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Summary 
The worldwide increase in the incidence of obesity and 
cardiovascular and neurodegenerative diseases, e.g. Alzheimer's 
disease, is related to many factors, including an unhealthy 
lifestyle and aging populations. However, the interconnection 
between these diseases is not entirely clear, and it is unknown 
whether common mechanisms underlie these conditions.  
Moreover, there are currently no fully effective therapies for 
obesity and neurodegeneration. While there has been extensive 
research in preclinical models addressing these issues, the 
experimental findings have not been translated to the clinic. 
Another challenge relates to the time of onset of individual 
diseases, which may not be easily identified, since there are no 
specific indicators or biomarkers that define disease onset. Hence 
knowing when to commence preventive treatment is unclear. 
This is especially pertinent in neurodegenerative diseases, where 
the onset of the disease may be subtle and occur decades before 
the signs and symptoms manifest. In metabolic and 
cardiovascular disorders, the risk may occur in-utero, in line with 
the concept of fetal programming. This review provides a brief 
overview of the link between obesity, cardiovascular and 
neurodegenerative diseases and discusses potential common 
mechanisms including the role of the gut microbiome.  
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Introduction 
 

The current lifestyle patterns clearly contribute 
to the worldwide increase in the incidence of obesity, 
cardiovascular diseases (CVD) and neurodegenerative 
disorders, including Alzheimer's disease (AD). Increasing 
aging is one of the main causes of the growing incidence 
of AD. Despite intensive research in the field of obesity 
and neurodegeneration, there are still no effective 
disease-specific therapies. Reasons for this are 
multifactorial, including lack of understanding of 
underlying mechanisms of disease, sub-optimal targeting 
of potential mediators of disease and lack of pre-clinical 
models that recapitulate disease in patients [1]. Moreover, 
the developmental window during which the pathological 
process leading to the respective disease occurs, remains 
still-defined.  

Although it has been suggested that there is  
a direct relationship between obesity and CVD as well as 
obesity and neurodegenerative disorders, the exact 
mechanisms linking these pathologies are elusive. 
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Clarification of direct relationships is important when 
looking for an appropriate therapy; however, this is not 
simple due to multiple interacting factors. In addition, 
there is inconsistency in the literature. Nakajima et al. [2] 
showed that in individuals with obesity, alterations of 
cardiac performance with left ventricular enlargement 
and wall thickening depend not only on excess body 
weight (BW) but also on the duration of obesity. Several 
other studies showed similar results suggesting that the 
risk of all-cause mortality increased in relation to the 
number of years that an individual is obese, and this is 
independent of current body mass index (BMI) [3]. 
However, other findings based on data from the 
Framingham Heart Study [4] showed a positive 
association between obesity and the incidence of 
hypertension in women. This association disappeared 
when the increased risk of incidence was adjusted for 
current BMI, suggesting that the mechanism by which 
obesity may influence blood pressure (BP] elevation is 
more immediate and that long-term exposure to increased 
BW does not worsen the development of hypertension 
beyond the level of the BMI attained [4]. 

One of the potential mechanisms whereby 
obesity may increase the risk of neurodegenerative 
diseases is a change in cerebral blood perfusion. This 
perfusion is regulated by functional and structural 
changes in the cerebral vasculature. Functional changes 
in vasoconstriction and vasodilation influence myogenic 
tone, while structural changes involve vascular 
remodeling in cerebral vessels. Disorders of cerebral 
vessels could play a significant role in the brain, leading 
to minor and/or massive cerebral bleeding. Changes in 
the mechanical and architectural properties of the cerebral 
vasculature, specifically internal remodeling of larger 
cerebral arteries, are common findings in hypertensive 
populations [5]. Moreover, it was demonstrated that 
cerebral arterioles change their properties during aging 
[6]. These changes are characterized as reduced 
distensibility and atrophy. The reduced distensibility 
means that cerebral vessels may not dilate effectively, 
predisposing them to cerebral ischemia and infarction 
during aging. 

Cerebral small vessel disease (cSVD),  
a common risk factor for cognitive impairment [7], 
includes lacunes, cerebral microbleeds, and perivascular 
spaces as pathological changes in the brain [8]. The 
clinical manifestations of cSVD present a variety of 
pathologies, including stroke, changes from mild to 
progressive cognitive decline and dementia. [9]. Kim  

et al. [10] suggested that obesity affects cerebral small 
vessels through arteriosclerotic vasculopathy. Based on 
their findings, they postulated that obesity is associated 
with subclinical and bleeding-prone cerebrovascular 
disease in the elderly. 

