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Abstract 

Early diagnosis of Stroke is challenging due to a lack of dependable diagnostic tests.  Currently, the 
mainstay in early detection is by monitoring health an individual through traditional risk factors such 
as hypertension. Seeking new determinants, relevant to millennial life style, is therefore warranted.  
This study reveals new Stroke Analysis Markers (SAM) including Phosphodiesterase-4D involved in 
cardioembolic stroke.  In addition to traditional factors, new millennial risk factors such as molecular 
and cellular determinants were studied based on 68 years of stroke research data from 1951 to 
2019. The rs152312 SNP from stroke patients of deCODE was queried in eNSEMBL, BLAST and 
other databases to study PDE4D isoforms. In addition, the role of infection, immune cells, 
inflammation, gut microbial dysbiosis, the prevalence pattern of stroke in geographically different 
populations were analyzed. This study identified five new millennial risk factors as potentially helpful 
Stroke Analysis Markers for stroke by conjoining them as a single set of five parasol factors.  They 
include genomic, microbiologic, immunologic, socio-epigenetic factors including two contig and 
alternative splicing markers along with their prevalence patterns among various populations. Taking 
appropriate preventive management by monitoring these new risk factors in high-risk individuals 
during annual checkup could help physicians to make an informed decision.  Though significant 
challenges remain to be solved further large-scale studies on parasol factors will certainly unlock the 
secrets of early prediction of stroke. 
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Introduction 
Stroke is the second highest cause of mortality 

worldwide [1] and the fourth leading cause of lost 
productivity by humans globally [2]. In the US, every 
two minutes three people experience a stroke and 
every four minutes one dies of the stroke [3]. It is 
estimated that by 2030, about 23 million people will 
get a stroke for the first time [4]. Stroke is a potentially 
irreversible and presents with features of paralysis.  
Clinical observation with brain-imaging is useful for 
stroke diagnosis, but fails to be a useful predicting 
tool with regards to morbidity and mortality.  In the 
past, several risk factors were attempted and tested as 

a measurable underlying process-based molecular 
marker to predict the possibility of a potential stroke 
event. Though predicting a stroke event in advance 
before it happen was unsuccessful, these factors 
rather helped physicians to predict recovery and/or 
treatment responses.  The need for the development 
of a reliable tool to both improve prompt diagnosis 
and to monitor progression and prognosis is thus an 
urgent need.  

Years of research in stroke revealed several risk 
factors including hypertension in 1951 [5] to 
MicroRNA-15a/16-1 cluster in plasma in 2017 [6].  
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After studying hundreds of stroke data published 
over the past 68 years from 1951 to 2019, it is clear that 
the majority of those studies describe a few 
stand-alone risk factors for stroke.  Some examples 
include hypertension [7], atherosclerosis [8], diabetes 
[9], large artery occlusion [10], hypercholesterolemia 
[11], administration of alteplase [12], Tissue 
plasminogen activator [13], cigarette smoking [14], 
influence of Statin drug [15], air pollution [16, 17], and 
socio-economic issue like poverty [18].  

Several epidemiological studies like 
Framingham Heart [5], Task Force for stroke 
prevention [19], Stroke Buckle [20], CHS [21], Stroke 
Belt [22], Jackson Heart [23], EUROSTROKE [11], 
ARIC [8], REGARDS [24], NHANES [25], 
INTERSTROKE [26], Qstroke score [27], GBD [16], 
ACC/AHA [28], FSRS [29], ENCHANTED [12, 30], 
STROKOG [31], Stroke care system in Asia [32], 
Brazilian guidelines [33], and many more revealed the 
correlation between community, life-style, 
socio-economic and traditional risk factors.  Some 
studies relied on single to multiple survey reports, 
while others reported data with or without periodic 
follow-ups.  It is thus imperative to recalibrate 
traditional risk factors with new factors from 
millennial research fields such as genomics, 
proteomics, metabolomics, epigenetics, etc., to 
identify new sets of Stroke Analysis Markers (SAM).  
Evidently it is expected that these SAMs will help 
researchers to develop custom-made novel prognostic 
tools for identifying heterogeneous disease state of 
Stroke during a potential strokegenesis.   

The term ‘Stroke’ was first scientifically 
recognized in 1965 in place of ‘apoplexy’ [34].  Once it 
was removed from the group of heart diseases and 
classified as an independent health disorder, stroke 
research gained momentum since then by focusing on 
the traditional risk factors. However a fundamental 
shift was made as early as 2003 by the deCODE study, 
which found the enzyme Phosphodiesterase 4D 
(PDE4D) as a sole risk factor for stroke in Icelanders 
[35].  Since then, several new millennial risk factors 
were overwhelmingly put-fourth, as meaningful and 
measurable Stroke Analysis Marker (SAM) to 
understand this heterogeneous disease.  The present 
study reviewed these metadata, to find most reliable 
millennial risk factors for stroke prognostic purposes. 

