatty acid levels by promoting lipogenesis; when damage to
beta cells is established and insulin deficiency is consolidated in patients with long-term
diabetes mellitus, the excess of free fatty acids and the perpetuation of the oxidative stress
this entails accelerate vascular deterioration and thus contribute to the increased risk of
ischemic vascular events [68].

If the main metabolic determinant of cardiovascular risk is diabetes mellitus, the other
side of the coin is atherosclerosis, which can trigger inflammatory molecular processes that
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result in vasculopathy. We have already mentioned the pathogenesis of atherosclerosis and
the role of hyperlipidemia and endothelial damage in the development of intimal plaque.
However, it is crucial, in order to fully understand the role of atherosclerosis as a key player
in vasculopathy, cerebral and otherwise, to dwell on the “inflammatory” consequences of
the atherosclerotic burden: in the atherosclerotic plaque, there is a recruitment of leucocytes
from the bloodstream produced by the presence of oxidized LDL and the monocyte chemo-
tactic protein type 1 (MCP-1); the recruited monocytes differentiate into macrophages,
which introduce the oxidized lipoproteins through “scavenger” receptors (SR-A and CD36)
and this process continues until the death of the cell, since these receptors, unlike the recep-
tors for unoxidized lipoproteins, do not have a feedback regulation mechanism and do not
block the storage of lipid substrates. The death of these lipid matrix-loaded macrophages
by necrosis and apoptosis eventually expands the lipid core of the plaque and makes it
more extensive and unstable [103].

A potentially interesting issue is that macrophages, in addition to expanding the
plaque, make it unstable and harmful as they produce protein-degrading enzymes (met-
alloproteinases) able to damage the extracellular matrix, thus leading to exposure of the
lipid core, platelet activation, and thrombotic events with fibrin activation that are the
“primum movens” of ischemic thrombo-embolic-based vascular accidents. Therefore, since
macrophages constitute a valiant soldier of the immune system in protecting organisms
from infectious agents, they become the worst enemy of arterial vessels in this degenerative
process [104].

This process involves other cells because the tissue damage that occurs draws in
and activates vascular smooth muscle cells (VSMCs), which can change their phenotype
depending on the environmental stresses to which they are subjected and, on the one
hand, play a protective role as they work to repair the damage to the artery through a
fibroproliferative mechanism. However, on the other hand, they can play a destructive and
destabilizing role in the plaque for a variety of reasons; meanwhile, if the atherogenic drive
continues, the fibroproliferative repair process may continue unconditionally and reduce
the vessel diameter at that point by reducing blood flow, and then with the expression
of macrophage-like and foam cell-like phenotypes, they may also have a destabilizing
role [105].

The altered metabolic background that characterizes T2D and atherosclerosis, there-
fore, constitutes the most critical pathophysiologic substrate and it is marked by a series
of effects that arise from those molecular “aberrations” that have a disastrous impact on
the health of the vascular tree: endothelial dysfunction, smooth muscle cell alterations,
platelet abnormalities, and coagulation alterations. Regarding endothelial dysfunction, it
plays a significant role in the pathogenesis of cardio- and cerebrovascular diseases: the
endothelium is the inner layer of vessel and in addition to its function as a barrier, it has an
“endocrine” role by producing biologically active compounds that can modify the balance
between vasoconstriction and vasodilation (nitric oxide, prostaglandins, endothelin-1, other
reactive oxygen species) (Figure 3).

We have already described the mechanism of nitric oxide (NO) production as a va-
sodilator and inhibitor of platelet activation, and, thus, as a promoter of vascular health; it
happens, however, that in diabetic patients, hyperglycemia inhibits the activity of the en-
zyme endothelial nitric oxide synthetase (eNOS), causing a reduction in the bioavailability
of NO, and concomitantly, due to increased oxidative stress, there is an upregulation of
other reactive oxygen species including superoxide anion (O?>~) that have a negative and
harmful role [106].

Superoxide anion, in turn, counteracts NO production through the production of the
toxic ion peroxynitrite, which can uncouple the enzyme eNOS from its cofactor tetrahydro-
biopterin and thus unbalance vascular homeostasis toward vasoconstriction (Figure 3) [107].

Reduced insulin activity in adipose tissue also implements this process: the excess of
saturated fatty acids results in activation of the protein kinase C pathway and subsequent
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inhibition of phosphatidyl-inositol-3 (PI-3) phosphate kinase, which leads to an increase in
reactive oxygen species at the expense of nitric oxide [108].
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Figure 3. Alteration of the balance between vasoconstriction and vasodilation leads to vascular pathology.