This comprehensive review focuses on current 
knowledge linking obesity, CVD and neurodegenerative 
disorders, including Alzheimer's disease. The possibility 
that there are common mechanisms that underlie these 
conditions is discussed and we provide an update on the 
potential role of the gut microbiome in these pathologies. 

 
Risk factors in cardiovascular and 
cerebrovascular diseases 
 
 

 
Fig. 1. The scheme showing risk factors for CVD. 

 
Risk factors for CVD include those that are 

modifiable and those that are nonmodifiable (Fig. 1). Age 
is an important and potent nonmodifiable risk factor 
because mortality from CVD gradually increases with age 
[11]. Another uncontrolled risk factor for CVD is gender. 
Men have a higher risk of CVD than women. However, 
in the age group of 65 and older, women who have  
a myocardial infarction are twice as likely to die as men. 
In contrast, men under the age of 65 have a much higher 
risk of experiencing a heart attack. Individuals with  
a family history of CVD are more likely to develop CVD.  
This is related to the genetic nature of CVD [12]. 
Epidemiological studies suggest that polymorphisms of 
several genes, such as endothelial nitric oxide (NO) 
synthase [13], angiotensin converting enzyme [14], 



2023  Obesity, Cardiovascular and Neurodegenerative Diseases   S75  
 

angiotensin II type 1 receptor [15] and paraoxonase gene 
[16,17], increase the risk of coronary artery disease 
(CAD). However, other genes contributing to the genetic 
predisposition of these conditions remain to be identified. 
Another risk factor is ethnicity. For example, Afro-
Americans are prone to severe hypertension and obesity 
and have an increased incidence of CVD compared to 
Caucasians [18]. 

There are numerous risk factors that predispose 
to CVD that can be prevented or controlled. These 
modifiable risk factors include type 2 diabetes mellitus 
(T2DM), dietary behavior, hypercholesterolemia/ 
dyslipidemia, cigarette smoking and obesity. Obesity is 
an important determinant of CVD. Overweight or 
individuals with obesity have significantly increased 
morbidity and mortality related to almost all common 
CVD [19]. Although the pathogenesis of cardiomyopathy 
is multifactorial, diabetic dyslipidemia and 
intramyocardial lipid accumulation are the key 
pathological features, triggering cellular signaling and 
modifications of proteins and lipids via the generation of 
toxic metabolic intermediates [19]. There is also a very 
strong association between cigarette smoking and CVD 
[20]. However, there are only a few discrepant data 
regarding the gender differences and the impact of 
smoking on CVD [21]. Considering the International 
Survey of Acute Coronary Syndrome in Transitional 
Countries, Manfrini et al. [22] demonstrated that women 
who were current smokers had a much greater risk of 
acute coronary syndrome with obstructive CAD than 
men. Moreover, hyperchole-sterolemia and hypertension 
increased the risk of obstructive CAD in both genders, 
although a higher prevalence was seen in women later on 
[22]. It was suggested that endothelial dysfunction and 
damage are the main reasons why smoking is a risk factor 
for CVD [23]. During this process, proatherogenic lipids 
are increased and oxidized in parallel to a decrease in 
high-density lipoprotein, induction of inflammation, and 
the shift toward a procoagulant state in the circulation. 
The data also clearly showed that secondhand smoking 
can trigger life-threatening conditions (including in 
children) [23]. 

 
Unhealthy diet as an important risk factor 

An unhealthy diet is considered an important 
risk factor for CVD [24]. While the relationship between 
serum cholesterol and CVD risk is well  established, the 
association between dietary fat intake and CVD 
prevention is still debated [25]. However, dietary fat is 

not the only dietary component that is “bad”. Dietary 
protein has also been suggested to be important especially 
the association of maternal protein intake during 
pregnancy in humans with increased risk of metabolic 
diseases and CVD for offspring [26] (for more details see 
below). A more controversial issue relates to the impact 
of sugar consumption on human health [27]. Excess 
intake of sugar, especially fructose rather than glucose, 
can promote the development of CVD and T2DM. 
However, the effect of increased sugar intake on human 
health is controversial. Several authors have shown that 
the consumption of sweetened beverages plays  
an important role in the epidemic of obesity and CVD 
[28-32]. On the other hand, minimal harmful effect of 
higher sugar intake on metabolic parameters was also 
demonstrated [33]. Evidence that the consumption of 
sweetened beverages can increase the risk of metabolic 
syndrome is supported by experimental data [34,35]. 