Although the objective of the current study is to 
collect data on millennial risk factors beyond 
traditional ones, the ultimate aim is to identify a set of 
reliable SAMs for a potential heterogeneous state of 
stroke well before the traditional clinical threshold 
enabling physicians and patients to deal and to be 
ahead of occurrence of a stroke event.  As reported 

earlier, “in practical terms, biomarkers should improve our 
ability to predict long-term outcomes after stroke across 
multiple domains” [36]. Keeping this in mind, the 
current study was designed with following 
hypothesis; (i) collecting research data and results 
from the last 66 years of stroke studies since the first 
stroke study in 1951 could benefit my millennial 
factor search in stroke research; (ii) finding the PDE4D 
gene and its isomers in chromosomes could augment 
the predictability of stroke occurrence based on its 
expression; and (iii) revealing reliable causative 
factor(s) by performing a meta-analysis with multiple 
comparisons of datasets could lead to a prognostic 
tool for predicting potential PDE4D-associated 
cardioembolic stroke.   

Methods 
Bioinformatics data acquisition and Challenges 

This research was carried out at Bioinformatics 
and Computational Biosciences of NIAID-NIH, USA.  
This study was conducted based on the published 
data from traditional and millennial risk factors and 
stroke-related research data obtained from 66 years of 
stroke studies.  The published research outcomes 
were directly gathered from Bethesda main campus 
library of NIH and through on-line NIH 
multi-eLibrary portals including proverbial websites 
as given in the Table 1. This unique opportunity to 
work at NIH helped authors to use, and reuse with 
published data and mingle with stroke researchers in 
order to explore the significance of the stroke 
biomarkers and its outcomes.  Analyzing several 
noteworthy research publications for seeking new set 
of molecular and cellular determinants, especially 
relevant to millennial life style was a key challenge in 
this study. Followed by the literature-search, the 
conventional bioinformatics analysis and processes 
including the BLAST search of the probe rs152312 
were carried out. With data harmonization, several 
Stroke Analysis Markers were identified and 
categorized as a few sets of parasol factors. 

Data sets and attainment of parasol factors 
Stroke etiology thus far has proven to be based 

upon a collection of traditional risk factors such as 
heart disease, diet, age, race, gender, medication, 
smoking, diabetes, stress, etc.  Starting from the first 
stroke research in 1951, several types of literatures on 
stoke were initially searched in PubMed [37], and 
cross-referenced with several other web portals (Table 
1). After analyzing more than six decades of stroke 
research data, the results were categorized into five 
groups such as (i) metabolic, (ii) immunologic, (iii) 
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microbiologic, (iv) socioepigenetic, and (v) 
population-demographic risk factors.  In addition, the 
prevalence patterns of stroke among the global 
population including the Stroke Belt and Stroke 
Buckle regions of US were assembled to develop a 
unique set of risk factors with five determinants 
under one umbrella as parasol factors (Figure 1).  

 

Table 1. Bioinformatics websites used and referred in this study 

 Intention Website (URL)   
 USSA information http://www.strokeassociation.org/STROKEORG/ 
 USHA 

information  
http://www.americanheart.org/ 

 Genome browser http://www.ensembl.org/index.html  
 OMIM site https://www.omim.org 
 ENSEMBL http://www.ensembl.org genomic databases. 
 Human variants  http://www.ensembl.org/Homo_sapiens/Info/Index  
 Phylogenetic of 

contig sequence 
http://www.ensembl.org/Homo_sapiens/Variation/
Compara_Alignments?db=core;r=5:60491489-60492489;
v=rs152312;vdb=variation;vf=50449  

 Probe rs152312 
(a human variant) 

http://www.ensembl.org/Homo_sapiens/Variation/E
xplore?r=5:60491489-60492489;v=rs152312;vdb=variatio
n;vf=50369 

 The frequencies 
for location  

http://www.ensembl.org/Homo_sapiens/Variation/
Context?db=core;r=5:60491489-60492489;v=rs152312;vd
b=variation;vf=50449  

 SNP41 “rs152312”  http://www.ensembl.org/Homo_sapiens/Variation/E
xplore?db=core;r=5:60491489-60492489;v=rs152312;vdb
=variation;vf=50449  

 LD (Linkage 
Disequilibrium) 

http://www.ensembl.org/Homo_sapiens/Variation/
HighLD?db=core;r=5:60491489-60492489;v=rs152312;vd
b=variation;vf=50449  