The imbalance towards vasoconstriction in diabetic patients depends not only on the
lack of production of vasodilator mediators but also the increased production of vasocon-
strictor ones: endothelin-1, for example, promotes smooth muscle cell hypertrophy through
activation of the RAAS system (renin—angiotensin-aldosterone system), with consequent
retention of water and salt. Moreover, serum levels of endothelin-1 in these patients are
also higher in response to the insulin action of modulating gene expression and receptor
synthesis, triggering a vicious circle that amplifies vascular constriction [68].

Other molecular players in the inflammatory cascade are undoubtedly the advanced
glycosylation end-products (AGEs): excess glucose in the blood of diabetic patients leads
to an increase in non-enzymatic glycosylation of extracellular proteins, which, by accumu-
lating, causes worsening of endothelial damage, as endothelial cells increase the adhesion
molecules on their surface and emphasize the chemotaxis of monocytes/macrophages,
which converge on the site where the atherosclerotic plaque is forming and increase inflam-
mation by promoting the release of inflammatory cytokines [109].

Atherogenesis and the vascular ischemic damage that follows are, therefore, the result
of a coincidence of molecular pathways that culminate in the maximal promotion and exac-
erbation of inflammation that represents the “wrecker of arterial vessels”: hyperglycemia,
oxidative stress, and AGEs at the nuclear level trigger the increased transcription of the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB); this results in the
increased production of inflammatory cytokines such as interleukin 1 (IL-1), increased
expression of adhesion molecules, and maximal escalation of atherogenesis that results in
the acute cerebrovascular accident.

However, the risk of plaque rupture in the atherogenesis progression also depends on
other factors, among which platelet dysfunction plays a significant role. Like endothelial
cells, platelets do not have insulin receptors, so the intraplatelet glucose concentration
is the same as in plasma, with similar consequent degenerations already described for
endothelial cells (protein C activation, reduced NO production, increased ROS), from
which follows the impairment of platelet function by the dysregulation of calcium transport
and thromboxane synthesis. Among the platelet aberrations in diabetic patients, there
is an increase in glycoprotein Ib and glycoprotein IIb/Illa surface expression, which is
responsible for interaction with fibrin and thus enhances prothrombotic risk [110].

In the evolution of the thrombotic mechanism that follows atheromasic plaque break-
down, the platelet dysfunction just described represents the first stage: some studies have
shown that these patients have reduced fibrinolytic activity due to an increase in tissue
factor plasminogen type 1 inhibitor both at sites of atherogenesis and at arterial vessels not
affected by the atheromasic process [111].
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Thus, in addition to the imbalance toward vasoconstriction, the vascular risk profile in
patients with diabetes and atherosclerosis also depends on the imbalance toward hyperco-
agulability through the loss of coagulative homeostasis (which certainly depends in part on
hyperglycemia but could also depend on the increased release of proinsulin degradation
products in the mechanism of conversion to insulin) [112].

There are many mechanisms involved in the pathogenesis of stroke, regardless of sub-
type, and recently some trials have underlined the duality of “post-stroke” inflammation
owing to the fact that inflammation contributes both negatively and positively to neuro-
logical outcomes [113-115]. Brain ischemia triggers inflammation as a response against
necrotic cells followed by the generation of reactive oxygen species (ROS), although many
other factors have yet to be identified. Once activated, these initiators of inflammation lead
to activation of microglia, the brain’s resident immune cells. The microglia then generate
more pro-inflammatory cytokines, which in turn leads to adhesion molecule induction in
the cerebral vasculature [116-119]. These inflammatory humoral recruitments have been
documented to occur within the first 24 h of the stroke onset. Cytokine upregulation leads
to the chemotaxis of circulating immune cells into ischemic brain, especially around the
ischemic “penumbra”.

Adhesion molecules facilitate leukocyte adhesion to the vascular endothelium, re-
sulting in microvascular occlusion and leukocyte infiltration into the ischemic brain
parenchyma [120,121].

Although the importance of metabolic status in patient outcome is probably note-
worthy, the metabolic response to stroke and the role of metabolic variables regulating
immunoinflammatory activation after an ischemic stroke has undergone little preclinical or
clinical investigation. Therefore, the study of global metabolism to understand metabolic
differences associated with stroke and the influence of obesity on outcome is an important
research area. Metabolites are important biochemicals actors because they act as precursors
for the synthesis of other biochemical components(e.g., proteins, RNA, DNA) and cellular
structures (e.g., cell walls).

Furthermore, ischemic stroke is characterized by the presence of reactive microglia.
Once activated, the microglia enter a chronic tolerant state as a result of widespread energy
metabolism abnormalities, which reduces immunological responses, including cytokine
release and phagocytosis. Metabolically impaired microglia cells were identified in mice
through genome-wide DNA sequencing following chronic chemokine-like factor 1 (CKLF1)
administration, which was accompanied by a reduction in the inflammatory response.