Chronic hyperglycemia and underlying T2DM 
are important risk factors for CVD. Epidemiologic 
evidence revealed that persistence of higher serum 
glucose levels, even within the sub-diabetic range, leads 
to higher levels of glycated hemoglobin, which increases 
the risk of CVD. Reduced levels of glycated hemoglobin 
seem to be associated with beneficial effects on CVD 
[36]. Hyperglycemia in pregnancy can predispose to ill 
effects in the offspring. This "metabolic memory" [37], 
leads to pathological disturbances in glucose metabolism, 
insulin and energy balance of the offspring. Molecular 
mechanisms that may play a role include cellular stress 
and activation of pro-inflammatory pathways, oxidative 
stress and cardiovascular complications [37].  

As recommended by the World Health 
Organization the daily amount of dietary salt should be 
5 g/day [38], however, the practice is different and is 
usually higher than 10 g/day in many populations [39]. 
Recently it has been shown that consumption of chronic 
high-salt diet is associated not only with CVD but also 
with several metabolic disorders including obesity, type 2 
diabetes and metabolic syndrome in both rodents and 
human [40-43]. In spite of the fact that high salt intake 
could predict the development of obesity and insulin 
resistance [42], the mechanism is not clear. Lanaspa et al. 
[42] demonstrated that high-salt diet in mice activated 
fructose production in the liver leading to leptin 
resistance. Moreover, in Sprague-Dawley rats, a high-salt 
diet leads to increase of insulin resistance in isolated 
muscle and liver [43]. It is clear that reduction of dietary 
salt intake is recommended in guidelines for CVD, 
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T2DM etc. [44]. 

Unhealthy diets cause systematic inflammation 
[45]. The Dietary Inflammatory Index (DII®) was 
established by Hariharan et al. [45] to characterize the 
inflammatory potential of the diet. An association 
between DII and cardiometabolic risk factors was studied 
among 31 684 Brazilian adolescents [46]. It was 
demonstrated that the effect of pro-inflammatory diet is 
gender dependent, showing for example that pro-
inflammatory diet was positively associated with high 
HOMA-IR among girls and high total cholesterol among 
boys [46].  

  
Risk factors of cerebrovascular diseases 

The cerebral microcirculation is critically 
involved in the regulation and function of neurons; thus, 
any impairment of this circulation may be dangerous for 
their function. Aging plays a major role in cerebral 
microcirculation impairment and thus is important for 
age-related cognitive changes [47,48]. Moreover, other 
factors, such as obesity, diabetes, hypertension, vitamin 
B12/folate deficiency, etc., trigger neuroinflammation and 
oxidative stress, which promote cerebral hypoperfusion 
and glucose hypometabolism [47]. Cerebral 
hypoperfusion leads to amyloid-β deposition, cerebral 
amyloid angiopathy and blood-brain barrier disruption. 
Interestingly, these changes seem to precede 
cognitive/memory decline (including AD-like pathology), 
suggesting how important it is to know a precise 
developmental window(s) important for therapeutic 
strategies, including pharmacotherapy and changes in 
lifestyle [47]. 

Vascular cognitive impairment (VCI) is 
associated with numerous cerebral vascular pathologies 
resulting in vascular dementia [49], the second most 
common cause of dementia after AD. Patients with VCI 
characteristically have problems with memory, planning, 
and organization and often suffer from apathy, anxiety 
and depression. Risk markers for VCI are the same as 
traditional risk factors for stroke, and these risks may 
include but are not limited to atrial fibrillation, 
hypertension, T2DM, and hypercholesterolemia. Carotid 
intima-media thickness and arterial stiffness are emerging 
as markers of arterial aging and may also serve as risk 
markers for VCI [50]. Although it is still accepted that 
AD is caused primarily by amyloid beta plaques, 
neurofibrillary pathology, decreased synaptic plasticity 
and reduced neurogenesis, postmortem studies have 
shown that cSVD pathology incorporating small cortical 

and subcortical infarcts, microinfarcts, perivascular 
spacing and white matter attenuation is commonly found 
in sporadic as well as in familial AD [51]. 