 Population 
genetics  

http://www.ensembl.org/Homo_sapiens/Variation/P
opulation?db=core;r=5:60491489-60492489;v=rs152312;v
db=variation;vf=50449  

 The supplemental 
data on rs152312  

http://www.ensembl.org/Homo_sapiens/Variation/S
ample?db=core;r=5:60491489-60492489;v=rs152312;vdb
=variation;vf=50449#373536_ 

 Citation specific to 
its function  

http://www.ensembl.org/Homo_sapiens/Variation/S
equence?db=core;r=5:60491489-60492489;v=rs152312;vd
b=variation;vf=50449  

 Sunburst tree http://pfam.xfam.org/family/PF00233#tabview=tab7 
 Acrodysostosis  https://www.omim.org/entry/600129?search=PDE4D

&highlight=pde4d 
 Population 

frequency  
http://www.internationalgenome.org/faq/which-pop
ulations 

 1000 genome site http://www.internationalgenome.org/home 
 NCBI literatures http://www.ncbi.nlm.nih.gov  
 PubMed https://www.ncbi.nlm.nih.gov/pubmed/ 
 BLAST site https://blast.ncbi.nlm.nih.gov/Blast.cgi 
 Stroke belt, stroke 

buckle and 
beyond 

(i) http://stroke.ahajournals.org/content/28/5/936 
(ii) 
https://www.cdc.gov/stroke/images/stroke-map.jpg 

 deCODE genetics https://www.decode.com/ 
 Microsatellites, 

SNPs, Exons  
https://images.nature.com/full/nature-assets/ng/jou
rnal/v35/n2/extref/ng1245-S5.pdf   

 Clinvar for human 
variations and 
phenotype 

(i) https://www.ncbi.nlm.nih.gov/clinvar/ 
(ii)https://www.ncbi.nlm.nih.gov/account/?back_url
=https%3A//submit.ncbi.nlm.nih.gov/subs/clinvar_or
g/SUB2793451/overview 

 Ischemic Stroke 
Genetics Study for 
Population 
genetics 

https://www.ncbi.nlm.nih.gov/projects/gap/cgibin/
dataset.cgi?study_id=phs000102.v1.p1&phv=34497&ph
d=589&pha=2844&pht=283&phvf=&phdf=&phaf=&ph
tf=&dssp=1&consent=&temp=1  

 Geno/Phonotype 
data base (dbGaP) 

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/
study.cgi?study_id=phs000005.v1.p1 

 SNP database  https://www.ncbi.nlm.nih.gov/projects/SNP/ 
 

Millennial risk factors search 
 PDE4D belongs to the enzyme superfamily, 

Phosphodiesterase.  It was selected as a new 
millennial factor because of (i) its association with 
stroke as identified by the deCODE project [35], (ii) its 
regulatory role by controlling another very significant 
pathological protein, cyclic adenosine mono 
phosphate or cAMP [38], and (iii) its multiple genetic 
variants which predict potential risk of a disease as a 
biomarker [39]. A unique Single Nucleotide 
Polymorphism genomic probe, ‘rs152312 SNP-41’ of 
PDE4D obtained from deCODE, was used in this 
study, because of its allele frequencies that were 
constructed from the genetics of stroke patients in 
deCODE study [40]. This probe was queried at 
‘1000-genome project’ browser [41], and in the 
ENSEMBL site [42], followed by OMIM database [43]. 
The socio-epigenetic effects of PDE4D and their 
prevalence patterns among populations were also 
studied.  In addition, the role of microbiological and 
immunological factors in association with stroke was 
searched, since the immune system plays a very 
significant role in stroke development [44].  The effect 
of set of three immunological factors such as Infection, 
Immune cells and Inflammation, and a 
microbiological factor such as gut-microbiome were 
added as the fourth and fifth novel factors in 
association with strokegenesis (Figure 1). All websites 
referred in this study was tabulated (Table 1). 

 

 
Figure 1. A pictorial expression of parasol factors involved in stroke: 
The millennial risk factors of this study were categorized into (i) metabolic 
effect including PDE enzyme factor, (ii) role of infection, immune cell and 
inflammation in stroke, (iii) microbiological factors such as the role of gut 
microbiome, (iv) socio-epigenetic factors and (v) population demography and 
prevalence pattern-based factors.  In addition, though not included under 
parasol factors, several traditional risk factors were also studied [5 to 18], under 
the prevalence patterns of stroke in the global perspective including the Stroke 
Belt and Stroke Buckle in the US were assembled. 
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Results 
Metabolic Factors 

