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A B S T R A C T

Atherosclerosis is a common disease whose complications, such as myocardial infarction, are a leading cause of mortality worldwide. Therefore, ideas which try to
explain the circumstances of atherosclerotic plaque initiation and progression are warranted. We hypothesize that low-grade inflammation in early life (especially an
imbalance between pro- and anti-inflammatory macrophages) triggers a “butterfly effect” within the arterial wall by initiating a sequence of processes that finally
leads to atherosclerotic plaque development and progression. Therefore, pharmacological and non-pharmacological interventions aimed to prevent atherosclerosis
development should be applied not only in the adult population over 40 years old (according to current American and European guidelines) but should start in early
life.

Introduction

Atherosclerosis is a systemic disease that affects arterial vasculature,
leading to vessel narrowing and obstruction. Although atherosclerosis is
localized in many areas of the body, the result is the same – insufficient
oxygen supplied to tissues. This causes tissue dysfunction and even
necrosis, especially in the case of a sudden obstruction of a culprit ar-
tery (e.g., by a thrombus generated upon a ruptured atherosclerotic
plaque). This pathological process manifests as different diseases –
coronary artery disease (CAD), peripheral artery disease (PAD) and
cerebrovascular disease (CVD) [1,2]. According to the FRENA study,
patients with symptomatic atherosclerotic diseases (CAD, PAD, CVD)
are prone to subsequent ischemic stroke and myocardial infarction [3].
The World Health Organization and United Nations statistics show that
ischemic heart disease is a leading cause of death worldwide (circa
380,000 annual deaths in the United States and 600,000 in the Russian
Federation due to ischemic heart disease in 2010) [4]. The initiation of
atherosclerotic plaque and its progression leading to destabilization and
rupture depends on different molecular pathways, i.e., inflammation,
extracellular matrix (ECM) accumulation and remodeling, immune cell
infiltration and cellular death (apoptosis, necrosis and autophagy)
[5,6]. The areas of the arteries in which atherosclerotic plaque initiates
depends on irregular shear stress values and patterns and can also be
attributed to circumferential stress [7,8]. Emerging evidence supports a
pivotal role of low-grade inflammation in the development of plaque
[9]. The plaque originates from oxidized low-density lipoprotein
(oxLDL) storage within the subendothelial region, which triggers

maladaptive immune reactions mediated by different transcription
factor families, such as nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), hypoxia-inducible factor 1 (HIF-1), signal
transducer and activator of transcription 1 and 3 (STAT1, STAT3), ac-
tivator protein 1 (AP-1) and nuclear factor of activated T-cells (NFAT)
[10]. As a consequence, immune cells infiltrate the region of newly-
developed plaque and enhance local inflammation, leading to residual
cell apoptosis and ECM remodeling. The crucial immune cells within
the atherosclerotic plaque are macrophages, which not only sustain and
control the inflammatory reaction by cytokine secretion (especially IL-
1β by inflammasome in the initial phase of the development of plaque),
but also affects the ECM microenvironment by secretion of metallo-
proteinases such as matrix metalloproteinase-1 (MMP-1), matrix me-
talloproteinase-8 (MMP-8) and matrix metalloproteinase-13 (MMP-13)
[11,12]. These processes lead to plaque progression, which can turn
either into a stable plaque (a basis of stable atherosclerotic diseases,
such as stable coronary artery disease, characterized by a thick fibrous
cap and decreased infiltration of inflammatory cells) or into a vulner-
able plaque (a basis of unstable atherosclerotic diseases, such as myo-
cardial infarction or ischemic stroke, characterized by a thin fibrous cap
and increased infiltration of inflammatory cells) [13]. However, the
question is: at which point in time is the artery “programmed” towards
atherosclerotic plaque development? In early life or in later life? Is it
irreversible? Currently, it is assumed that atherosclerosis is associated
with vascular aging as a result of permanent and progressive in-
flammation (the theory of inflamm-aging). The crucial cell in this
process is the macrophage, because it integrates pro- and anti-
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inflammatory signals and its chronic age-related stimulation reflects
increased pro-inflammatory status at an organismal level (the concept
of macroph-aging). The entire process of vascular inflamm-aging is
controlled by the anti-aging cellular defense network, whose efficacy
decreases with age. As a consequence, atherosclerosis seems to be a
result of progressively increasing inflammation in arteries of elderly
people, in whom atherogenesis overwhelms the protective anti-aging
cellular defense network [14]. Therefore, atherosclerosis is considered
to be a disease related to senescence and the population “at risk” are
those over 40 years old [15,16]. In that population, more or less ac-
celerated plaque progression is related to risk factors (i.e., smoking,
hypertension and high LDL serum level) [17]. However, some in-
dividuals are more predisposed to atherosclerotic plaque progression
and its clinical manifestation. This phenomenon is caused by individual
genomic and epigenomic programming. The epigenomic programming
is expressed by Barker’s Hypothesis of the “Developmental Origins of
Health and Disease” (DOHaD), which postulates a crucial role of the
influence of environmental factors in very early development (embry-
onal and fetal). Factors, such as a high fat diet, undernutrition, alcohol
intake, acting upon embryonic cells can alter their epigenome by af-
fecting DNA methylation or histone modification, which further causes
permanent changes in the physiology of the cell and its progeny re-
sulting in alteration of different physiological processes in later life and
predisposition to age-related diseases [18]. In conclusion, it is currently
presumed that development of atherosclerotic plaque occurs mainly in
later life as the result of increased pro-inflammatory status in the or-
ganism (the concept of inflamm-aging) and predisposition to athero-
sclerosis programmed by genetic and epigenetic factors (illustrated in
Fig. 1A).