Hypertension is a major modifiable risk factor 
for cerebral vascular disorders, including cSVD. Because 
pathological changes in BP tend to be directly associated 
with pathological changes in the brain leading to 
cognitive decline, one might assume that consistent BP 
control could lead to optimal brain perfusion and thus 
eliminate AD and vascular dementia [52]. It is not the 
purpose of this review to describe in detail the structure 
of the vascular supply to the brain (for review see [52]); 
however, it is clear that cerebral capillaries are the 
primary target of chronic BP elevation. Increased 
vasoconstriction associated with reduction of the lumen 
diameter leads to an increase in overall peripheral 
resistance. Loss of cerebral capillary elasticity due to 
degeneration of elastin fibers and collagen deposition 
completely alters the properties of the capillary bed of the 
brain. In addition, oxidative stress and inflammatory 
processes, in which pro-inflammatory cytokines like 
tumor necrosis factor alpha (TNFα) play a crucial role, 
lead to vascular calcification. 

 
Age-dependent changes  

Obesity is the result of an imbalance between 
energy intake and expenditure. In addition to 
environmental factors and epigenetic changes, genetic 
predisposition plays an important role. Obesity in the 
human population does not have a precise developmental 
window because obesity is found in children, teenagers 
and the adult population. According to the Barker theory, 
some metabolic and cardiovascular diseases may even 
have a fetal and infantile onset [53]. Prenatal nutritional 
risk factors may interact with postnatal ones, resulting in 
mutual strengthening or weakening. For example, rapid 
weight gain in the first months of life is associated with 
metabolic syndrome and late-onset obesity, and the 
combination of low birth weight and rapid weight gain in 
the first months of life is strongly associated with 
metabolic syndrome in adulthood [54]. Systemic reviews 
have shown that a rapid increase in BW in infancy and 
childhood is a possible determinant of being overweight 
and obesity later in life [55]. Moreover, interesting 
information exist about the relation between obesity and 
metabolic changes in prepubertal children. Barbosa et al. 
[56] divided a cohort of 64 children into healthy lean, 
healthy obese and unhealthy obese groups and found that 
fasting insulin levels were the highest in unhealthy obese 
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children, although all groups presented normal fasting 
glycemia. Normoglycemia in all groups depends on 
insulin resistance level driven by circulating insulin being 
the highest is in unhealthy obese group which maintains 
their euglycemia [57]. This is in agreement with the 
notion that insulin resistance may precede, by years, 
altered circulating glucose levels [58]. 

Pregnancy and the developmental window 
during fetal growth are vulnerable periods that can impact 
health of offspring later in life [59]. An unhealthy diet 
during pregnancy can influence development of 
metabolic disorders, such as glucose homeostasis and  
insulin sensitivity, in the adult offspring [26,60,61]. 
Malnutrition, including obesity, during pregnancy 
influences the fetal epigenome and metabolic 
programming, which predispose to CVD, obesity, and 
diabetes mellitus [62]. The influence of perinatal diet on 
cerebrovascular disease is unclear. 

The transition from childhood to adolescence is 
an important phase of development with rapid growth and 
hormonal and psychological changes. In recent decades, 
the incidence of overweight and obesity has increased 
among adolescents [63]. Using a meta-analysis of  
49,220 individuals from 63 studies, Friedeman et al. [64] 
showed worsening of cardiovascular risk factors in 
overweight and obese individuals. While lifestyle 
modifications are essential during these developmental 
periods to reduce obesity, pharmacological intervention 
may also be necessary. Currently, liraglutide (a glucagon-
like peptide-1 (GLP-1) analog) has been authorized for 
the treatment of obesity in adolescents [63].  
A randomized, double-blind trial of liraglutide for 
adolescents with obesity demonstrated that liraglutide 
together with lifestyle changes led to a significantly 
greater reduction in the BMI compared to placebo plus 
lifestyle therapy [65].  
 
Obesity-related cerebrovascular disease 

 
The relationship between obesity and 

pathological changes in the brain that lead to memory 
impairment and neurodegenerative disorders is an area of 
active study [66]. However, mechanisms linking these 
pathologies are elusive. Insulin resistance appears to be 
an important factor connecting obesity with cognitive 
functions [67]. This is supported by the fact that 
alterations in insulin concentration and insulin receptor 
function in the brain have been described in AD, and AD 
is also called “type 3 diabetes” [68]. Studies on different 