The BLAST search of the probe rs152312 
returned with the PDE4D gene of stroke patients and 
correlated as a biomarker in chromosome 5, which is 
implicated in stroke. Within the PDP4D genome 
domain, a conserved sequence containing four short 
nucleotides, GAAA, was identified as a contig 
sequence for the first time in this study.  Further 
phylogenetic analysis (as queried in the eNSEMBL 
browser) identified the contig sequence for the first 
time, as an evolutionarily conserved sequence found 
in several other primates (Figure 2).  It proves a 
functional significance of the contig sequence. Further 
investigation on the Exome Sequence of PDE4D 
revealed 18 repeats of contig sequence (10 found on 
the exons and 8 found on the intron sequence of 
PDE4D).  These 18 conserved contig sequences, 
uniquely present in PED4D, were identified for the 
first time as Alternative Splicing (AS) sequences in 
this study.   

 

 
Figure 2. The bioinformatics study using single nucleotide 
polymorphisms (SNPs) probe: The probe rs152312 SNP-41 was selected, 
as it is distinctively pertained to stroke patients of Icelanders, from the 
published deCODE project [35, 40] and was used to BLAST at various 
bioinformatics websites (see details in table 1). The results revealed matching 
PDE4D, and correlated as one of the Stroke Analysis Marker (SAM) located in 
chromosome 5, which is implicated in stroke. Within the PDE4D genome 
domain, a conserved sequence containing four short nucleotides, GAAA, was 
identified as a contig sequence.  Further phylogenetic analysis as queried in the 
eNSEMBL browser revealed matching sequences, which indicated the 
distribution of this conserved contig sequence in primates. 

 

Effects of Infection, Immune, Inflammation 
and Gut-Microbe Symbiosis 

The meta-analysis revealed the role of Infection, 
Immune and Inflammation in stroke (Figure 3).  In an 
earlier study, higher levels of AS are noted in immune 
and nervous systems [45], with implications in 
inflammation [46].  It is crucial for the regulation of 

multi-domain proteins [47]. In the present study, 
presence of 18 AS sequences that were identified in 
PDE4D, confirming the association of PDE4D enzyme 
with Infection, Immune cell and Inflammation as risk 
determinants of strokegenesis.   

 

 
Figure 3. Activation of brain by gut microbiome and the role of 
immunological factors: It was proved earlier that in an effective stroke 
event, gut microbes play role in influencing the event through activation of brain 
via signaling pathways through intestinal barrier [78, 97, 98]. It can be triggered 
by immunological factors such as an infection. Our analysis from 100s of 
published articles revealed the potential role of Infection, Immune cell and 
Inflammation in strokegenesis. The presence of 18 Alternative Splicing 
sequences of PDE4D that were identified in the current study, reveals the 
association of PDE4D enzyme with Infection, Immune cell and Inflammation as 
risk determinants of strokegenesis.   

 

PDE4D gene and Epigenetic Readjustment 
Alternative Splicing (AS) is associated with 

diversity of protein isoforms through 
micro-evolutionary processes that may play a role in 
disease in humans.   Earlier studies report that new 
mutants of protein are more likely to be expressed at 
lower levels as their deleterious effects are more likely 
to be maintained if the original isoform is stable [48]. 
This could be one of the reasons that isoforms of 
PDE4D are found in stroke patients of the deCODE 
studies of Icelanders, but not in the studies of other 
regions.  In our study, the presence of PDE4D across 
the species was revealed through the Sunburst visual 
tree data (Figure 4). The phylogenetic BLAST analysis 
identified the contig sequence of GAAA in primates, 
and extensive numbers of 18 AS markers were found 
in the PDE4D sequence.  It was reported earlier that, 
splice variant expression is regulated in several ways, 
developmentally, spatially, and in response to 
external stimuli [49]. Therefore, the influence of risk 
factors, including AS variants of PDE4D, might have 
been inherited and expressed in Icelanders genetically 
and/or epigenetically, which explains the role of 
PDE4D in stroke prevalence in Icelanders and many 
other countries while not in others.  For example, a 
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recent study proved that a heat-shock gene is 
epigenetically expressed in some progenies but not in 
all, however, after several generations, the gene was 
normalized due to what is called “epigenetic 
readjustment” [50]. If epigenetic readjustment 
impacted PDE4D isoforms, that should be consistent 
with effects in other diseases or phenotypes in at least 
some generations of Icelanders, and not limited to 
stroke alone.  Interestingly, the OMIM record shows 
that the PDE4D also triggers a rare disorder called 
Acrodysostosis-2 [51]. It means PDE4D could have 
epigenetic influences for stroke in Icelanders.  When 
normalizing for several generations, it expressed 
different phenotypes of “stroke-like symptoms” likely 
due to isoforms of PDE4D.   