Metabolic conditions such as diabetes and metabolic syndrome could reasonably be
considered potential triggers capable of influencing the post-ischemic metabolic shift in the
microglia population [122].

In a study of our own group (unpublished data), we observed a relationship between
serum levels of glucose and total and LDL cholesterol in patients with more severe ischemic
stroke. In addition, we found a significant association between all the immunoinflammatory
variables and LDL-cholesterol and serum glucose levels. Patients with elevated LDL-
cholesterol levels showed significantly higher levels of TNF-«, IL-1, and IL-6, along with
lower IL-10 levels, compared to those with normal LDL-cholesterol levels. Similarly,
patients with elevated blood glucose levels exhibited significantly reduced IL-10 levels and
increased TNF-«, IL-1, and IL-6 levels compared to individuals with normal blood glucose
levels. These findings appear to be both original and novel.

Proinflammatory cytokines such as TNF-«, IL-6, and IL-1 have been shown to dis-
rupt insulin and lipid signaling pathways, thereby affecting insulin sensitivity and lipid
metabolism. Notably, numerous studies have demonstrated that TNF-« contributes to
insulin resistance through various mechanisms. These include downregulating key genes
essential for insulin’s biological functions, such as GLUT-4, promoting an increase in free
fatty acid levels by stimulating lipolysis, and negatively regulating peroxisome proliferator-
activated receptor-y (PPAR-y).
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It has been shown that in pancreatic 3 cells, IL-1 can activate the Jun amino-terminal
kinase (JNK) pathway, which mediates the suppression of the transcription of the insulin
gene. In addition, IL-1 causes a reduction in the expression of insulin receptor substrate
1 (IRS-1), the inhibition of the translocation of the glucose transporter GLUT-4 to the
plasma membrane, and the reduction of the absorption of stimulated glucose insulin and
lipogenesis. In mouse models, IL-1 has been found to play a dual role. On one hand, it
promotes hepatic steatosis by stimulating triglyceride production, cholesterol accumulation,
and lipid droplet formation. On the other hand, it regulates hepatic insulin resistance and
fibrosis. Conversely, IL-1 inhibition has been found to attenuate steatosis and liver damage,
improve atherosclerosis, and reduce circulating glucose levels. IL-6 appears to regulate
insulin sensitivity through multiple mechanisms. It has been shown to exert long-term
inhibitory effects on the transcription of IRS-1, GLUT-4, and PPAR-y genes, as well as
on insulin-stimulated tyrosine phosphorylation and glucose transport. These actions
collectively impair insulin signaling and reduce its effectiveness.

5. Impact of Metabolic Background on the Prognosis of Ischemic Stroke

The metabolic milieu of the ischemic stroke patient is an indispensable factor not only
with regard to the onset of vascular damage but certainly also in terms of survival from
the time of the cerebrovascular event [123,124]. Literature data, in fact, report that patients
with diabetes mellitus have a higher mortality rate after ischemic stroke than non-diabetic
patients: some works report a mortality rate at least three times higher within the first six
months of the event in the former than in the latter [125]; other trials show that in diabetic
patients with poor glycemic control, the prognosis is unfavorable and the mortality impact
after ischemic stroke is already higher within the first thirty days after the event [126].

The reasons concerning the relationship between poor glycemic control and increased
mortality can be found in several factors: the first and perhaps most obvious one concerns
poor compliance with medical therapy, since patients with bad glycemic balance and thus
higher glycated hemoglobin (HbA1C) values almost always have an unhealthy lifestyle,
which in itself constitutes a risk for high mortality after an ischemic event. Secondly, glucose
transport across the blood-brain barrier is impaired during the acute phases of the ischemic
event, resulting in hyperglycemia and a series of metabolic, dysautonomic and hormonal
alterations that may worsen the ischemic event during the acute phase [127]. An additional
element is surely atherosclerosis of the cerebral vessels: the atherosclerotic burden that
is inextricably linked to the impaired metabolic background causes chronic blood flow
alterations and thus a reduced power to contain the ischemic core, which consequently
expands with reduced chance of survival and worse residual disability, affecting the brain
district and also involving other organs and systems.

In addition to glycemic control, the duration of diabetes also has a great impact on
the prognosis of the patient with ischemic stroke: long-standing disease inexorably affects
the prognosis of individuals who have experienced an acute cerebrovascular accident as
opposed to diabetes per se, and this is mainly dependent on the establishment of disease
complications as it progresses [128].