However, low-grade inflammation also occurs within the arterial
tissue in early life. It can cause irreversible damage to cellular mem-
branes, DNA and other cellular structures and such changes might
trigger a sequence of reactions that finally bring long-lasting deleterious
effects in later life [19,20]. This means that the early-life period might
potentially be crucial for the development of atherosclerotic plaque in
later life.

The hypothesis

We hypothesize that:

1. initial processes which trigger pathways promoting atherosclerotic
plaque development occurs in early life. Although anti-aging cel-
lular networks are efficient in that period of life, initial changes
related to increased low-grade inflammation, especially an im-
balance between pro- and anti-inflammatory macrophages (M1
macrophages superiority over M2 macrophages), trigger cascades of
further reactions that finally lead to accelerated atherosclerotic

plaque development in later life in adults and the elderly (Fig. 1B);
and

2. additional interventions aimed to decrease low-grade vascular in-
flammation on a cellular level applied in early life (childhood and
adolescence) results in atherosclerotic plaque progression attenua-
tion in later life. These interventions could be lifestyle and dietary
modifications or even pharmacotherapy (with the use of specific
anti-inflammatory agents, e.g., antibodies).

Evaluation of the hypothesis

The macrophages in the subendothelial region of arteries exert a
long-lasting influence upon the cellular microenvironment [21]. They
are partly derived from circulating monocytes and also from resident
macrophages, which are established in a pre-natal period and persist
through to adulthood (due to their longevity and self-renewal) [22,23].
Macrophages, according to their activity, are divided into two main
subpopulations – M1 and M2 [24]. The M1 subpopulation exerts a pro-
inflammatory activity, whereas M2 – an anti-inflammatory activity
(especially the M2a subgroup). M1 macrophages are polarized by li-
popolysaccharide (LPS) together with Th1-dependent cytokines, i.e.,
interferon-γ (IFN-γ) and granulocyte-monocyte colony stimulating
factor (GM-CSF) and secrete pro-inflammatory cytokines – interleukins
(IL): IL-1β, IL-6, IL-12, IL-23 and tumor necrosis factor-α (TNF-α),
whereas M2 macrophages are polarized by Th2-dependent cytokines
(IL-4, IL-13) and secrete anti-inflammatory cytokines, i.e., transforming
growth factor-β (TGF-β) and IL-10 [25]. The profile and the quantity of
cytokines within the subendothelial region depends on the M1/M2
macrophage balance [26]. We assume that a dysregulated balance to-
wards a pro-inflammatory M1 phenotype within the subendothelial
vascular region at a young age provides long-lasting changes in the
local microenvironment and in a longer perspective will initiate and
accelerate atherosclerotic plaque progression, finally leading to an in-
creased risk of its instability (Fig. 2).