 

 
Figure 4, Sunburst visual tree indicates the distribution of metabolic 
enzyme PDE: The presence of most influential Phosphodiesterase (PDE) 
across the species as arranged in a radial format with each taxonomic group in 
the circle. The PDE enzyme controls the level of cAMP and cGMP enzymes and 
they regulate many physiological functions [104] such as signal transduction, 
immune response, inflammation, neuronal activity, hypertension etc.  Variant 
isoforms of this enzyme could be considered as the single most responsible 
metabolic factor in causing neurological disorders such as stroke in certain 
populations as revealed in this study.  

 

Prevalence Patterns in Population 
The US stroke research studies revealed that out 

of 50 states, eight of them (Alabama, Arkansas, 
Georgia, Louisiana, Mississippi, North Carolina, 
South Carolina, and Tennessee) belong to the ‘Stroke 
Belt’ region (Figure 5), where the rate of stroke is 
higher compared to all other 42 states [22]. This 
pattern was noticed in l940 [52] and further 
recognized in 1960 [53]. Three states (North Carolina, 
South Carolina, and Georgia) showed yet another 
pattern called the ‘Stroke Buckle,’ where stroke 
mortality was twice as high as the other 47 states [20].  
Meta-analysis confirmed that low socio-economic 
status was not a major factor other being more likely 
associated with hypertension [54] despite the higher 

use of anti-hypertensive medications in the Stroke 
Buckle [9].  Among all races and genders, Black men 
aged 40-59 had high rates of stroke episodes [7, 55]. 
Some studies such as the Jackson Heart Report [23] 
and the Framingham Stroke Risk Score from the 
REGARDS [24, 9] suggested that hypertension may be 
one of the highest risk factors.  The main factor for 
high stroke mortality in the Stroke Buckle was a 
mystery 20 years ago [14], and still remains so today.  
Currently, states like Kentucky, West Virginia, and 
Indiana show higher mortality with stroke incidents 
but lie beyond the Stroke Belt, furthering the need for 
better quantification of risk factors and biomarkers.  

Though strokegenesis occurs universally in all 
genders and races, in reality the distribution patterns 
of stroke are masked by factors like race, gender, and 
geographical distribution.  In China, 7 million stroke 
cases were reported in one year, which is 
approximately a fourth of total stroke-related deaths 
in the world [56], though the pattern is not consistent 
across the globe, as in the case of the Russian 
Federation and Eastern Europe.  Some African 
countries like Nigeria and Tanzania have shown an 
increased level of strokes [57].  When deCODE study 
showed the correlation of 87 single nucleotide 
polymorphisms (SNPs) of PDE4D with cardioembolic 
stroke [35] among Icelanders, a lack of correlation was 
observed in Mongol and Han populations in 
Mongolia [58].  Cohort studies in Germany [59] and in 
Korea [60] revealed genetic variants of ischemic stroke 
that differed within the population.  

 

 
Figure 5, Stroke prevalence patterns in the United States: Several 
studies on stroke research in the United States revealed that out of 50 states, 
eight of them (Alabama, Arkansas, Georgia, Louisiana, Mississippi, North 
Carolina, South Carolina, and Tennessee) belong to the ‘Stroke Belt,’ where the 
rate of stroke is higher compared to all other 42 states. Among these eight 
states, three of them (North Carolina, South Carolina, and Georgia) showed yet 
another pattern called the ‘Stroke Buckle,’ where stroke mortality was twice as 
high as the other 47 states [20, 22].  Though it is not a geographically isolated 
island, why stroke has prevailed highly in this region was a mystery in 1951 study 
and remains a mystery today. 
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Discussion 
Developing Parasol Factors for Stroke 

Finding a single causative factor for stroke is not 
feasible as stroke is one of the most complex 
pathophysiological processes that affect humans. 
Though several biomarkers range from objective 
clinical tools like neuroimaging to wet-markers like 
blood and cerebrospinal fluid, no single diagnostic 
tool for stroke was discovered.  However, the loss of 
millions of people due to stroke warrants urgent new 
strategies in stokes research and clinical planning.  
There is no doubt that the traditional risk factors play 
a major role in stroke; however, in reanalyzing the 
metadata of stroke studies from the last six decades, 
we found a few causative risk factors which play a 
role in strokegenesis. Among them, we identified five 
contiguous determinants as the most prominent 
millennial risk factors and conjoined them as a single 
set of parasol factors based on their interactive role in 
strokegenesis. Further studies will reveal the efficacy 
of this Stroke Analysis Markers (SAM) as prognostic 
tool to monitor cardioembolic stroke, well before a 
real-time stroke event occurs.  