animal models confirmed the observations in humans that 
insulin resistance developed by consuming a high-fat 
(HF) diet increases amyloid-β (Abeta) production and 
plaque deposition in the brains of transgenic Tg2576 
mice [69] and triple transgenic (3xTg-AD) mice [70]. 
Another possible mechanism is the presence of oxidative 
stress caused by inflammation [71]. It was demonstrated 
that proinflammatory cytokines that are able to cross the 
blood brain barrier (BBB) can affect neuronal processes 
[72]. Moreover, several studies have demonstrated that 
peripheral inflammation is able to alter the integrity of the 
BBB by damaging the tight junctions of microvascular 
endothelial cells of the BBB [73]. The major components 
of tight junctions are the proteins claudin, which seems to 
regulate permeability, and ocludin, which forms the 
backbone of tight junction strands and seem to be  
a sensitive indicator of structural changes in the BBB 
[74]. Thus, these obesity-mediated inflammatory changes 
can lead to neuroinflammation, followed by subsequent 
damage to the central nervous system by oxidative stress, 
which may alter synaptic plasticity, affect the 
development of neuronal synaptic activity and function 
and lead to neuronal death [75]. 

 
Vascular remodeling and perivascular 
adipose tissue 
 

Obesity is characterized by fat deposition in 
adipose tissue (AT), especially in the subcutaneous and 
visceral areas. However, AT is not only a depot of energy 
but also an important endocrine organ. In addition to 
these main fat depots, there are other important fat 
deposits in the body. These include epicardial, pericardial 
and perivascular AT, which can play an important role in 
the development and progression of CVD [76]. 
Interestingly, the measurement of the size of epicardial 
AT serves as a powerful potential diagnostic tool in 
assessing cardiovascular and metabolic risk. 
Measurement of epicardial AT using transthoracic 
echocardiography is cost-effective, more convenient, 
accurate and reproducible [77], suggesting that increased 
epicardial AT is a risk factor for metabolic syndrome and 
is associated with T2DM, insulin resistance and liver 
steatosis. In this review, we will focus only on the 
function of perivascular AT (PVAT). 

PVAT is a highly dynamic and metabolically 
active tissue surrounding a vascular bed, with the 
exception of neural, retinal and pulmonary vasculature 
[78]. The composition of PVAT, with regard to white AT 
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(WAT) or brown AT (BAT), depends on the location. 
The PVAT surrounding the aorta varies by location and is 
thought to influence the distribution of atherosclerosis 
[79]. In rodents, PVAT surrounding the thoracic aorta 
comprises BAT, whereas abdominal aortic PVAT in both 
humans and rodents is a mixture, mostly WAT and some 
BAT [80]. PVAT actively regulates blood vessel tone 
through PVAT-derived vasoactive factors, including both 
relaxing and contracting factors. In addition, PVAT 
contributes to atherosclerosis through paracrine secretion 
of a large number of bioactive factors, such as adipokines 
and cytokines [79]. It was demonstrated in male Sprague 
Dawley rats fed a HF diet that the function of “healthy” 
PVAT is abolished in diet-induced obesity through  
a mechanism involving increased local secretion of TNFα 
and reduced NO bioavailability [81]. When obesity was 
reduced by caloric restriction, PVAT function was 
improved, suggesting that PVAT dysfunction may be 
related to changes in inflammation and NO synthase 
activity [81]. It is easier to use fat isolated from 
experimental animals to study the properties of PVAT, 
but in humans, PVAT is studied from samples obtained 
by subcutaneous biopsy or from the PVAT surrounding 
the saphenous vein during cardiac bypass surgery. The 
challenges in isolating the saphenous vein and PVAT 
have been reviewed [77,78]. 

The effect of PVAT on vascular wall function is 
complex. The vasodilatory effect is mediated through 
several adipokines, such as adiponectin, leptin, and 
angiotensin 1-7 by activation of NO synthase in 
endothelial cells and finally by vasodilation of smooth 
muscle cells. In contrast, many vasoconstrictive agents, 
such as resistin, chemerin, and visfatin, act directly on 
vascular smooth muscle cells, but the exact mechanism is 
not fully understood [78]. However, no single factor has 
yet been identified as primarily responsible for the 
anticontractile effect of PVAT. Gao et al. [82] suggested 
that PVAT induces anticontractile effects through two 
distinct mechanisms, including endothelium-dependent 
relaxation and an endothelium-independent mechanism. 
One can ask the question, “How is PVAT able to affect 
obesity-related hypertension?” The answer is not simple. 
One possibility is that in addition to the release of 
vasodilators, PVAT surrounding renal arteries is able to 
release norepinephrine (NE). Renal PVAT, which is 
independent of renal sympathetic innervation, has  
a releasable pool of NE and thus sufficient potential to 
control BP through renal arterial function [83]. 
Nevertheless, other PVAT depots can also release NE. It 