For example, M1 macrophage inflammasome – NACHT, LRR and
PYD domains containing protein 3 (NLRP3) and NF-кB activation by
oxLDL causes expression and secretion of IL-1β cytokine which acti-
vates other immune cells, induces endothelial expression of adhesion
molecule ligands and maintains the immune reaction within the sub-
endothelial microenvironment [25,27,28]. While all of these processes
might lead to atherosclerotic plaque development, IL-1β is considered
an important factor in the early stages of atherogenesis [29]. As a
consequence, IL-1β inhibition by canakinumab (an antibody against IL-
1β) decreases the pro-inflammatory response and can also be an in-
ducer of long-lasting atheroprotection [30–33]. Additionally, the miR-
195 particle turned out to be an inhibitor of the M1 phenotype, which
could affect the development of plaque [34]. However, macrophage
activation and the immune reaction within the subendothelial region is

Fig. 1. Classical (A) and hypothesized (B) views of atherosclerotic plaque progression regulation. Point 1 – programming via genetic and epigenetic (DOHaD
hypothesis) factors; point 2 – current primary prevention, reduction of risk factors; point 3 – proposed preventive intervention in early life; line A – vascular aging and
atherosclerotic plaque progression; line B – vascular aging and atherosclerotic plaque progression after primary prevention; line C – hypothesized vascular aging and
atherosclerotic plaque progression after early-life prevention strategy.
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very complex and depends on many different interfering cellular
pathways. Therefore, the inhibition of one single pathway could bring
misleading results [35]. For example, a knockdown of pro-in-
flammatory NF-кB in low-density lipoprotein receptor knock-out [LDLR
(−/−)] mice resulted in increased atherosclerotic plaque burden,
while this factor also downregulates expression of IL-10, an anti-in-
flammatory cytokine [36]. Interventions, aimed to switch macrophage
polarization towards M2 and inhibit M1 differentiation at an early stage
of life, might potentially bring protection against atherosclerosis in later
life. However, we hypothesize that this not only concerns the specific
issue of macrophage polarization but provides more comprehensive
implications. In general, agents presenting pleiotropic anti-in-
flammatory properties exert an atheroprotective potential. For ex-
ample, eicosapentaenoic acid (EPA) inhibits pro-inflammatory cytokine
(IL-1β, IL-6, TNF-α) production by activated monocytes via NF-κB in-
hibition [37]. Different studies on the apolipoprotein E knockout [ApoE
(−/−)] and [LDLR (−/−)] mice models have revealed that ω-3
polyunsaturated fatty acids added to a high fat diet resulted in de-
creased atherosclerotic plaque burden and increased plaque stability
[38]. Similarly, a glucose-lowering agent metformin attenuates ather-
osclerosis and vascular senescence in pre-clinical mice model, whereas
in clinical model it decreases mortality in diabetic patients with
atherothrombosis according to REACH study [39,40]. We suggest that
anti-inflammatory strategies, such as ω-3 fatty acid or a flavonoid-rich
diet, as well as lipid profile and metabolic management (for example by

statins or aforementioned metformin) introduced in early life, can
disrupt pro-atherogenic pathways and create long-lasting protection
from atherosclerotic plaque development, which partially prevents
atherosclerosis in later life [41,42]. We called this hypothesis ELPHaD
(Early Life Programming of Health and Disease), similar to Barkers’
Hypothesis DOHaD (Developmental Origins of Health and Disease). We
emphasize that atherosclerotic plaque progression in adulthood and in
the elderly depends on a disequilibrium between pro-inflammatory and
anti-inflammatory transcription factors and cellular pathways in early
life (infancy, childhood and adolescence) and specific inhibition of pro-
inflammatory transcription factors and cellular pathways in early life
protects from atherosclerosis in later life. Pre-clinical studies aiming to
investigate anti-inflammatory interventions exclusively in early life and
their impact upon atherosclerotic plaque burden and stability in adult
animals would be valuable. For instance, a study in which 6-week-old
[ApoE (−/−)] from control group is fed high fat diet with cholesterol
for the entire period of study (12 weeks), whereas in mice from study
group an additional component of ω-3 polyunsaturated fatty acid is
given exclusively for 4 weeks during their adolescence, while for re-
maining 8 weeks these animals obtain high fat diet with cholesterol
(Fig. 3).