The metabolic PDE4D factor 
Phosphodiesterase (PDE) is an enzyme that 

controls the level of cAMP and cGMP enzymes [61] 
and promotes vascular smooth muscle proliferation, 
vascular muscle migration, aggravates local 
inflammation, increases protein kinase C activation, 
and promotes Ca2+ inflow. These three enzymes 
regulate many physiological functions such as signal 
transduction, immune response, inflammation, 
neuronal activity, hypertension, memory, etc. [62].  
Most importantly, an increased PDE4D gene 
expression can cause vital metabolic events such as 
atrial fibrillation and induction of cardioembolism 
[63].  The PDE4D enzyme has been proved as the 
single most responsible metabolic factor in causing 
stroke in certain populations [35].  Cardioembolic 
stroke is unique and different from other strokes. It 
occurs due to the obstruction of a brain blood vessel 
and subsequent damage to the brain tissue secondary 
to a clot traveling from the heart.  PDE4D was the 
causative enzymatic factor for cardioembolic stroke in 
several hundred stroke patients in Iceland [64]. 

Socio-Epigenetic factors 
Whether it is cardioembolic or another type, 

stroke is an irreversible disorder for a human and 
socio-economic disaster for a country.  The estimated 
cost of dealing with Stroke in the US alone has 
reached $33 billion per year [3]. Understanding the 

genetic patterns of distribution among different 
socio-ethnic groups is vital for the future economy of 
a country. Though this study focused on 
PDE4D-associated cardioembolic stroke found in 
Icelanders, one cannot exclude the possibility of 
association with sequence variants of PDE4D in other 
regions of the world.  Reanalyzing the 
socio-epigenetic factors of PDE4D in a population is 
therefore important.  Alternative splicing, a type of 
need-based genetic engineering system hidden in 
DNA, generates diversity in different sets of 
functionally but structurally related proteins [65].  The 
fruit fly (Drosophila) has fewer genes than a 
roundworm, but can do more complex metabolic 
functions than primates because of the alternative 
splicing strategy during gene expression [66]. About 
40 years ago, Gilbert predicted that alternative slicing 
acts like a “laboratory” to produce equal amounts of 
variants in any group of genes with similar patterns of 
new isoforms [67]. In other words, a single gene can 
generate a number of new isoforms of proteins as 
needed to carry out life functions as demanded.  In the 
case of PDE, alternative splicing acts like a cell-factory 
and produces more than 60 variants of protein 
isoforms [68]. It was reported earlier that expression 
of AS-specific Extra-Cellular Matrix (ECM) genes has 
long been known to be an adaptive response of 
various cell types to mechanical stress [69]. The ECM 
is also involved in cell adhesion, cell-to-cell 
communication and differentiation by having a 
variety of molecules [70]. The enzyme PDE is located 
in the ECM, and its protein isoforms play a crucial 
role in disease and cellular stress through alternative 
splicing [71]. 

In 2001, the significance of genotypic and 
phenotypic relations of AS was reported however the 
consequences on the presence of extensive AS with 
identical protein isomer were not well studied [66]. 
This current study reveals 18 conserved AS sequences 
in PDE4D and relates the presence of extensive 
numbers of AS metabolic isoforms of PDE4D in the 
development of stroke and/or strokoid diseases. 
Some of these isoform domains of PDE4D are 
associated with a specific domain of the ECM, and the 
ECM genes were known to utilize AS for protein 
regulation [47]. In order for PDE4D to metabolically 
play a major role in stroke with cAMP, the AS must 
make multiple isomers for PDE4D. As reported 
earlier, proteins with numerous interactions may have 
multiple functions corresponding to high connectivity 
[72]. It is known that multiple isoforms of PDE4D are 
produced with other proteins such as AMP and GMP 
in the ECM. It is reasonable to state that if new 
transcription failed to perform its function at the site 
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where it should be, replacement molecules are not 
likely to be identical, and by extension less likely to be 
functional [39]. Therefore, whatever AS generates via 
different mRNA [73], the resulting isoforms could 
encode functionally different protein disorders, as in 
the case of PDE4D. As a result of functional role AS, it 
can be used as one of the SAM probes and/or 
developed into a novel prognostic marker for 
PDE4D-associated stroke.  

This study also found an interesting analysis that 
the extensive number of AS present in PDE4D has 
direct relationship with Icelanders.  The SNP probe 
we analyzed in this study was ‘rs152312 SNP-41’ of 
PDE4D, obtained from deCODE [35, 40]. It revealed 
unique genetic variability outcome as reported earlier 
in the Icelander population [35, 40, 64], but not in 
some other populations such as German population 
[59], even though most of the Icelander’s ancestors are 
of German descent.  It could be possible that the 
‘founder effect’ (isolated population) played a role in 
the Icelandic population, which restricted the gene 
pool, causing variable PDE4D isoforms expression 
[59].   Another interesting finding from our analysis is 
that a set of PDE4D inhibitors that is non-competitive 
with cAMP-binding sites was found in some stroke 
patients as per an earlier study [68]. This means 
specific binding sites on PDE4D are available for 
docking by proteins beyond the catalytic domain. This 
was not the case in a German population [59], but was 
found in Icelander’s PDE4D as it was involved in 
cardioembolic stroke.  