was suggested that even the thoracic aorta and superior 
mesenteric artery can do so and thus cause arterial 
contraction [84]. Thus, the balance between the 
vasodilatory and vasoconstrictive properties of PVAT 
plays a significant role in its function. Obesity can change 
the property of PVAT from the “healthy” to the “sick” 
stage, i.e., toward a higher production of the 
abovementioned vasoconstrictive substances, which 
could contribute to an increase in BP. It was reported that 
loss of “healthy” properties of PVAT positively 
correlated with increased BP in rodent models with diet-
induced obesity [85]. The same was observed in obese 
patients after bariatric surgery [86]. The improvement in 
the anticontractile function of PVAT was accompanied 
by improvements in insulin sensitivity, serum glycemic 
indices, inflammatory cytokines, adipokine profile, and 
systolic BP together with increased PVAT adiponectin 
and NO bioavailability [86]. 

The original idea that PVAT induces effects only 
be serving as a mechanical support for the vascular bed 
does not hold true since PVAT releases various bioactive 
signaling molecules that regulate vascular tone [77, 78, 
85]. The functional role of PVAT is unclear, but it 
depends on the type of vascular bed and the experimental 
species from which it is isolated [78]. A significant 
anticontractile effect in response to vasoconstrictors was 
demonstrated in various arteries, e.g., mesenteric 
resistance arteries, skeletal muscle arteries, thoracic aorta, 
etc. [87,88], and this effect is lost in obesity, probably as 
a consequence of the development of adipocyte 
hypertrophy, inflammation and oxidative stress [89]. 
Obesity, which enhances oxidative stress, worsens PVAT 
dysfunction and thus contributes to vascular damage [90].  

 
Link between obesity, cardiovascular and 
neurodegenerative diseases 
 

There is no doubt that obesity, cardiovascular 
and neurodegenerative diseases are interconnected. 
However, the onset and timeline of each disorder differs. 
The pathophysiological processes of neurodegenerative 
diseases (including AD) usually begin decades before 
symptom onset. Moreover, it is even more complicated in 
obesity because obesity can start at any age, from 
childhood to adulthood. Epidemiological and clinical 
studies have shown that obesity and metabolic disorders 
are important factors for the onset of AD [91]. This is 
supported by findings that treatment of metabolic 
diseases may protect against neurodegenerative diseases 
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[92]. The relationship between obesity and dementia is 
further supported by prospective cohort studies [91], 
which suggested that obesity in midlife increases the risk 
of incidence of dementia.  

Aging is associated with an increase in the 
prevalence of cardiometabolic factors as well as with 
reduced total brain volume. Some brain areas are 
especially affected, including frontal and temporal lobes, 
and are prone to gray matter reduction [93]. White matter 
also shows age-related changes in small vessels [94]. 
Therefore, it is possible that obesity and its related 
metabolic complications may accelerate development of 
neurodegeneration [95]. 

As highlighted above, obesity is closely 
associated with CVD and neurodegenerative pathologies. 
Common factors in these disorders include inflammation, 
oxidative stress (increased bioavailability of reactive 
oxidative species (ROS)) and metabolic disturbances. 
Oxidative stress may be especially important because 
ROS stimulate many redox-sensitive signaling pathways 
that lead to inflammation, insulin resistance, and vascular 
damage. Oxidative stress is also responsible for the 
reduced bioavailability of the potent vasodilator nitric 
oxide (NO) leading to endothelial dysfunction. Recently, 
it has been shown that decreased NO production in 
obesity and associated insulin resistance may play a role 
in cognitive impairment and neurodegeneration [96].  