From a molecular point of view, the duration of diabetes is so relevant because it
worsens endothelial dysfunction through a reduction in nitric oxide bioavailability and an
imbalance toward vasoconstriction that is not observed with the same severity in patients
with short-term diabetes, and this promotes the recurrence of ischemic events and thus
mortality [129].

As the duration of diabetes increases, excess reactive oxygen species that exacerbate
oxidative stress, activation of the protein kinase C pathway, and advanced glycosylation
end-products permanently impair the autoregulation of the cerebral blood circulation,
with the progression of atherosclerotic damage and worsening of atheromasic plaques: the
recurrence of ischemic events after the first stroke results in a spiral decline that impacts
the survival of the patient in no small proportion [130].
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Diabetes, however, is a systemic disease and, as such, also produces damage to target
organs like the kidney: microalbuminuria in patients with long-standing diabetes is present
to a greater extent and also tends to increase, and since several trials have shown it to be
an independent risk factor for ischemic stroke in diabetic patients, we can conclude that it
represents an essential element to consider in terms of recurrence of the ischemic event and
thus survival [131].

In attempting to scan the prognosis of the ischemic stroke patient, in addition to the
survival and recurrence data of ischemic events we have mentioned, we cannot ignore the
cognitive impairment these patients often experience: cognitive decline occurs in 25-30% of
stroke survivors, and may occur in a short time or at a longer distance resulting in vascular
dementia [132].

In recent years, among other things, researchers have found that disease duration and
glycemic control are important factors in affecting the prognosis of ischemic stroke patients
with T2D, but glucose variability also has a considerable impact: excessive variability
in plasma glucose concentration and fluctuations between very wide thresholds appears
to be associated with the development of post-stroke cognitive impairment (PSCI) in
patients experiencing this condition; it also appears that some regions of the brain are
more vulnerable to this phenomenon such as the frontal region, memory centers and those
overseeing executive functions. Increased plasma concentrations of receptors for advanced
glycosylation end-products (RAGE), particularly soluble ones, appear to be a trigger for
the development of vascular dementia [133].

It is not surprising, therefore, that subjects with ischemic stroke and diabetes have
worse cognitive performance than non-diabetic patients only 3-6 months after the cere-
brovascular event. The mechanism of this may depend on the proinflammatory microenvi-
ronment that diabetes mellitus, in concert with atherosclerosis, promotes and on the fact
that the inflammatory trigger may accelerate the progression of neurodegenerative diseases
that result in cognitive decline [134].

Patients with ischemic stroke comorbid with diabetes have higher in-hospital mortality
and are more often discharged to nursing homes than non-diabetics. In addition to func-
tional problems and physical disability, these patients more often experience depression,
which, therefore, should be considered as impacting their prognosis [135].

Dementia and depression mutually influence each other; if the patient had dementia
before the ischemic event (pre-stroke dementia), the cerebrovascular event worsens the
extent of dementia. It promotes further cognitive impairment, assuming, in this case, that
the patient may have had an underlying neurodegenerative disorder before the stroke [136].

6. Conclusions

The current scientific literature, as the state of the art, provides us with a clear pic-
ture: metabolic disorders, notably atherosclerosis and diabetes mellitus, because of their
epidemiological impact and the multifaceted alterations they cause, play a fundamental
role in ischemic stroke: they are the “primum movens” of cerebral vasculopathy since
they cause those molecular dysregulations that promote endothelial dysfunction, oxida-
tive stress, vasoconstriction, and coagulation disorders, and thus represent the causative
elements of the ischemic event. However, just as clearly, they affect the prognosis of the
patient who experiences an acute cerebrovascular accident: the data on survival, cognitive
impairment, depression, and vascular dementia that these patients have to face suggest that
the impact of these diseases does not end with the ischemic stroke (which albeit seems to
be the catastrophic conclusion of the sequence of the aberrations such as those that we have
described above), but continues inexorably to the point of representing a disadvantage
in terms of survival and a risk factor for further comorbidities. The efforts of modern
medicine, therefore, should be aimed at prevention: preventing T2D and atherosclerosis
not only means reducing the risk of ischemic stroke, but also means improving the survival
of those who experience acute cerebrovascular events, reducing the incidence of depression
and cognitive impairment, and lowering the likelihood of developing vascular dementia.
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The metabolic background thus constitutes the beginning and the end of our rea-
soning; it is the framework within which these pathologies unfold and on which their
severity depends. Tailored patient therapy, which in the 21st century has gained increasing
importance, aims to counteract the effects of these diseases by opposing the activation of
specific pathways involved, and scientific research is expanding in the same direction to
attack more and more precisely the molecular targets responsible.
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