Prevalence Pattern factor 
Several studies in the past clearly demonstrated 

that the stroke happens due to combinatorial risk 
factors.  No single factor or combination of single 
resilient reasons for underlying pathogenesis of stroke 
was discovered yet. Therefore, understanding of the 
role of geographical distribution and the prevalence 
pattern of stroke in different populations is important.  
The Stroke Belt in the US is not a geographically 
isolated island.  It is an artificially grouped 
demographic area where stroke is more predominant 
than other states.  Why stroke has prevailed in this 
geographical region was a mystery in 1951 and 
remains a mystery today. Similarly, more stroke cases 
are found in Alaskan natives compared to Caucasians 
in the US mainland [74]. Like Icelanders, they have 
had changes in lifestyle in recent decades with a shift 
to a Westernized diet.  Though we have enough data 
on traditional risk factors in these regions, the lack of 
meta-data on new millennial factors in the stroke belt, 
stroke buckle and Alaska had crippled out further 
studies.   

Predicting a forthcoming putative stroke insult 
in humans is difficult because of the multiple risk 
factors involved.  Since 1970s, many molecules and 
genes were implicated for stroke and some were even 
statistically analyzed in the expectation of finding a 
diagnostic tool [75], but failed to come up with single 
solution.  Until now, there is no indicative marker 
found for stroke. This is due to lack of its 
predictability in the context of the nature of stroke, as 
it is a polygenic disorder.  Besides, stroke is a 
universal assailant without any discernment. It has 
prevailed globally, accounting for 5.7 million deaths 
worldwide and 16 million initial stroke attacks as 
reported in 2005.  Since the traditional risk factors for 
stroke are similar in different parts of the world, [26], 
the pattern of distribution of the stroke should also be 
similar. However, as per INTERSTROKE study, all 22 
countries including Asia (China, India, Pakistan, 
Philippines, Thailand, and Malaysia), Africa 
(Mozambique, Nigeria, South Africa, Sudan, and 
Uganda), Europe (Croatia, Denmark, Germany, 
Poland, Russia, Sweden, the UK, Ireland, and 
Turkey), the Middle East (Iran, Saudi Arabia, Kuwait, 
and United Arab Emirates), North America (Canada), 
Australia, and South America (Argentina, Brazil, 
Chile, Colombia, Ecuador, and Peru showed 47.9 % 
stroke outcome for just one risk factor, hypertension 
[26]. The GBD study considered 17 risk factors 
associated with stroke risk, based on systematic risk 
factors from earlier studies carried out in 188 
countries [16]. However, it concluded that 67 % of 
stroke happens due to hypertension. In other words, 
variability pattern of prevalence of ischemic and 
hemorrhage strokes among population across 
countries and regions in all nations shows variability 
in causes, and not exclusive applicable to one risk 
factor. Although this study, by considering several 
genetic aspects of stroke, found that cardioembolic 
stroke is evidently consistent with PED4D associated, 
however, a robust genomic analysis of PDE4D should 
be commenced along with other parasol factors to 
detect genetic lesions of underlying disorder of stroke 
in the US and elsewhere worldwide.   

Infection, Immune, Inflammation Factors: 
Stroke may occur due to underlying associations 

between physiological malfunctions of the immune 
system and infections of the brain [76].  Progression of 
latent infection depends on a number of factors of 
which the most important is the role of immune cells.  
An underlying immune-deficient state of an 
individual triggers a cascade of metabolic events 
followed by an infection that leads to inflammation 
and a higher prevalence of disorder. Interestingly 
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commensal bacteria trigger exorbitant immune 
system activation inappropriately in those with 
chronic intestinal inflammation [77].  Individuals with 
these underlying immune malfunctions may end up 
with complicated metabolic modifications with a 
higher incidence of stroke development [78]. A 
bacterial infection causes immune cells to activate a 
multi-protein complex called the inflammasome [79]. 
Among other effects, it triggers the maturation of the 
enzyme Caspase-1, followed by the production of 
Interleukins such as IL-1β and IL-18 [80]. 
Macrophages and microglia are the major sources of 
IL1β within the ischemic brain [44]. Both Caspase-1 
and IL-1β promote inflammation and cell death [81], 
thus, they directly associate with stroke insult in the 
brain [82, 83].   