The search for common biomarkers could also 
help to address the question whether there are similar 
mechanisms that underlie obesity, CVD and 
neurodegenerative disorders. Plasma metabolomic 
analysis revealed that insulin resistance in obese children 
is associated with two distinct metabolic pathways [97]. 
These involve amino acid metabolism and lipid 
metabolism and are different in obese children compared 
to non-obese ones. Other common molecular markers that 
can connect the described comorbidities include 
microRNAs (miRNA) [66]. Although the role of 
miRNAs has been demonstrated in obese phenotypes [98] 
and neurodegenerative diseases [99,100], there are only  
a few studies on the role of miRNAs in obesity-
associated neurodegenerative disorders [66]. One of the 
miRNA families implicated in the development of 
neurodegenerative disorders and obesity is the miR-34 
family [101]. This miRNAs family is overexpressed in 
the brain and could play an important role in AD 
pathologies. Because the expression of miR-34 family is 
also elevated in liver, this may be a molecular link 
between obesity and neurodegenerative disorders. This is 

supported by the fact that more than 200 genes are targets 
of miR-34 family, classified by the association to either 
AD or metabolic syndrome and that are conserved among 
humans, mice and rats [101]. 

These diseases all have a polygenic basis, i.e. 
that several genes with a strong effect and certainly  
a number of genes with a small effect are involved in 
their development. In addition, interactions with 
environmental factors and epigenetic changes, which are 
dependent on the influence of the environment, are 
crucial. As a result, it is difficult to precisely define all 
the risk factors and common interactions that lead to 
obesity, CVD and neurodegenerative complications. 

Neuroimaging methods, including magnetic 
resonance imaging (MRI) and positron emission 
tomography (PET), have been helpful to explore effects 
of therapies in experimental models of obesity, CVD and 
neurodegenerative disorders [102,103]. Because obesity 
is associated with structural, functional and chemical 
alterations in the brain, functional neuroimaging can be 
used in obesity research in pre-clinical models and in 
humans [104,105]. Data from functional magnetic 
resonance imaging (fMRI), PET and single-photon 
emission computed tomography (SPECT) have 
highlighted important relations between brain structure 
changes and/or abnormalities associated with eating 
behavior [106], insulin resistance, obesity and CVD risk 
[107]. Functional neuroimaging may help unravel 
neuronal mechanisms that contribute to obesity and CVD 
[108]. However, there are several limitations of fMRI, 
that need consideration in such studies [106]).  

 
Role of the gut microbiome in the pathology 
of obesity, cardiovascular and neuro-
degenerative diseases 

 
Increasing evidence indicate that the gut 

microbiome may also play a role in the pathophysiology 
of obesity, CVD and neurodegenerative diseases (Fig. 2). 
Findings from the “Human Microbiome Project”, started 
in 2008, have highlighted the effect of symbiotic 
microorganisms on health [109-111]. High fidelity 
phenotyping of the human microbiome (total of  
4788 specimens) from 242 healthy adults showed large 
differences in the microbial population of the gut, skin 
and vagina suggesting that even in healthy subjects the 
microbiome is variable [109]. The field of obesity and the 
gut microbiome has grown exponentially as evidenced by 
the increasing number of papers published with ‘obesity, 
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gut microbiome’ (Pubmed) as keywords. In 2012 72 
papers were published while the number in 2021 was 
over 1,000. Alterations in the gut microbiome have been 

associated with obesity through changes in metabolic 
pathways and eating behavior involving the gut-brain axis 
[111-114]. 

 
 

 
 
Fig. 2. The diagram showing the relationship among gut microbiota, obesity, CVD and neurodegenerative disease. It is clear that the 
gut microbiota reflect the state of the external environment and influence the development of individual pathologies through their 
metabolites. 

 
 

Microbiota and obesity 
Changes in the gut microbiota influence 

metabolic pathways associated with several metabolic 
diseases, including obesity, insulin resistance and T2DM 
(for review see [115-117]). Intestinal hyperpermeability 
is associated with dysbiosis, and the combination of these 
two circumstances can lead to an increase in the level of 
low-grade inflammation in obese patients. This is 
accompanied by an increase in pro-inflammatory 
cytokines [118, 119] and sub-clinical inflammation, 
which has been associated with obesity [120-122]. 
Studies in germ-free mice, which do not produce  
an inflammatory response, show that they are leaner than 
control animals even though they consume more calories 
[123]. Human studies have shown that fecal transmission 
from obese individuals transmits the obese phenotype 
[124]. The exact mechanisms still remain unclear, but it is 
clear that microbial metabolites can influence the central 
regulation of food intake [122,125] by modifying the 
secretion of intestinal peptides such as glucagon-like 
peptide (GLP)1 [125, 126]. Some probiotic strains have 
been shown to have ‘anti-obesity effects’ [122,127,128], 
such as Bifidobacterium longum APC 1472, which 

modulates ghrelin signaling in vitro. Further evidence 
indicating a potential role for the microbiome in obesity 
relates to findings that vancomycin treatment casues  
a change in the gut microbiome, leading to obesity 
[129,130]. 