Consequences of the hypothesis and discussion

Our hypothesis reflects a more general assumption, i.e., a change at

Fig. 2. Potential long-lasting effects of macrophage polarization in early life upon atherosclerosis in later life.

Fig. 3. A hypothetical design of pre-clinical study verifying the hypothesis of ELPHaD (Early Life Programming of Health and Disease). Diet I – a high fat diet with
cholesterol, Diet II – a high fat diet with cholesterol with ω-3 fatty acid.
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one point of time can provide long-range effects. It is a “butterfly effect”
applied to biological systems. The “butterfly effect” in human biology
has been mentioned in the theory of carcinogenesis – one single mu-
tation might initiate a sequence of changes that finally leads to cancer
[43]. Another field in which the “butterfly effect” is discussed is the
world of microRNA. If a certain microRNA which regulates transcrip-
tion of hundreds of genes becomes deactivated by mutation, the effects
could resonate [44]. Clinical studies which show a distinct association
between stressful experiences in childhood (such as physical abuse or
household substance abuse) and increased risk of chronic diseases in
adulthood tend to confirm the “butterfly effect” in health and disease
[45]. In our hypothesis, we postulate a similar effect in atherogenesis. It
is known that atherosclerotic plaque development is a long-lasting ef-
fect, while lesions specific for the initiation of atherosclerotic plaque
have been observed even in late fetal stillborns and infants who died of
Sudden Infant Death Syndrome (SIDS) [46]. The idea that different
factors acting in early life influence future atherosclerotic plaque de-
velopment and result in an altered burden of atherosclerotic disease in
later life is supported by clinical studies. For example, the study based
upon the Boyd Orr cohort, whose follow-up period was 59 years,
showed that increased cardiovascular mortality was linked with higher
childhood body mass index (BMI) [47]. A more contemporary study –
the Cardiovascular Risk in Young Finns Study performed by West et al.
has revealed that children of smoking parents are more prone to de-
veloping carotid atherosclerotic plaque in adulthood [48]. The meta-
analysis of 4 prospective studies (n= 4380 patients) investigating the
association between childhood exposure and adult atherosclerosis
(Cardiovascular Risk in Young Finns Study from Finland, Childhood
Determinants of Adult Health Study from Australia, Bogalusa Heart
Study and Muscatine Heart Study, both from the USA) has demon-
strated that elevated body mass index, blood pressure, total cholesterol
and triglycerides in childhood correlated significantly with intima-
media thickness (IMT) measured in adulthood (20–24 years old) [49].
The ARIC (Atherosclerosis Risk in Communities) study has shown that
increased BMI at the age of 25 resulted in increased all-cause mortality
in later life, irrespective of the ethnic group (African American or
White) to which an individual belongs [50]. This correlation remains
even after adjustment for weight change between the age of 25 and the
age of the first visit (45–64). In addition, the Aboriginal Birth Control
Study upon 351 children from the population of Australian Aborigines
has shown, that metabolic syndrome in childhood (age between 9 and
13 years old) is associated with the presence of subclinical athero-
sclerosis (increased intima-media thickness) after 6 years of follow-up
[51]. It is clear that risk factors, such as the aforementioned increased
BMI or metabolic syndrome enhances low-grade inflammation within
the arterial wall and this mechanism might potentially explain their
long-range effect upon atherosclerotic plaque [52]. However, there is
more direct evidence linking atherosclerosis with earlier inflammation.
For example, severe infection in childhood results in an increased risk
of acute coronary syndrome at a relatively young age (before the age of
56 years) [53]. This phenomenon could be associated with long-lasting
effects of altered immune cell phenotype caused by the earlier infection.
The immune cells that integrate pro- and anti-inflammatory signals and
regulate local inflammation are macrophages. Their presence within
the atherosclerotic plaque at different stages of development has been
well documented and their quantity (both the pro-inflammatory M1
subpopulation and the anti-inflammatory M2 subpopulation) increases
during plaque progression. Moreover, an increased M1/M2 ratio char-
acterizes vulnerable plaques, prone to rupture [54]. Therefore, mac-
rophages tend to be crucial immune cells that orchestrate reactions
sustaining a local inflammatory state and their regulation in early life
(e.g., by promoting the M1/M2 ratio towards anti-inflammatory M2)
could potentially resonate, especially since a single macrophage es-
tablished within the arterial wall intima in early life can persist for even
more than a decade, as mentioned above [22,23]. It is noteworthy that
monocytes obtained from obese children and adults at risk of ischemic