During a bacterial infection, the immune cells 
(the inherited T-cell and acquired B-cells) contribute 
to secondary neuro-degeneration [84] causing a 
variety of inflammatory stimuli [85] in brain tissues, 
which affects the ischemic areas [86] due to the release 
of neurotoxic factors such as reactive oxygen, nitrogen 
species, or exopeptidases, and locking the signals of 
inflammation has shown efficacy in stroke [87].  The 
regulation of cyclic AMP by PDE4D modulates 
inflammation and other processes, which affect 
atherosclerosis and stroke [88].  Therefore, 
inflammation is a key event in endothelial 
dysfunction [89].  It plays a role in the post-ischemic 
brain [90], showing subsequent brain damage [91] to 
promote stroke [92]. The present study confirms the 
association of infection, immune cells, and 
inflammation based on these meta-analyses. 

Human Gut Microbiome Dysbiosis factor:   
The human gut is the most heavily colonized 

bacterial habitat in the entire body [93]. It is known 
that effectual dysbiosis (imbalance in ratio among 
bacteria) can trigger irritable bowel syndrome [94], 
Crohn's disease, and ulcerative colitis [95]. The gut 
microbiome modulates behaviors in 
neurodevelopmental disorders like autism and 
schizophrenia [96]. Recently, it is proved that 
dysbiosis of the gut microbiome with cerebral 
cavernous malformations (CCM) is involved in 
strokegenesis [78] by altering signaling pathways 
between gut microbes and the central nervous system 
via the vagus nerve [97, 98].  Humans harbor trillions 
of microbes, and some bacteria in the gut play a role in 
the formation of CCMs, a disease found among 1 in 
100 people. CCMs are clusters of dilated, thin-walled 
blood vessels located in the brain that can cause stroke 
[78].  There is intensive up and down signaling 
between gut microbes and the brain via the central 

nervous system. CNS is composed of neural, 
immunological, and direct humoral signaling 
pathways [99]. The CNS creates dysbiosis by 
regulating gut motility and its mucosal immune 
response via the enteric nervous system and the 
neuronal-glial-epithelial unit [100, 101, 102]. In a 
reciprocate action, bacteria react to host hormones by 
sending neurotransmitters and/or neuromodulator 
signaling to the enteric nervous system (Figure 3) and 
stimulating signaling from the gut to the brain via the 
vagus nerves [103]. In the brain, the endothelial cells 
that underlie the formation of CCMs play a role in 
stroke. This is activated by TLR4 (Toll-Like 
Receptor-4).  Lipopolysaccharides (LPS) can activate 
this TLR4 on brain endothelial cells, which forms the 
CCM.  Midget bacteria, Gram negative bacteria in 
particular have LPS, which activates the TLR4, which 
may drive CCM formation. Thus, gut microbes play a 
key role in the pathology of CCM disease, which is a 
causative factor in certain kinds of stroke [78]. In 
addition, the PDE4 enzyme controls the level of cAMP 
and cGMP enzymes and they regulate many critical 
physiological functions [104] including but not 
limited to signal transduction, immune response, 
inflammation, neuronal activity, hypertension etc.  
They considered as the single most responsible 
metabolic factors in causing neurological disorders 
such as stroke in certain populations as revealed 
earlier in this study.  Therefore inclusion of gut 
microbiome and PDE4D into SAM studies combined 
with other millennial risk factors is highly 
recommended as reliable predictive markers for 
cardioembolic stroke. 

Conclusion 
Current millennial research advancement has 

generated many genome-based revelations in causes 
and treatments of an array of diseases.  It is moving 
rapidly into the era of medical-genome data analysis 
and personalized medicine due to the advancement in 
medical metadata and diagnostic biomarkers.  In US, 
higher number of stroke events from newly emerging 
stroke regions such as Kentucky, West Virginia and 
Indiana are reported every day. The constant clinical 
monitoring of individuals, above 50 years of age, are 
recommended to ascertain for the sign and symptom 
of stroke annually before it victimize the individuals.  
We know it is difficult to prevent a stroke event, 
however it is possible to monitor high-risk 
individuals by taking appropriate preventive 
management by screening for Stroke Analysis 
Markers (SAM) during annual checkup or routine 
physical.  In genetic counselling of an individual, 
SAMs could be used as a prognostic tool to help 
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physicians to make an informed decision.  Though 
significant challenges remain to be solved in early 
diagnostics, further large-scale studies on parasol 
factors will certainly unlock the secrets of early 
prediction of stroke.  We believe this present study 
will potentially renovate the understanding of 
occurrence of stroke and will have an impact on 
promoting new biomarkers studies for better 
outcomes in stroke prevention. 
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