 
Microbiota and cardiovascular diseases 

Although exact mechanisms remain unclear, 
there is growing evidence that the intestinal microflora is 
associated with a number of CVDs, including 
hypertension, heart failure, myocardial fibrosis, 
atherosclerosis, vascular inflammation, etc. [131, 132]. It 
was suggested in humans [133] that the sympathetic 
nervous system is important because the microbiome in 
the gut influences  the parasympathetic and sympathetic 
nervous systems, which could in turn influences the 
cardiovascular system. 

Various dietary substances, such as choline serve 
as exogenous precursors for intestinal bacteria. Choline, 
which is rich in Western diets, is converted to 
trimethylamine N-oxide (TMAO) by gut microbiota. TMAO 
in turn has been associated with atherosclerosis [134] 
through pro-inflammatory and pro-coagulant effects [135]. 
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Studies in rats demonstrated a link between the 
gut microbiota and the severity of myocardial infarction 
[136, 137]. The use of broad-spectrum antibiotics was 
shown to affect levels of leptin and substances produced 
during aromatic amino acid catabolism, associated with 
reduced myocardial infarct size. In addition, 
administration of Lactobacillus plantarum to Dahl S rats 
was associated with significant reduction in infarct size 
and left ventricular function was improved after 
myocardial infarction. Another study in rats showed that 
administration of the Lactobacillus rhamnosus GR-1 
attenuated left ventricular hypertrophy and heart failure 
after experimental myocardial infarction [138]. These 
observations may suggest that probiotics use, in the 
combination with standard medication, could offer 
additional benefits in patients with heart failure, leading 
to reduction of the severity of heart failure after 
myocardial infarction. 

 
Microbiota and neurodegenerative diseases 

The gut microbiome has also been implicated in 
various neurological disorders. Clinical studies showed 
that administration of a combination of probiotic cultures 
with multivitamins and minerals increases the level of 
glutathione (ROS scavenger), reduces insulin resistance, 
and improves depression in patients with depressive 
disorders. This appears to be independent of changes in 
plasma glucose levels [139]. Probiotics have been shown 
to be beneficial in improving inflammation in rheumatoid 
arthritis by reducing pro-inflammatory cytokines [140]. 
Neuroinflammation may also be ameliorated by 
probiotics [141]. Gut microbiota have a pivotal role in 
regulating multiple neurochemical pathways through the 
highly interconnected gut-brain axis. Modulation of this 
axis has been reported to affect the pathogenesis of AD. 
Communication between human gut microflora and brain 
has been described as the “second brain” and has been 
implicated in multiple metabolic and chronic disorders 
[142]. Specific microbiota implicated in obesity, CVD 
and neurodegenerative diseases are detailed in several 
publications [143-145].  

 
Conclusions 

 
Obesity, CVD and neurodegenerative disorders 

often co-exist and are common non-communicable age-
related disorders. Growing evidence indicates that they 
are major causes of morbidity and mortality in both high 
income and low-middle income countries and that the 

prevalence of these conditions is increasing globally. 
Obesity is an important risk factor for CVD and together 
with cSVD, is a common risk factor for cognitive 
impairment and vascular dementia [146]. Epidemio-
logical studies suggest that midlife CVD and/or 
symptoms of metabolic syndrome are associated with  
an increased risk of cognitive impairment and dementia 
later in life. 

Although CVD, neurodegenerative disorders  
and obesity may exist separately, they are common  
co-morbidities and may have shared underlying 
mechanisms, such as inflammation, oxidative stress, 
impaired metabolism, sympathetic nervous system 
activation and the gut microbiome. While studies in 
preclinical models have helped to unravel some of the 
mechanisms, these still await confirmation in humans. 
Moreover, to truly study co-morbidities that are relevant 
in humans, experimental studies should focus on multi-
disease models [147].  

The lack of effective drugs for obesity and 
neurodegenerative diseases is a major clinical challenge. 
On the other hand, there are many effective drugs for 
CVD, which not only improve outcomes in patients with 
heart disease, but may also ameliorate cognitive decline 
and vascular dementia. Amongst the most important 
preventive measures for obesity, CVD and 
neurodegenerative disorders is lifestyle modification, 
including increased physical activity, healthy diet, 
reduced alcohol consumption and smoking cessation. 
Implementing these measures should be a priority in 
prevention and health care.  
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