heart disease present a similar gene expression profile, suggesting that
their similar pro-inflammatory activity facilitates plaque development
[55]. However, there is evidence that challenges our hypothesis. An
interesting study by Gonçalves et al., in which carotid atherosclerotic
plaques dissected from 10 patients undergoing carotid surgery (aged
from 46 to 80 years) were analyzed for 14C content using mass spec-
trometry, revealed that the mean biological age of the plaques was from
6.4 to 12.9 years (according to the plaque anatomical areas). This
means that the plaque progression could be attenuated in the early
phase by efficient cellular anti-aging networks, which effectively com-
pensates even for the irreversible changes caused by pro-atherogenic
and pro-inflammatory factors in early life [56]. In elderly people, the
balance between pro-inflammatory and anti-inflammatory cells and
cytokines shifts towards pro-inflammatory and these changes predis-
pose elderly individuals to cardiovascular diseases [57,58]. Ad-
ditionally, an animal study demonstrates that immune cells derived
from old mice present a more pro-atherogenic cytokine profile com-
pared with young mice [59]. Therefore, it can be hypothesized that a
superiority of pro-inflammatory factors would be necessary for the
triggering and maintenance of atherosclerotic plaque progression. Ac-
cording to that theory, the effective anti-inflammatory and anti-aging
cellular network is sufficient for atherosclerotic plaque attenuation in
early life and the goal in atherosclerosis prevention is extending this
effectiveness towards senescence. Janic et al postulate, that low-dose
treatment by angiotensin converting enzyme inhibitors (ACE-I) and
statins in middle-aged subjects (i.e. from 30 to 55 years old) even for
1month followed by 6–12months without treatment would be suffi-
cient to attenuate arterial wall ageing and atherosclerotic plaque pro-
gression [60]. This effect would depend on pleiotropic activity of both
ACE-I and statins, that favors the plaque stabilization [61,62]. Never-
theless, atherosclerotic plaque initiates in earlier life, before 30 years
old. The Pathobiological Determinants of Atherosclerosis in Youth
(PDAY) study performed upon approximately 3000 individuals aged
15–34 years, who died as a result of accidental injury, homicide or
suicide, and were autopsied within 48 h of death revealed the presence
of fatty streak and raised lesions (i.e., plaques with fibrous caps, cal-
cification or ulceration). The study also presented the spatio-temporal
correlation between the fatty streaks and raised lesions as well as the
correlations in this population between lesion abundance and risk
factors, such as smoking, lipoprotein cholesterol serum concentrations,
BMI, glycosylated hemoglobin and hypertension [63,64]. Therefore,
additional studies are warranted to answer the question of which hy-
pothesis reflects reality better. If our concept (ELPHaD) is more accu-
rate, then it follows that we should:

1. concentrate upon lifestyle promotion, risk factor reduction and in-
fective disease prevention (by hygiene and vaccination programs) in
children and young adults as a prevention of anticipated athero-
sclerotic diseases; and

2. undertake studies on specific interventions (e.g., anti-inflammatory
antibody, active compounds promoting M2 macrophage differ-
entiation) exclusively in early life as a protection from athero-
sclerotic diseases in later life.

It is necessary to emphasize that if the hypothesis turns out to be
true then the programs proposed as a consequence of the ELPHaD hy-
pothesis should be additional to and not substitutional to current
atherosclerosis prevention and therapy guidelines.
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